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Abstract 

Cell ventilation is one of the critical requirements in an aluminium smelting cell for removal 

of cell emissions, and to provide cooling to the cell components.  The heat loss from the top of 

the cell, which is up to 55% of the total heat loss, is primarily exhausted to the scrubbing duct 

at around 130°C, which is of low quality and cannot be efficiently recovered.  

To improve heat recovery, the temperature of the exhaust gas must be increased to higher 

than 200°C, which requires a substantial reduction in the draught suction rate without 

adversely increasing fugitive emissions, cell temperature, or disruption of the mechanism of 

heat loss. Many aspects of the cell ventilation are not well understood, or have been reduced 

to predictive flow/pressure/temperature relationships. In particular, the interactive effects of 

hooding tightness, air velocity distribution, duct inlet positions, cell draught, thermal 

conductivity and radiative emissivity are unknown. The focus of this thesis is to contribute in 

resolving these issues.  

Three computational models were developed and validated for this investigation. An in-depth 

study on the mechanism of the top heat loss was performed using two CFD 1/8 cell slice 

models, and the paths of the top heat loss and their interactions were studied according to an 

analogue of Kirchhoff's law to develop a resistance network 'R-model'.   

The consequences of hooding tightness on the top heat loss and fugitive emissions from the 

cell were investigated for a range of cell draughts, and the range of draught reduction for 

maximum top heat recovery was determined.  The potential for recovery of top heat loss was 

studied, including draught reduction in the main exhaust duct without alteration to the 

ventilation system and also using a newly devised hot fume capture ducting system at 

locations near the feeder holes. 

The maximum contribution to top heat recovery was found with an 85% reduction in the 

normal draught rate using the devised hot gas duct system. This is enables 38% of the total 

top heat loss to be recovered at a temperature of more than 300°C, with efficient capture of 

the hot fume gases directly from the feeder holes.   

A potential for equivalent energy saving of 0.17 kWh/kgAl, can be found at a practical 

application of the recovered heat, contributing to huge savings in the cost of transporting the 
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extracted gas, and minimising the subsequent environmental emissions at low degree of 

hooding tightness, which is not possible with the present ventilation system.  

The approximately 1241 GWh per year equivalent energy in uncontrolled top heat loss from 

the air under the hoods for a typical smelter can be reduced by 43%, giving an annual energy 

saving of US$4.38 million.  An equivalent saving in cell voltage by 0.053V can be made with 

practical work extraction of the captured energy at 17% thermal efficiency. There is further 

potential to increase the energy recovery by use of an optimum crushed bath anode cover 

with higher thermal conductivity.  
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ηmax   Maximum thermal efficiency (Carnot theoretical efficiency) 

ϵ   Radiative surface emissivity 

β   Volumetric thermal expansion coefficient (1/K) 

σ   Stevens Boltzmann constant 5.6686 x 10-6 (W/m2K4) 

 

 

 

 



Introduction 

1 

Chapter 1. Introduction 

The Hall-Heroult aluminium reduction process is very energy intensive, and in a typical smelter 

the electrolytic production of primary aluminium metal accounts for nearly 40% of the 

production costs (Tandon and Prasad 2005).  Approximately 50% of the energy supplied to the 

smelting cell is dissipated as heat lost from the top, side and bottom of the cell to the 

surroundings, with the top heat loss accounting for up to 55% of the total heat loss (Grjotheim 

and Kvande 1986; Grjothem and Welch 1988).  The majority of the top heat loss takes the form 

of an increase in the sensible heat content of the air drawn into the cell for emission control 

purposes (the cell draught) and is lost with the discharged air. The remainder of the top heat loss 

occurs via conduction through the anode assemblies to the cell superstructure and loss by 

convection and radiation into the surrounding environment (the potroom).  Across a typical 

smelter with 697 smelting cells at 225kA line amperage and 94% current efficiency, the 

magnitude of the equivalent energy in total top heat loss is 1240 GWh a year. Saving or 

recovering a fraction of this energy without adversely affecting the heat balance and favourably 

improving the subsequent environmental impact of the cell is economically very attractive. 

Comprehensive understanding of the mechanism of this heat flow, and how the heat is 

transferred to the cell draught, is required to optimise conditions for heat recovery.   

Heat loss from the sides of aluminium smelting cells has been studied intensively for more than 

thirty years as reviewed by Wallace in his thesis in 2007. The sidewall heat flux is restricted by 

the thickness of a frozen layer (ledge) that protects the cell lining from attack by the highly 

corrosive molten electrolyte. Good understanding has been developed of the rate and the major 

factors involved in this heat flow. Less work has been conducted to study heat loss from the top 

of the cell however, in spite of it being of up to 15% higher magnitude than from the cell sides. 

This heat transfer is the driving force for the buoyant plume of electrolysis gases and fluoride 

emissions which exit the crust of each cell, and must be captured by the cell ventilation before 

escape from the hooded cell cavity. This thesis contributes in resolving a number of unresolved 

research questions regarding the significance of many parameters on the top heat loss raised 

following the literature review in Chapter 2.   
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It was not possible to conduct a detailed study of an entire cell including the exhaust duct by a 

CFD model due to computer memory limitations.  Taking into consideration the requirements for 

CFD modelling as discussed in Appendix A.1, the following computational models were 

developed to study aluminium smelting cell fugitive emissions, top heat loss and top heat 

recovery, as given in Chapter 3: 

1. An exhaust duct model, discussed in section 3.2, to study the variation in cell draught and 

the negative pressure under the hoods with different degrees of hooding tightness.  An 

average draught boundary solution at normal draught rate was found and used as an 

outflow boundary input to the cell slice model to reflect the average condition of the 

complete cell.  

2. Cell 1/8 slice model of a 225 kA prebaked aluminium smelting cell with boundaries 

starting from the bath to potroom air surrounding the hoods/superstructure to conduct a 

detailed study to quantify the significance of the factors that influence the mechanism of 

the top heat loss, as illustrated in section 3.3. 

3. A modified version of the slice model to explore the potential for the recovery of high 

quality heat from the air under the hoods at temperatures above 200°C, at the highest 

possible energy as shown in section 3.7.  

The existing cell ducting system was studied to define an outflow boundary of the exhaust duct 

model that was not influenced by the studied range of hooding tightness. General information 

regarding the draught and static pressure variation in the exhaust ducts between the cells was 

discussed in section 3.2.2. A constant-pressure boundary input to the exhaust duct model was 

identified for the studied range of hooding tightness. 

Validation of the CFD models was conducted based on a correlation for flow through an orifice, 

plant measurements and information reported from similar cells, as described in Chapter 4.  This 

also takes into account possible variations in draught rate and anode cover types in use at 

industrial smelters. Mass and heat balances of the CFD results were assessed to determine the 

possible effect of numerical errors on the results.  Convective and radiative heat fluxes on the 

anode cover and anode assembly were also validated against theoretical correlations of Nusselt 

number and radiative view factors, as discussed in sections B.1.2 and B.2 respectively. 
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The significance of the parameters identified and their interactions with the top heat loss have 

not been comprehensively studied or quantified previously in literature.  An in-depth study on 

the mechanism of the top heat loss, initiating from the bath metal interface to the air under the 

hoods is described in Chapter 5.  The paths of the top heat loss are shown, and the main parallel 

paths for top heat loss and their interactions have been studied according to an analogue of 

Kirchhoff's law, based on the heat balance outcome of the CFD slice model.  Based on this 

analogue, an R-model was developed to reduce the many series and parallel resistances in the 

paths of top heat loss into four main parallel resistances between the bath and air under the 

hoods. Further reduction was applied to these parallel resistances to calculate the total resistance 

R between the bath and air under the hoods.   

Thermal resistances were classified by two types: resistances in the solid component regions and 

resistances in the air region, including both convection as explained in section B.1 and radiation 

as described in section B.2.  The levels of convective and radiative heat transfer to air under the 

hoods from the anode cover and anode assembly for a wide range of cell draught was combined 

into effective heat transfer coefficients, as discussed in section B.2.4. The calculated effective 

heat transfer coefficients at the anode cover and anode assembly were used as inputs to the R-

model as a consistency check by a comparison with the slice model at similar conditions.   

The cell 1/8 slice model was used to explore the consequences of hooding tightness on the top 

heat loss and fugitive emissions for a range of draught in section 6.1.  The model was also used 

to investigate the significance of each parameter of the total resistance R in the paths of top heat 

loss on heat loss and maximum exergy of air under the hoods, including the thermal conductivity 

of cell components, emissivity, bath heat source, and draught, as explained in section 6.2. 

The consistency of the R-model, described in section 5.3, was evaluated by comparing the total 

resistance in the paths of the top heat loss between the bath and air under the hoods with the 

resistance R calculated by the slice model.  The R-model was then used for a detailed study to 

investigate the effect of each studied parameter on the internal variations in the four main 

reduced resistances in these paths.  The constrained influence of draught on the total resistance 

R, and thus on the top heat loss to air under the hoods was discussed in section 6.2.8, and the 

draught reduction for maximum top heat recovery was determined. 
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The CFD 1/8 slice model was used to assess the achievability of the objectives listed in Chapter 

3 for recovering top heat loss from air under the hoods, in Chapter 7.  Two main approaches 

were followed - the first based on draught reduction in the main exhaust duct without alteration 

to the ventilation system, discussed in section 7.1, and the second based on a devised system that 

includes both reduction in draught and placement of a hot fume capture ducting system at 

locations near the feeder holes, as searched in section 7.2. The second approach investigated the 

effect of operating the devised system in addition to or replacement of the existing exhaust duct 

system. Assessment of the approaches was based on the potential savings in draught reduction, 

energy saving, and practical work extraction of the captured heat. The potential saving in cell 

voltage and percentage of the required preheating of alumina were also found. 

The conclusions of this thesis are presented in Chapter 8, including recommendations for future 

research. Other publications arisen from this thesis work are also listed in Appendix C. 
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Chapter 2. Literature Review 

2.1 Introduction 

The Hall-Heroult reduction process is energy intensive.  For a typical aluminium smelter, the 

electrolytic production of primary aluminium metal accounts for nearly 40% of the production 

costs (Tandon and Prasad 2005).  Approximately 50% of the energy supplied to the smelting cell 

is dissipated as heat and lost from the top, side and bottom of the cell to the surroundings.  An 

overview of the fundamentals of the aluminium smelting cell regarding heat sources, heat losses 

and the associated fugitive emissions are first discussed, followed by a number of key research 

questions this thesis aims to resolve.   

2.2 Fundamentals of an Aluminium Smelting Cell  

The Hall-Heroult prebaked cell, shown in Figure 2-1, comprises of: 

• A steel structure housing the cell thermal lining, in which the molten electrolyte (bath) is 

maintained at a temperature of up to 1000°C. 

• Two rows of anode assemblies: the carbon anodes are partially immersed in the bath, 

with current passing to these anodes through steels stubs, yokes, and rods. 

• A frozen layer (ledge) of bath on the cell refractory, which should be controlled within a 

specified thickness (around 50 mm) for protection from the highly corrosive molten bath 

and metal. 

• A layer of anode cover with a thickness of about 50 mm above the anodes and the crust, 

to maintain the cell heat balance and prevent anode air burn.  

• Collector bars and busbars to carry the current to and from the cell.  

• Electrical potential required by the process, normally in the range 4.0-4.5 V  

• Scrubbing ducts for cell ventilation to direct the waste gases away from the cell to the 

scrubbing unit, to be treated in accordance with environmental regulations.  In this 

process considerable potroom air is extracted into the superstructure from gaps in the cell 

superstructure covers (between the hoods and around the rods).   
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Figure 2-1 An industrial aluminium smelting cell  

 

Detailed descriptions of this process have been published (Grjotheim and Kvande 1986; 

Grjothem and Welch 1988), from which most of the following fundamentals of this process have 

been taken.     

The main reaction occurs at temperatures in the range 950-970°C.  The alumina (Al2O3) is 

dissolved in the electrolyte to form molten aluminium metal, which deposits at the bottom of the 

cell and is tapped out regularly. Carbon dioxide is formed by the reaction of oxygen ions with the 

anode carbon, according to the following reaction: 

 2 Al2O3 (sol)  + 3 C (s) = 4 Al (l) + 3CO2 (g)            Equation 2-1 

Where the alumina is dissolved in a molten cryolite-based electrolyte 

The theoretical rate of molten aluminium formation for the electrolytic reaction is calculated 

based on Faraday’s law (Grjotheim and Kvande 1986; Grjothem and Welch 1988): 

Duct inside the 

superstructure  

Anode cover 

covering the 

anodes and the 

bath  

Hoods  
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tI
zF

MW
P .0 =          

             
                 Equation 2-2 

Where   P0  (g) theoretical production rate at the electrode  

  MW (g/gmole) molecular mass 

  z number of electrons involved in the electrode reaction 

  F Faraday’s constant  

  I  (A) current 

  t (s) time 

The theoretical metal formation is higher than typical measured values due to losses caused by 

back reaction of the aluminium metal with the CO2 in the bath, forming alumina and carbon 

according to the following reaction: 

 2Al(in electrolyte) + 3CO2(g) = Al2O3 (sol) + 3CO (g)              Equation 2-3 

Where the Al may be dissolved in the electrolyte or present as droplets of undissolved metal. 

The ratio of the actual and theoretical values is called current efficiency (CE):  

 100.
0P

P
CE =                    Equation 2-4 

This back reaction causes a decrease in the current efficiency and at the same time accounts for 

the majority of the CO formation in the anode gas, leading to an increase in overall carbon 

consumption. 

2.3 Carbon Consumption and Anode Gas 

The theoretically required rate of carbon consumption is 0.333 kg C per kg Al produced, while in 

reality carbon consumption is between 0.4-0.46 kg carbon per kilogram aluminium produced for 

a prebaked cell (Grjotheim and Kvande 1986; Grjothem and Welch 1988).  This is due to three 

different reactions occurring in different locations as follows:  
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• The air burn reaction occurs in the zone above the electrolyte where the anode is partially 

covered by alumina.  The anode carbon is oxidised primary by oxygen in the air 

(Grjothem and Welch 1988) and accounts for 0.03-0.05 kg C per kg Al, forming CO2 at 

temperatures lower than 700°C.  This reaction depends on the quality of the carbon and 

the access to air, and hence covering the anodes with adequate alumina cover eliminates 

this reaction.   

Electrolytic reactions occur at the electrochemical interface where the anode gasses are 

formed, as follows: 

   Al2O3(sat) + 3C → 2Al + 3CO            Equation 2-5 

   2Al2O3(sat) + 3C → 4Al + 3CO2              Equation 2-6 

These gases are a mixture of CO2 and CO, with CO2 being the dominant gas, up to 80% 

by volume.  The electrolytic reaction and the reactions on pores of anodes account 

together for 0.4-0.46 kg C per kg Al. 

• The Boudouard reaction occurs in pores of the anodes, at zones just above the 

anode/electrolyte surface, where enlargement of pores is observed.  The reaction occurs 

due to interaction between the electrochemically generated CO2 and carbon, forming CO 

according to the following reaction: 

   CO2 + C → 2CO            Equation 2-7 

The rate of this reaction increases with increasing temperature (above 927°C), and the 

availability of CO2 gas.  The reaction also causes ‘carbon dusting’ due to the detachment of coke 

particles from the anode blocks which float on the electrolyte.  

As a result, the net consumption of kg carbon per kg Al produced for a prebaked cell is from 0.4 

to 0.45 (Grjothem and Welch 1988).  About 0.74-0.91% of this amount mainly forms CO2 gas.   

Traces of other gases are formed by other reactions, such as the reaction of the hydrogen (water) 

content in the air with alumina, forming hydrogen fluoride (HF).  The cell must be continuously 

ventilated by applying a fume suction rate (draught) to extract the gases to a scrubbing unit.  This 

process creates a vacuum inside the cell.  As a result, air from the surrounding potroom is drawn 
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into the cell superstructure through gaps between the hoods and around the anodes rods.  A 

considerable amount of heat from the top heat loss of the cell is removed with the hot duct gas. 

The composition of typical fume gases from prebaked cells before scrubbing, under normal 

operating conditions with no anode effect activity, is mainly air and traces of the waste gases as 

listed in Table 2-1.  The volumetric flow rate of the fume gases from the feeder hole for a 150 

kA cell is 0.002 m3/(m2s) (Zoric and Solheim 2000; Kiss and Vékony 2008). Typical normal cell 

draught would be 4500 Nm3/h, equivalent to 63 Nm3/kgAl. 

 

Table 2-1 Typical composition of pre-bake smelter fume gases at the inlet of the scrubbing duct (Dando 2003) 

Compound Concentration (molar) 

N2 77   -  78% 

O2 20.2 -  20.5% 

H2O 1      -   2   % 

Ar 0.9   -   0.93% 

CO2 0.6  -  0.7% 

HF 200  -  600 ppm 

CO 300  -  500 ppm 

SO2 60  -90  ppm 

COS 3 -9 ppm 

 

 

2.4 Hood Openings and Hooding Tightness 

The typical lifespan of a carbon anode due to consumption in the cell is between 2-4 weeks 

depending on the anode size and current density.  Spent anodes are scheduled for replacement, 

and therefore anodes in each cell are found to be at varying stages of carbon consumption. 

Anode replacement requires the removal of two to three cell-covering hoods.  In a typical plant, 

this process takes around 13 min, as shown in Figure 2-2.  This causes a considerable loss in the 
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negative pressure in the cell gas space under the hoods, leading to an increase in fugitive 

emissions escaping from the cell.  To avoid this, the cell draught is may be doubled during this 

process in a few cell technologies, resulting in a considerable impact on the draught level at the 

neighbouring cells (Lindsay 2007). 

 

 

Figure 2-2 An example of cycle times at one smelting location (Lindsay 2007) 

 

Hooding tightness is the fraction of the hooding coverage area, as defined in section A.2.  A 

value of up to 99.5% tightness is now a notional target to reduce cell emissions with respect to 

the tolerance of the local environment for fluorides and other emissions (Karlsen et al. 1998).   

To increase hooding tightness, the gaps around the rods and between the hoods are sometimes 

sealed with lips and collars, as illustrated in Figure 2-3, to achieve the minimum opening area 

required to maintain negative pressure inside the superstructure.  In fact, sealing these gaps can 

reduce total fluoride emissions by 20%, based on plant observations (Lindsay 2007) in smelters 

with large aluminium rods, as shown in Figure 2-4.  
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Figure 2-3 An illustration of the extra shielding devices used on HAL230 kA cells (Karlsen et al. 1998) 

 

Figure 2-4 An example of sealing the gaps around the big rods in an industrial cell (Lindsay 2007) 

 

2.5 Factors Influencing Cell Ventilation 

The important factors that affect cell ventilation, as reported in the literature  (Karlsen et al. 

1998), are as follows:  
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• Fume extraction rate (draught) when all hoods are in place, and during normal operating 

practices that require removal of some hoods.  For a new cell design (Hydro Aluminium), 

a typical 230 kA industrial cell would require a suction rate of about 5000 Nm3/h during a 

normal operation that might require opening one hood.  This draught may be increased to 

about 15000 Nm3/h for high activity periods that require opening more than one hood, for 

example during the setting of new anodes, setting the anode cover, and anode effect 

quenching.   

• The negative pressure under the hoods, which increases with an increase in hood 

tightness (smaller gaps area), and with an increase in draught.  In practice, the tighter the 

cell is, the higher the vacuum inside the cell, as shown in Figure 2-5. 

 

 

Figure 2-5 The impact of hooding and extra shielding devices on the negative pressure measured in two 
HAL230 kA cells in the same potline in Slovalco, with normal and forced gas suction rate (Karlsen et al. 

1998) 

 

• Removing hoods from their normal fitment on the cell has an immediate impact on the 

negative pressure inside the cell (Figure 2-6).  Removing three hoods at normal draught 

(about 5000 Nm3/h) reduces the negative pressure to below a critical level (0.4 mm H2O 
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(3.9 Pa)), where cell fumes start to leak out through the cell cavity to the potroom 

(Karlsen et al. 1998).  Similar findings were reported in the literature (Dando and Tang 

2006). 

 

 

Figure 2-6 Negative pressure inside two 230 kA smelting cells, with sealed gaps measured with one, two and 
three hoods removed, for normal- and forced gas suction rates (Karlsen et al. 1998) 

 

• Mechanical tolerances of the superstructure and the covers due to construction or damage 

during operation. 

• The temperature at the floor level, as it is a key element of the working conditions 

(Vanvoren et al. 2001).   

• Ventilation along the pot shell and through the gratings between the cells, and up to the 

roof of the potroom 

• Cell and potroom design (number of rows of pots in the room, basement or pit design).  
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For new cell designs, operating at higher line amperage (300 kA or more), the impact of the last 

three points on the cell and potroom ventilation are normally evaluated based on computer 

modelling (Vanvoren et al. 2001). 

2.6 Problems in Cell Ventilation 

As previously mentioned, smelting cell ventilation is sometimes changed by applying different 

draughts settings depending on cell operations.  Uniform draught is required along the length of 

the cell, however fouling of the exhaust points as shown in Figure 2-7 can increase the resistance 

to air flow and generate a local reduction in the draught.  Holes in the ducts (Figure 2-8) can lead 

to a decrease in the vacuum at the surrounding regions (inside the duct or the superstructure) and 

a decrease in hooding tightness.  These problems can be better controlled by daily monitoring 

and efficient cleaning during cell maintenance (Lindsay 2007). 

 

Figure 2-7 Accumulation of atmolite at exhaust point (Lindsay 2007) 

 

Figure 2-8 A failed joint to a non-conducting exhaust pipe  (Lindsay 2007) 



Literature Review 

15 

No reported information was found about the balance of the draught across the extraction inlets 

to the duct, however there can be considerable variation in the temperatures of the side wall and 

the cathode between the tap end and the duct end, as shown in Figure 2-9 for a 230 kA industrial 

cell (D20) reported in the literature (Gadd et al. 2000; Gadd 2003; Al-Farsi et al. 2005).  This 

was hypothesised as being a result of draught imbalance.  

Obtaining detailed information about the fume suction rate along the cell is essential.  This 

information would help to explain the observed variation in capture of the fume gases, and 

reduce fugitive emissions.   

 

Figure 2-9 Typical sidewall and cathode temperatures of tap and duct end for a 230 kA industrial smelting 
cell (Al-Farsi et al. 2005) 

 

2.7 Energy Consumption 

The theoretical energy requirement for the main cell reaction (Equation 2-1) according to the 

Gibbs free energy is equivalent to a cell voltage of 1.18 V at 977 °C, for a bath saturated with 

alumina.  The theoretical energy governed by the enthalpy requirements however is 6.34 kWh 

per kg Al, or 2.13 V if the cell is operating at the theoretical (100%) current efficiency 

(Grjotheim and Kvande 1986).   In reality, typical modern industrial cells require an actual value 

of around 13.8 kWh per kg Al produced, at a current efficiency between 90-95%, due mainly to 

heat loss from the cell operating at 950-970°C.    
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Alumina additions also absorb heat from the molten bath, causing a rapid decrease in bath 

temperature at the time of addition.  In a point feeding cell as considered in this study however, 

this problem is well controlled by small but frequent alumina additions.  This considerably 

reduces fluctuation in the temperatures of the bath and the metal around their average (Whitfield 

et al. 2004). 

The highest voltage drop in the cell is attributed to the high ohmic resistance of the bath (1.3-2.0 

V) (Grjotheim and Kvande 1986).  This, in combination with anode polarisation, is why about 

three quarters of the heat input is generated in the bath.  Ohmic heat generation is proportional to 

the current flow and the anode cathode distance, and inversely proportional to the bath electrical 

resistivity.  The latter depends on the concentration of alumina and additives in the bath (Taylor 

1984; Taylor et al. 1984; Grjotheim and Kvande 1986; Grjothem and Welch 1988; Kjelstrup et 

al. 1998; Mann et al. 1998; Biedler and Banta 2003; Arkhipov 2004; Whitfield et al. 2004) 

Cell heat loss can be easily estimated by: 

   
( ) ( )Alcell EEIkWHeatLoss −=

                        
Equation 2-8  

Where Ecell is the applied cell voltage (V), and EAl is voltage (2.0-2.2 V) used to produce Al  

Good control of the heat losses has direct impact on the energy efficiency (EE) of the cell.  In 

practice, the energy efficiency of the cell ranges from 40-50%, defined as follows:  

  cell

Al

E

E
EE =

                            Equation 2-9 

The main impact of altered heat generation inside the bath is directed towards the sidewalls and 

their protective layer of frozen electrolyte, while heat losses from the top and bottom of the cell 

are less sensitive to electrolyte temperature changes, as indicated in the literature (Taylor et al. 

1984; Béran et al. 2001; Biedler and Banta 2003). 

Significant attention is now being paid by smelters to reducing the heat loss from the top of the 

cell, which is 50% of the heat loss, in order to operate at higher energy efficiencies (Robinson 

2005).  The other part of this energy efficiency challenge is to lower cell voltages at the same 

time as reducing cell heat loss, whilst maintaining control of alumina feeding and dissolution to 

avoid sludge formation and electrolyte-concentration gradients (Welch 1999).   
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2.8 Types of Heat Losses 

The heat losses of concern are those amounts removed from the cell via conduction, convection, 

radiation and electrolyte vaporization that contribute to approximately half of the energy 

requirement (Welch 1999; Arkhipov 2004; Aune et al. 2004).  The heat losses from an 

aluminium smelting cell are normally known as the top, side, and bottom heat losses.  The 

typical relative percentages of these heat losses are shown in Figure 2-10: 

• The top heat losses account for the greatest proportion of heat loss (ranging from 50-55 

% of the heat losses). The sources of the top heat loss are the fume gases out of the 

feeding hole, the highly conductive anode assembly, and the top covers.   About 76% of 

this heat is extracted to the duct gas, and the rest is lost to the potroom from the hoods 

and the superstructure (Shen et al. 2008).   

• The end and sidewall heat losses account for about 25-40% of the total heat loss,   

depending on the sidewall insulation. This heat should be very well controlled to 

maintain a stable ledge profile in the cell.   

• The cell bottom heat loss including the collector bars, if not calculated with the sidewall 

loss, accounts for about 7-10% of the total heat loss, depending on the thermal resistance 

at the cell bottom which arises from the insulating bricks (Grjothem and Welch 1988).   
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Figure 2-10 Heat loss distribution in a typical prebaked aluminium reduction cell (Grjothem and Welch 
1988) 

2.8.1 Sidewall Heat Loss 

Heat transfer from the bath to the frozen side ledge by forced convection is controlled by a 

convective heat transfer coefficient and the temperature difference between the molten 

electrolyte and the bath liquidus temperature (the frozen side ledge temperature).  This 

temperature difference is known as the bath superheat, and is normally in the range of 5-15°C.  

This superheat is sensitive to process operations, especially the rate of ohmic heat generation 

between the electrodes, and changes due to bath composition or other operating parameters 

(Taylor et al. 1984).   

Conductive heat transfer through the sidewall is controlled by the thermal resistance of the 

carbon sidewall and the thickness and thermal conductivity of the frozen ledge.  Changes in 

superheat due to changes in bath or liquidus temperature cause changes in side ledge thickness 

and sidewall temperature.  A change in superheat by about 20% introduces a transient state of 

ledge melting (Grjothem and Welch 1988), which influences the ledge's thermal resistance and 

the heat loss from the bath to the side ledge.     
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2.8.2 Top Heat Loss  

The top heat loss from the bath to the air under the hoods is transferred mainly through the 

following paths: 

• Conduction through the crust and anode cover, and convection to the air under the hoods. 

• Radiation and convection from the anode slot to the anode cover, then convection to the 

air under the hoods (Dupuis and Haupin 2003; Taylor et al. 2004). 

Up to 76 % of this heat is extracted to the duct in the gas stream, with the rest lost to the potroom 

through the hoods, superstructure and the deckplate (Gadd et al. 2000; Gadd 2003).  

2.8.2.1 Mechanism of the Heat Loss through Anode Cover   

A simplified form of the mechanism of the top heat loss through the anode cover, from the bath 

(at Tbath) to the air under the hoods (at Tair), is presented in Equation 2-10 (Taylor 2007).  This 

heat flow is through a series of resistances in the gas cavity, the anode cover including the crust, 

and the air under the hoods with equal cross-sectional areas to the heat flow.  The heat transfer 

from the bath to the crust is mainly by radiation in the gas cavity.  This heat is then conducted 

through a layer of crust and anode cover to the air under the hoods.  Heat loss from the anode 

cover to the air under the hoods is transferred by convection and radiation. 
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The crust layer facing the bath is dense and solid, while the anode cover facing the air under the 

hoods is a loose powder layer, and the thermal conductivity of these two layers varies 

significantly.  It has been indicated that the thermal resistance of the anode cover (Lcover/kcover) 

plays a large role in transmitting the top heat loss from the anode cover and the anodes (Taylor 

2007).  This is one of the main characteristics and performances measures of the anode cover.  

Other characteristics of the cover include protection of anodes from air burn and control of 

fluoride emissions by having no holes in the crust except the feeder hole.  These characteristics 

are maintained by having a stable crust layer with sufficient strength to cover the bath, and by 

having an adequate anode cover layer to cover the anode and the crust.   
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Adjustments to modern anode cover practice now utilise a controlled layer thickness with no 

holes in the crust, and cover material composed mainly from crushed bath, which have increased 

the crust strength and stability.  These adjustments are hard to implement, but are starting to 

decrease cell emissions and transmit lower and more controlled top heat due to fewer holes and 

cracks in the cover.  This is partly due to the significant increase in the anode cover thermal 

conductivity and crust strength as a result of the increase in the bulk density by adding a 

considerable amount of crushed bath to pure alumina. For example, a crust density of 2000-3000 

kg/m3 gives a thermal conductivity in the range of 1-2 W/mK at 400°C (Hatem et al. 1989).    

Due to the temperature dependant properties of cover materials, and also the semi-batch nature 

of cell operations, it is difficult to maintain a constant thermal resistance in the anode cover.  The 

composition of the anode cover material for example varies over time as a result of uneven 

mixing and segregation of the anode cover materials.  This mixing and segregation of material is 

frequently encountered during cell operation, resulting in considerable variation in anode cover 

composition (Tessier et al. 2008).  This leads to variation in the anode cover density. 

The thermal conductivity of the anode cover layer is directly influenced by the packing density 

of the particles, and indirectly by the surface temperature: as anode cover temperature increases, 

sintering of particles causes the packing density to increase.  The high packing density of a 

mixture of 75-80% coarse crushed bath with 20% fine alumina will give a higher thermal 

conductivity as discussed by (Taylor 2007).  This high density leads in turn to an increase in 

anode cover heat flux. 

Variation in crust density over time also leads to variation in the anode cover heat flux, as 

observed in the literature (Hatem et al. 1989).  These observations were partly related to an 

increase in crust density with time from 2000 to 3000 kg/m3, giving a 30% increase in thermal 

conductivity.  Another study (Tsukahara et al. 1982) also reported an increase in anode cover 

heat flux with time (over 17 operating days) from 1000 W/m2 to about 4500 W/m2.  This was 

based on industrial measurements on a centre crust breaking 150 kA Soederberg cell. 

The influence of particle size distribution on thermal conductivity and the associated anode cover 

heat flux is shown in Table 2-2, based on laboratory measurements of heat flux through synthetic 

crust and anode cover samples (Rye et al. 1995). 
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The temperature dependency of thermal conductivity for different particle size distributions of 

anode cover was also studied in a PhD thesis at Auckland University (Shen 2003).  A sample of 

that work is shown in Figure 2-11. 

Table 2-2 The impact of adding proportions of fine anode cover to alumina on thermal conductivity and heat 
flux.  For bath temperature  956 °C, CR 2.10, CaF2  5 wt%, Al2O3 3 wt%, superheat 8 °C but for pure fine 

anode cover 11 °C, and duration from 4.5 to 24 h (Rye et al. 1995) 

 

Primary 
alumina 
(normal 
smelting 

grade 
sandy 

alumina) 

%Crushed anode cover (38 wt% Al2O3, 
7 wt% AlF3, 3 wt% CaF2 and balance 

Na3AlF6) 
(40% particles size of less than 500 µm 
with a maximum particles size of 8 mm) 

 
100% 

100 
wt% 

85 wt% 70 wt% 20 wt% 

Crust thickness (mm) 7 8 8.5 8 7.5 

Loose crust surface temperature (°C) 180 260 
not 

given 
not 

given 
not 

given 

Crust temperature at bath front (°C) 710 715 635 650 740 

Heat flux (W/m2) 1790 3330 2800 2200 2020 

Thermal conductivity loose cover (W/mK) 0.15 0.3 0.2 0.15 0.15 

Thermal conductivity crust (W/mK) 0.55 1.15 1.05 0.75 0.65 

 

Hydroxyl groups within the alumina grains also have an indirect impact on thermal conductivity, 

due to decomposition of these hydroxyl groups as the alumina is heated.  This generates 

microporosity in the solid, leading to a decrease in packing density and therefore a decrease in 

thermal conductivity.  The gas-filled voids affect the bulk density and the thermal conductivity 

of the alumina powder.  Moisture in alumina, measured by LOI (loss on ignition), therefore 

causes some small decrease in the thermal conductivity (Llavona et al. 1988), as shown in Table 

2-3.  For calcined alumina, the thermal conductivity increases linearly with temperature increase, 

due to radiant heat transfer between grains becoming significant: for a packing density of 1000 

kg/m3 and temperature range from 300-1200°C, thermal conductivity ranges from 0.125 to 0.25 

W/mK.   
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Figure 2-11 Thermal Conductivity of course crushed bath/Alumina blends specified, versus Temperature 
(Shen 2003) 

Table 2-3 Effect of hydrate on the thermal conductivity of alumina (Llavona et al. 1988) 

Bulk Density  

(kg/m3) 
T(°C) 

Thermal Conductivity 

 (W/mK) 

960 
392 0.166 

582 (calcined) 0.203 

1000 
391 0.205 

587 (calcined) 0.238 

 

Anode cover heat flux also varies in relation to thermal conductivity.  Based on plant 

measurements (Shen et al. 2008) in a prebaked 75 kA cell with central point feeding and bath 

temperature of 957°C, heat flux was measured from the top of the loose alumina cover at 

different locations (Figure 2-12).  The locations are: over the side channels, the anode carbon 

blocks, and the slot between two anodes.  The thickness of the alumina cover was not uniform, 

ranging from 3.5-17 cm.  The results were compared with similar measured data from the surface 

of a loose crushed bath anode cover (no alumina content) at the side channels and at the top of 
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the anode block.  It was found that the surface temperature and heat flux of the loose alumina 

cover (Figure 2-12) was less than the loose crushed bath cover (Figure 2-13) and more scattered 

in distribution.  Temperatures of the loose alumina cover varied between 170°C-325°C, with 

most temperatures under 200°C, and associated heat fluxes of 1500-2000 W/m2.  Temperatures 

of the loose crushed bath cover were concentrated between 200 and 250°C, and the associated 

heat losses were between 2000-3000 W/m2.  The reason for this relates to the higher thermal 

conductivity of the crushed bath based cover (about 0.4 W/mK) compared with the loose 

alumina cover (about 0.2 W/m.K), leading to a reduction in the anode cover resistance to heat 

loss.   

 

Figure 2-12 Heat flux from loose alumina cover in a prebaked 75 kA industrial cell (Shen et al. 2008) 

 

Figure 2-13 Heat flux from crushed bath cover at different surface temperatures in a prebaked 75 kA 
industrial cell (Shen et al. 2008) 
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The effect of a loose alumina cover thickness on the top heat loss, both in a prebaked cell and a 

Soderberg cell operating at the same current (75 kA) was also studied (Shen et al. 2008).  The 

results (in Figure 2-14) show that there was a rapid increase in the anode cover heat loss with a 

thickness of loose alumina layer below 5 cm.  The temperatures on the crust surface increase as 

the alumina cover thickness increases as shown in Table 2-4.  This temperature increase may 

reach a limit, beyond which the crust starts to deteriorate and melt due to the insulating effect of 

the loose alumina cover, which has low thermal conductivity.  On the other hand, no 

considerable impact was found on the heat flux with the thickness of the loose crushed bath 

cover (Shen et al. 2008).  This is due to the higher thermal conductivity of the crushed bath cover 

compared to the loose alumina cover, leading to a reduction in its insulating capability.  

 

Figure 2-14  Effect of loose alumina thickness on heat flux in two cells, prebaked and Soederberg operating at 
75 kA (Shen et al. 2008) 

 

Table 2-4 The temperature of the crust with the thickness of the alumina cover (Shen et al. 2008) 
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Similar findings are reported (Rye et al. 1995) regarding an increase in anode cover heat flux 

with a decrease in anode cover thickness.  It was also reported much earlier in the literature 

(Tsukahara H. 1982) that an increase in the thickness of the alumina cover over the crust by 50 

mm leads to a decrease of 30% in the top heat loss, due to the decrease in conduction thermal 

resistance (L/Ak).  In contrast, a gradual decrease in thickness as a result of melting of the 

electrolyte contained in the crust leads to an increase in the top heat loss from 60 to 160 kW in 

one cell technology  as indicated in more recent studies (Taylor et al. 1996). 

The top heat loss also increases with an increase in the area of holes in the crust, due to the 

increase in the radiative heat from the bath (Gadd 2003; Nagem et al. 2006).  Cell emissions also 

increase with an increase in the area of the holes as reported in the literature (Slaugenhaupt et al. 

2003; Tracy 2003; Nagem et al. 2005; Dando and Tang 2006; Nagem et al. 2006).  It was 

indicated (Nagem et al. 2005) however that fugitive emissions from hot anodes butts are about 

45% higher than during anode setting.  Therefore, the use of closed bins was recommended for 

spent anodes.  

Heat flux from the anode cover increases with an increase in surface temperature (Eggen et al. 

1992; Liu et al. 1992).  The work of Eggen et al was based on thermal investigation of a 

laboratory-produced crust made of pure alumina, while the work of Liu et al was based on 

measurements from two operating smelting cells.  Eggen et al found that the heat fluxes from the 

crust increased from 1 to 2.4 kW/m2, with a linear increase in temperature from 170 to 250°C.  

At this temperature range, these heat fluxes from the alumina cover were close to the measured 

values of heat fluxes, also from loose alumina cover, in an industrial smelting cell operating at 75 

kA (Shen et al. 2008).  A similar range of anode cover heat loss was also reported in the 

literature (Dupuis 1998) for a high amperage cell (300 kA) (Kjelstrup et al. 1998; Meghlaoui et 

al. 1998; Biedler and Banta 2003; Taylor et al. 2004; Shen et al. 2008).  Anode cover heat loss 

therefore depends mainly on the anode cover thermal resistance, regardless of the cell line 

current. 

2.8.2.2 Mechanism of Heat Loss through Anode Assembly  

It was reported in the literature (Taylor et al. 2004) that heat loss from the anode assembly to the 

air under the hoods transfers mainly by convection, as a result of a simplified cross-flow field of 
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the air under the hoods shown in Figure 2-15.  The influence of radiation increases strongly with 

an increase in surface temperature.  The overall heat transfer coefficient is therefore significantly 

influenced by the temperature of anode assembly.  The mechanism of the heat loss from the 

anode assembly was also presented using a simple 2D thermal resistance model, shown in Figure 

2-16.  This model was used to study the impact of anode cover thickness on the temperature of 

the anode assembly, as shown in Figure 2-17.  It is noted that this model was developed for a 

normal draught condition, where convective heat transfer is dominant at the anode assembly.  At 

low draught settings a rise in anode assembly temperature is expected, which is where the 

interactive effects of radiation must be included.   

 

Cross-flow of pot 

room air with the 

anode assembly 

extracted inside the 

superstructure 

 

Figure 2-15 Anode yoke arms are exposed to air flow in a cross-flow (Taylor et al. 2004) 

Duct air cross-flow 

interacting with anode  

 

Figure 2-16 Thermal resistance network for anode assembly in aluminium smelting cell. Heat flows (Q) and 
Ohmic heat generation (shown in red).  Qh1 to Qh3 convective heats.  Qc1 to Qc3 conduction heats (Taylor et al. 

2004) 

Entrained air 
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 Figure 2-17 Modelled temperatures at the top of the anode stub and at the transition joint as a function of 
cover level (mm) (Taylor et al. 2004) 

 

2.8.2.3 Mechanism of Heat Loss from Air under the Hoods 

As a result of radiative heat loss to the hoods, superstructure and feeders, a fraction of the top 

heat loss from the alumina cover and anode assembly is lost to the potroom. Heat is also lost to 

the potroom by convection from the top parts of the rods and the feeders. The largest fraction of 

the top heat is lost from the air under the hoods to the scrubbing duct by forced convection with 

the applied draught.  At normal draught settings in the range 4600-5400 Nm3/h for a 160 kA 

prebaked industrial cell, the duct heat loss was measured to be about 76% of the top heat loss 

(Gadd 2003; Shen 2003; Shen et al. 2008).  For this reason, the duct gas plays a large role in 

removing the top heat loss.     

The mechanism of the top heat loss to the duct has been presented in a simplified physical 

model, shown in Figure 2-18 (Karlsen et al. 1998) based on a simple mass and heat balance 

where the amount of air drawn into the cell (through the gaps) is equal to the amount of air 

leaving the cell (M).  This air removes the top heat loss (Q) by an increase in sensible heat 

(Equation 2-12).  It is noted that no indication was given about the heat losses to the potroom, 

whereas at low draught settings a rise in the temperatures of anode cover and anode assembly 
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temperature is expected to lead to an increase in heat losses to the potroom.  By this method, a 

rough estimation of the cell heat losses and the air mass flow rates required to achieve the 

desired duct gas temperature can be calculated at normal draught setting.   

 

Figure 2-18 Illustration of the heat transfer above the bath to the air inside the hooded region (dm is the 
amount of air entering the cell through gaps between the hoods at different heights (Karlsen et al. 1998) 

 

  
( ) TcMTTcMQ pambductp ∆=−= ...                          Equation 2-11 

Where: Q is the heat loss from the crust and anode assembly (kW) 

  M mass flow rate of air at the scrubbing duct (kg/s) 

  Cp air specific heat capacity at constant pressure (kJ/kg°K) 

  ∆T difference in temperature between the duct and the ambient (°K) 

To increase the duct gas temperature the air mass flow rate (draught) must be reduced, although 

cell emissions through the gaps in the superstructure increase below a critical draught setting.  

An in-depth study of the mechanism of the capture and concentration of the heat from the air 

under the hoods must be conducted to examine this. 

Q From the crust  

Air at  

ambient temperature  

and 

 atmospheric pressure 
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2.9 Heat Transfer Coefficients in Smelting Cell 

There are two different regimes of heat transfer coefficient inside the cell, one at the air side and 

the other at the bath side, as discussed in the following sections.   

2.9.1 Heat Transfer Coefficients within the Air Side 

There are two convective heat transfer regimes associated with the heat losses to the air in an 

aluminium smelting cell.  The first regime concerns the air under the hoods, dominated by forced 

convection.  The second concerns the air surrounding the hoods and the superstructure, which is 

dominated by natural convection.  

Detailed information about the overall heat transfer coefficients for radiation and convection in 

the air at the internal surfaces under the hoods has not been researched to any degree.  At the 

anode cover, a value of 9 W/m2K was calculated for the overall heat transfer coefficient (Eggen 

et al. 1992).  This is calculated from measured heat fluxes (1000-1500 W/m2) through the crust 

and alumina layer (k 0.2 W/mK) at steady state, plotted as a function of surface temperature of 

the alumina layer in the range 170-270°C.  A higher coefficient of 14 W/m2K was found (Taylor 

2007) for conductive anode cover (k 0.8 W/mK and Tair 160°C) at Boyne Smelters, using 80 mm 

of optimal crushed bath/alumina blend cover.  A value of 100 W/m2K was found between the 

bath surface (set at 960°C ) and the crust facing the bath (Taylor et al. 1996) for the overall heat 

transfer coefficient, which was dominated by radiation as one of the key parameters for 180 kA 

cell simulation.  Further research is being carried out on this question in PhD research at 

Auckland University. 

In contrast, comprehensive information about the heat transfer coefficient from the hoods and the 

sidewall to the surrounding air is reported in the literature.  For example, a value of 10 W/m2K 

for the overall heat transfer coefficient at the external surfaces of the hoods and cell 

superstructure is commonly used by researchers.  This value is not significantly different from a 

measured value of the overall heat transfer coefficient from the hoods (Delsante and Clarke 

1991).  In these measurements, ambient temperatures of 40-44°C, adjacent air velocities in the 

range 0.6-1 m/s, and surface emissivities of 0.6-0.9 were considered.  Theoretical calculated 

convection coefficients for horizontal surfaces in the absence of radiation are in the range of 5-6 

W/m2K, as shown in Figure 2-19.  
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The measured overall heat transfer coefficient at the sidewall is in the range of 18-20 W/m2K, for 

a 165 kA reduction cell (Eick and Vogelsang 1999). In the same study, the overall heat transfer 

coefficient was also calculated and modelled based on an experimental setup to study the impact 

of fins on the sidewall.  The study indicated that the heat transfer coefficient at the shell bottom 

was around 12 W/m2K, increasing to around 22 W/m2K at the side wall due to the temperature 

increase from 100 to 275°C.  The ambient temperature in this case was 15°C, maximum air 

velocity was 1.8 m/s, and the maximum shell temperature was 323°C. 

In a similar study (Haugland et al. 2003) based on theoretical calculations, values of the free 

convective heat transfer coefficient and radiative heat transfer coefficient were reported (Figure 

2-19).  The results showed an insignificant increase in the convective heat transfer coefficient 

with an increase in surface temperature.  On the other hand, the radiative heat transfer coefficient 

(hr = ε σ (Ts + Tsur ) (T 
2

 s +T 
2

sur )) increased significantly from 10 to 23 W/m2K for a temperature 

increase from 150 to 350°C, with an ambient temperature of 20°C.   

 

 Figure 2-19 Heat transfer coefficient due to radiation and free convection as a function of wall temperature 
(Haugland et al. 2003) 

 

Furthermore, a recent industrial study (Wallace 2007) reported a value of 23.5 W/m2K for the 

overall heat transfer coefficient at the sidewall of an AP30 cell operating at 345 kA.  This value 

was calculated based on an onsite heat flux measurement from the sidewall with natural 
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convection (no forced cooling), with an ambient temperature of 25°C and maximum sidewall 

temperatures in the range 330-350°C. 

In conclusion, more detailed information about the overall heat transfer coefficients with 

different draught settings at the anode cover and anode assembly is required to enhance the 

understanding of the mechanism of the top heat loss. 

2.9.2 Heat Transfer Coefficients below the Cell Crust 

Heat transfer in the molten bath and metal regions is very high, with heat transfer coefficients of 

800-4000 W/m2K.  This is due to the Prandtl number of the fluids (molten cryolite in the range 

10-14, and liquid aluminium in the 0.05-0.1 range), and the very high level of turbulence in the 

bath and metal (1 cm and 1 second turbulence scale (Frazer et al. 1990)).  A value of 1000 

W/m2K was used at the bath-metal interface as an input parameter for 180 kA cell simulation 

(Taylor et al. 1996).  There is also a high local heat transfer rate at the side ledge (Chen and Chen 

1998) attributed to the impact of the wavy surface at the interface and the periodic renewal of the 

wall boundary layer,  both of which contribute to the enhancement of the local heat transfer rate.  

These findings have been based on experimental measurements in low temperature but 

dynamically similar models.  The wall roughness and geometry were shown to have a significant 

influence on the higher value of the heat transfer coefficient at regions level with the metal-bath 

interface.   

Values of 1300 W/m2K was also reported from plant measurements, although the variation is 

high due to ledge dynamics (Taylor et al. 2004).  The same author also measured a value of 830 

W/m2K as being more relevant for forced convection without wave motion, and this value was 

used in dynamic ledge simulations which fitted actual ledge variation extremely well.  The same 

value was also used by University of Auckland researchers (Chuck et al. 1997) in developing 

other dynamic ledge heat transfer simulation and by others (Eick and Vogelsang 1999).  
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2.10 Research Questions  

2.10.1 What are the Consequences of Cell Draught on the Top Heat Loss and Cell 

Emissions? 

Based on reported online measurements (Gadd 2003), the top heat loss (Q = maircp(Tduct –Tambient) 

increases linearly with an increase in the cell draught as shown in (Figure 2-20), which is related 

to the increase in the air mass flow rates.  The applied draught levels were between 0.6-1.7 

Nm3/s, with the normal draught setting at 1.5 Nm3/s.  At 40% of the normal draught setting (0.6 

Nm3/s) the temperature at the duct gas was around 150°C.  The effect of radiative heat loss at 

this temperature is not significant compared to convection, thus the nonlinear relationship of 

radiation at this draught range was not pronounced.  However, extremely lower draught levels 

were not possible to evaluate in this study. 

It has been indicated that it is possible to reduce fugitive fluoride emissions from cells by up to 

95% at times when two hoods and three anodes are removed, by the use of 200% of the normal 

draught setting, being 5470 Nm3/h in a 230 kA industrial cell (Karlsen et al. 1998).  Conversely, 

the influence of draught on the reduction of HF emissions becomes insignificant with an increase 

in the negative pressure in the cell gas space over 20-25 mm H2O (196-245 Pa), as shown in 

Figure 2-21 (Sum et al. 2000).  However, this depends on the number of hoods opening. 

There was no comprehensive information about the effect of different draught rates on the top 

heat loss other than Gadd, 2003, found in the literature.  Detailed information about the top heat 

loss for a wide range of draught rates is of great importance to give better understanding and 

control on the heat balance of the cell. 
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Figure 2-20 The influence of draught on the duct heat loss and the duct gas temperature (Gadd 2003) 

 

Figure 2-21 The impact of the negative pressure under the hoods on HF emission rate (Sum et al. 2000) 
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2.10.2 What are the Significant Factors that Influence the Duct Gas Temperature?  

The duct gas temperature has often been considered as an indicator of pot operations (Dando 

2004; Nagem et al. 2006), as shown in Figure 2-22. 

 

Figure 2-22 Duct gas temperature as indicator of pot operations (Nagem et al. 2006) 

The factors observed to have a direct impact on the duct gas temperature include the presence of 

holes in the curst, crust thickness, draught rate, anode effects, alumina feeding, gaps in the 

superstructure, opening the tap end door, and opening the hoods for other daily operational 

practices.   

• The duct gas temperature decreases with an increase in the draught (Figure 2-20).  It has 

been demonstrated (Gadd et al. 2000) that an increase in draught from the normal setting 

of 1.5 Nm3/s to 2.0 Nm3/s reduces the duct temperature by about 20°C (20%), and 

increases duct heat losses by about 40 kW (17%).   

• The duct gas temperature increases with an increase in the electrolyte temperature.  The 

electrolyte temperature also increases with a decrease in the draught, due to reduced 

extraction of the top heat loss. This is shown in Figure 2-23, starting from 4-Dec, where 

the draught is at the normal operating level and then increased to about 2 Nm3/s.  The 

effect of this was shown by a decrease in the electrolyte temperature after 30 hours.  A 

combination of electrolyte additions and the increase in top heat losses led to this 

reduction.  Further to that, an extreme decrease in draught by about 57% (December 12) 
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resulted in a reduction in the duct heat loss by about 39%.  A following increase in the 

draught by about 36% (December 16) increased the duct heat loss by about 27%.    

 

Figure 2-23 The correlation between the electrolyte temperature and the duct gas temperature (Gadd et al. 
2000) 

• The duct gas temperature decreases when the hoods are removed and increases during 

anode change, as shown in Figure 2-24 (Gadd et al. 2000; Steingart et al. 2008).   This is 

because with the hoods removed, the colder potroom air flows easily inside the 

superstructure and dilutes the hot air flow, while during anode change the hot bath is 

exposed, leading to an increase in radiation from the bath.  Similarly, opening the tap 

door for 5 minutes leads to a reduction in the duct gas temperature by about 10°C, as 

shown in Figure 2-25.   
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Figure 2-24 The impact of anode change on the duct temperature (Gadd et al. 2000) 

 

Figure 2-25 Impact of opening the duct end on the duct gas temperature (Gadd et al. 2000)   

• The duct gas temperature increases with an increase in the area of holes in the crust, 

shown in Figure 2-26, as a result of an increase in radiation from the bath (Nagem et al. 

2006).    
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Figure 2-26 Effect of hole area in the crust on the duct gas temperature in an industrial cell (Nagem et al. 
2006) 

• The duct gas temperature increases significantly during anode effects (Figure 2-27).  This 

is due to the increase in the cell voltage up to 33.3 V increasing the ohmic heat generation 

in the cell, which in turn increases the bath temperature up to 1020°C, and also increases 

the temperature of the anode assembly, superstructure and duct gas (Gadd et al. 2000)   

 

Figure 2-27 Influence of anode effect and opening doors on the duct gas temperature for a break and feed 
(B&F) prebaked cell (Gadd et al. 2000) 

Anode effect 

duration 
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2.10.3 What is the Influence of Gaps in the Superstructure on the Top Heat Loss and 

Fugitive Emissions? 

As indicated previously in Section 2.5, decreasing the area of gaps in the superstructure increases 

hooding tightness and negative pressure, leading to a decrease in fugitive emissions.  There are 

no indications however about the influence of gap area on the temperature of the duct gas or on 

the temperatures of the surrounding surfaces such as the rods, or its impact on the heat transfer 

coefficient from the rods to the air.  All of these are likely to have some impact on the 

temperature of the air in the duct and on the top heat losses. 

2.10.4 Is It Possible to Recover Waste Heat from the Aluminium Smelting Process?   

The interest in the recovery of the heat loss from aluminium smelting cells is normally directed 

to the sidewall.  There are some attempts, now at patent level, to cool the sidewall of the 

aluminium smelting cell as demonstrated by Wallace in his thesis in 2007, who investigated the 

recovery of the sidewall heat loss by using heat exchanger technology. 

Less attention has been directed on the recovery of the top heat loss.  Two trials have been 

reported recently in the literature (Anders Sørhuus and Wedde 2009; Solheim et al. 2009) to 

recover the top heat loss, one from the exhaust duct gas (at 130°C) using a large heat exchanger, 

and the other from the anode yoke.  The former is a recovery of a low grade heat, but the latter 

has better potential to recover high quality heat at temperature up to 200°C by pumping air 

through pipes around the anode yokes to recover about 4 kW per anode.  This proposed 

configuration however is rather complex and could interfere with anode setting.   

The heat and air flows in the air under the hoods are sensitive to both the rate and location of air 

extraction from the duct system.  It appears from the literature review that there have been no 

previous attempts to recover the top heat loss from the air under the hoods.   

CFD studies can be used as a cost effective tool to demonstrate the possibility of recovering high 

quality heat from the air under the hoods.  New cell ventilation system can be devised and 

evaluated before plant application.   
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2.11   Main Findings Based on Literature Review 

• The highest voltage drop in the cell is attributed to the high bath ohmic resistance (1.3-

2.0 V).  This is why around three quarters of the ohmic heat in the cell is generated in the 

bath. 

• The energy efficiency (EE) of Hall Heroult cells ranges from 40 to 50%. 

• Anode gas is mainly CO2 plus CO mixed with three parts of air (Grjothem and Welch 

1988).   

• Duct gas is mainly air and traces of the waste gases (Dando 2003). 

• For a HAL230 cell, an increase in hooding tightness from 98.5% to a limit of 99.5% is 

achieved by decreasing the gaps between the hoods (of 40.8 m2 total hooding area) and 

around the rods from 0.6 m2 to 0.2 m2 using extra shielding devices (Karlsen et al. 1998).  

This reduces cell emissions, with respect to the tolerance of the local environment for 

fluorides and other emissions.  No indications were given however about the gap area and 

the resulting negative pressure inside the superstructure at different draught levels.  

• A typical 230 kA industrial cell requires a suction rate of about 5000 Nm3/h (70 

Nm3/kgAl) during normal operations that might require opening one hood.  This may be 

doubled during high activity durations, such as opening three hoods and removing two 

anodes, to effectively reduce fugitive emissions by up to 95% (Karlsen et al. 1998).  No 

indications were given about the consequences of this draught increase on the top heat 

loss.  Removing three hoods at the normal draught reduces the negative pressure to below 

a critical limit of 3.9 Pa, where the fumes will start to leak out through the cell cavity into 

the potroom. 

• There is no reported information about the air flow rate at each extraction inlet of the 

main duct at the top of the cell, or about the draught balance along the cell.  Reported 

information (Al-Farsi et al. 2005) about the sidewall and cathode temperatures showed 

that the temperatures are normally higher at the tap end than the duct end.   

• Heat losses increase with an increase in the cell current. 
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• The top heat losses account for the greatest proportion of heat loss (ranging from 50-55 

% of the total). Sources of the top heat loss are the fume gases from the feeding hole, and 

the highly conductive anode assembly and top covers.  About 76% of this heat is 

extracted to the duct gas, with the rest lost to the potroom from the hoods and the 

superstructure. 

• The sidewall heat loss is around 25-40% of the total heat loss.  

• The bottom heat loss is around 7-10% of the total heat loss. 

• Detailed information is reported in the literature about the heat losses from the anode 

cover, anode assembly, from the hoods and superstructure to the potroom air, and to the 

duct heat loss.  No indications were given however about the heat transfer coefficients 

within the air under the hoods, such as at the stub and yokes.  Information about heat 

transfer coefficients at the anode cover surface was given (between 9-14 W/m2K) (Eggen 

et al. 1992; Taylor 2007) for two types of anode cover (insulating alumina cover and 

conventional mixed crushed bath conductive cover), but no indication was given about 

the impact of draught rate on these values. 

• The influence of draught rate in the range 2160 to 5940 Nm3/h on the duct heat loss and 

temperature was investigated (Gadd 2003), based on in-situ measurements on a 160 kA 

prebaked smelting cell, where the duct heat loss increased linearly from about 130 to 220 

kW.  Similarly, the duct gas temperature increased linearly from about 110 to 150°C.  

The nonlinear influence of the radiation was not pronounced, which is an indication that 

no considerable overheating occurred.   

• Smelting cells are normally operated with zero holes in the crust to maintain the cell heat 

balance and to decrease cell emissions.  Literature shows that the top heat loss increases 

with an increase in the area of holes - each 0.1 m2 of hole area increases the top heat loss 

by about 10-12 kW (Nagem et al. 2006).  It also increases the duct air temperature, where 

for hole area range of 0.01 to 0.55 m2, the duct gas temperature decreases linearly from 

about 127°C to 180°C for prebaked cell operating at 222 kA.   
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• The anode assembly has a large impact on removal of the top heat loss from the cell as it 

effectively works as a fin.  No indications were given however about the impact of 

draught on the heat loss from the rods, yokes, and anodes. 

• The duct gas temperature decreases by about 5°C during opening of the hoods, and by 

about 10 °C during opening of the tap end door (Gadd 2003).  This is because cooler air 

flows inside the cell superstructure and causes significant cooling of the duct air.   

• There are no indications on heat recovery from the air under the hoods apart from a heat 

recovery study from the anode yoke (Solheim et al. 2009).   

2.12 Aims of This Study 

The primary aim of this work is to investigate recovery of the top heat loss and reduce cell 

emissions from an aluminium reduction cell, while keeping cell thermal conditions intact.  From 

the literature review however, it was found that to achieve the primary aim of this thesis, it is 

essential to investigate the following issues first: 

• The draught balance along the cell. 

• The consequences of hooding tightness on draught. 

• The outcome of hooding tightness on fugitive emissions and on the top heat loss.  

• Air mean velocity and heat transfer coefficients within the air under the hoods at different 

draughts. 

• An in-depth study of the mechanisms of the top heat loss using an analogue of 

Kirchhoff’s law.  

• The effect of thermal conductivity of the cell components (anode cover, crust, anode, 

anode stub, and hoods) on the mechanism of the top heat loss with different draught. 

• The impact of surface emissivity of the cell components on the mechanism of the top heat 

loss. 
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In the course of this study, these issues will first be resolved computationally.  The model will be 

validated and the error potential identified. 

The validated model will then be used to answer the following questions: 

1. Is it possible to improve the quality of the heat content of the air under the hoods by 

decreasing the cell draught only, without overheating cell components or increasing 

fugitive emissions? What impacts would that have on the sidewall heat loss and the bath 

temperature? 

2. Is it possible to devise an alternative ventilation process that segregates high quality heat 

of the hot fumes from feeder holes?   

3. Is the heat content in the hot fumes of high quality, and if not, is it possible to increase 

the quality of that heat and how?  

4. What is the effective design and location for the alternative ventilation? 

5.  Does it require reducing the draught? To what extent can the draught be reduced without 

overheating cell components?   

6. What are the limitations to increasing the temperature and maximum energy of the 

collected air in the suggested design? 

7.  What are the recommendations to overcome some of these limitations? 

8.  In spite of these limitations, will this new ventilation design provide promising results to 

reduce fugitive emissions even when the hoods are removed during anode setting?  
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Chapter 3. Model Development  

3.1 Introduction 

It was not possible to conduct a detailed study of an entire cell including the exhaust duct due to 

computer memory limitations.  Taking into consideration the requirements for CFD modelling as 

discussed in Appendix A.1, computational models were developed to study aluminium smelting 

cell fugitive emissions, top heat loss and top heat recovery as follows: 

• An exhaust duct model to study the influence of hooding tightness on draught and 

fugitive emissions.  

• A 1/8 slice model of the cell to study the mechanism of the top heat loss at a normal 

draught setting. The normal draught specified at an outflow boundary was averaged from 

the result of the exhaust duct model to reflect the conditions in the whole cell. 

• A modified version of the slice model to study the recovery of high quality heat from air 

under the hoods at maximum possible temperature above 200°C and highest saving in 

energy (kWh/kgAl or annual GWh/smelter). 

Since the draught at the outflow boundary of the slice model is influenced by hooding tightness, 

the variation in draught at these boundaries due to hooding tightness must be examined first.  

The best prediction found was to use the outcome of the exhaust duct model with an outflow 

boundary input that was not influenced by hooding tightness.  The existing cell ducting system 

was studied to define the outflow boundary of the exhaust duct model. 

3.1.1   Assumptions and Specifications 

Several assumptions have been made, as follow: 

• The air was assumed to be an ideal gas. 

• There were no holes in the crust except the feeder hole. 

• Heat transfer by all mechanisms (conduction, convection, and radiation) was included. 

However, in the exhaust duct model radiation and convection were combined in an 

effective heat transfer coefficient, as discussed in section A.6.   
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• The Discrete Transfer model (discussed in A.1.3) was used for radiation in the slice 

model which is more robust compared to the Monte Carlo model.  This model was also 

fully discussed in the CFX-PRE (ANSYS) manual.  Surface emissivities for the crust of ε 

= 0.3, anode cover ε = 0.4, and bath ε = 1 were taken from (Rye et al. 1995).  Anode 

carbon emissivity of ε = 0.9, and the remaining ε = 0.8 for oxidised industrial surfaces (if 

not otherwise specified) were taken from (Perry and W.Green 1984). 

• Mixed convection (free and forced) was modelled as the convection of the fluid is driven 

by both a pressure gradient and buoyancy forces, as approximated in Table A-5.  

• Full buoyancy model was used as the fluid density is a function of temperature due to 

large temperature variations of about 780°C between regions above the bath and under 

the hoods. 

• The two-equation shear stress transport (SST) turbulence model (discussed in section 

A.1.3) was used to predict flow separation around the anode assembly. 

• The potroom ambient temperature of the reference smelter was 50°C at atmospheric 

pressure.  

•  The anode gas was modelled as pure air, as the radiation models in CFX do not support 

multi-gas mediums. 

• Fugitive emissions were assessed based on ensuring negative pressure at the gaps from 

the output of the model. 

• All walls were assumed smooth. 

• Zero air velocity was assumed on the walls (no slip condition). 

3.2 The Exhaust Duct Model  

3.2.1 Objectives of the Exhaust Duct Model 

The main objectives of this model were: 
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• To study the effects of hooding tightness on fugitive emissions. In this case therefore, the 

outflow boundary condition should not be influenced by the studied range of hooding 

tightness. 

• To study the influence of hooding tightness on the variation in draught, and to investigate 

the significance of this variation on the duct gas temperature results from the slice model. 

•  To calculate an average outflow boundary condition to input to the 1/8 cell slice model, 

reflecting the draught in the whole cell. 

3.2.2 Background of the Present Cell Ducting System  

Information about the ducting system in the reference cell was required to define an outflow 

boundary condition in the exhaust duct model, which was not influenced by the studied range of 

hooding tightness (above 95% with all hoods in place).  In the 225 kA reference smelter, the 

aluminium reduction cells are ventilated by two exhaust ducts as per the configuration shown in 

Figure 3-1.  The draught of the cell is normally monitored by plant measurements of static 

pressure, volumetric air flow rate and temperature at point shown in Figure 3-1(c).  The draught 

at the exhaust duct is not stable, and varies from cell to cell due to problems with cell hooding 

arrangement, such as misalignment, hood damage and gaps as illustrated in Figure 3-2.  The 

draught variation also depends on the location of the cell in relation to the main bag fan of the 

scrubbing unit and the overall frictional resistance in the ducting system and the cell.  

Draught and static pressure monitoring indicates that cells close to the bag fan in the reference 

plant can operate under normal and high draught settings of 4500 and 5800 Nm3/h, per two 

exhaust ducts.  On the other hand, cells further away from the bag house fan can only operate 

under the normal draught setting.  The negative pressure in the cells at normal and high draught 

was 498 and 870 Pa respectively.  The pressure drop between the exhaust duct and the main bag 

fan is reasonably constant if all hoods are in place. This was confirmed by reference plant 

measurements as shown in Figure 3-3 (at the monitoring point in Figure 3-1(c)), which indicated 

that there was no considerable variation in the measured static pressure when opening up to 2 

hoods (about 80% hooding tightness).  The static pressure at the monitoring point is therefore 

assumed constant under these conditions.  Plant observations also indicated that the distance 

between the monitoring point and the outlet boundary of the CFD exhaust duct model (shown in 
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Figure 3-4) is reasonably small at around 2m.  For this reason, it was assumed that the static 

pressure at this outlet boundary is also constant for the studied range of hooding tightness.   

 

c) Operator conducting static pressure 
and air flow rate measurements for 
exhaust duct draught monitoring 

b) Exhaust ductsa)  Reduction cell

Superstructure containing 
two exhaust ducts

d) Two exhaust ducts joint together to the main 
scrubbing duct

 

Figure 3-1 Configuration of the exhaust ducts on an aluminium reduction cell 
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Figure 3-2 Cell superstructure with gaps between the hoods and around the rods  
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Figure 3-3 Reference plant measurements of static pressure at the exhaust duct monitoring point (shown in 
Figure 3-1, c) with opening up to two hoods 
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One of the 
extraction inlets of 

the exhaust ducts Two exhaust ducts 
per one cell

Air region inside 

the superstructure

Constant P outlets 
boundary condition

 

Figure 3-4 Simplified cell superstructure with two exhaust ducts showing extraction inlets and constant 
pressure outflow boundary  

 

3.2.3 Input and Output Parameters of the Exhaust Duct Model 

The complete exhaust duct including the air under the hoods and a portion of the surrounding 

potroom air had to be included in the exhaust duct model, to allow modelling of the extraction 

inlets of the duct and gaps between the hoods/rods and the superstructure, as illustrated in Figure 

3-5.  A portion of the potroom air had to be included to avoid under or over specification of 

pressure at the gaps, especially at the interfaces between the air under the hoods and the potroom 

air (at the gaps).  This pressure is an important outcome of the solution determining the 

possibility of fugitive emissions: a negative pressure at the gaps is an indication of no leakage of 

the fume gases from inside the cell to the potroom i.e. no fugitive emissions. 
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Potroom air at 
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Gaps between the 
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Gaps between the 
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Exhaust duct

Constant P outflow 
boundary condition 

Anode cover

h total 15 W/m2K 
Tcrust 700°C

Exhaust duct 
extraction inlets

Arrows indicating for opening 
boundary condition where 

inflow or outflow is an output 
of the modelHoods at 170 °C

Anode cover

heff

Temperature of heat 
source 700 °C

Hoods 

heff 10 W/m2K
 

Figure 3-5 Simplified CFD model for one exhaust duct with hoods and portion of potroom air 

 

The thicknesses of the hoods, superstructure top wall, and the feeders were not included as this 

increased the model size significantly.  Consequently, the conservation of heat flow from the air 

under the hoods to the potroom through the surrounding boundaries (hoods, superstructure, tap 

end wall, duct end wall, and feeder) needs to be sustained.  This was roughly performed by 

specifying an effective heat transfer coefficient as boundary input parameters, as listed in Table 

3-1.  This should not interfere with the main objectives of the exhaust duct model, however heat 

losses to the potroom through these boundaries will not be accurately predicted as the intention is 

to ensure the increase in the sensible heat content of air under the hoods.  If the exhaust duct 

model is to be used to study the mechanism of top heat loss from the anode cover and anode 

assembly, the conservation of heat flow through these boundaries must be treated carefully.    

Convective heat losses from the anode cover, anode assembly, hoods and superstructure along 

with the hot gas heat source of the feeder holes are the main heat sources that increase the 

temperature of air under the hoods, as discussed in section 5.2.  The hoods and superstructure are 

mainly heated by radiative heat transfer from the anode cover and anode assembly, assuming 
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there are no holes in the crust other than the feeder holes.  Determining the heat losses from the 

exhaust duct model is not important at this stage.  As modelling radiative heat transfer greatly 

increases the CPU time to solve the problem, radiative heat losses were combined with 

convective heat losses by specifying effective heat transfer coefficients as discussed in section 

A.6.  The heat in the duct gas stream depends on the amount of air drawn through the gaps, 

which is controlled by the applied draught and on the temperature of the ambient air.  The rest of 

the heat is lost to the potroom through the hoods and superstructure. It was assumed for the hot 

fume gas heat source ( )( )refhgphg TTcm −  (mhg and Thg discussed in A.10), that the feeder holes 

have an equal flow rate of hot gases at 900 °C, although for a cell with three feeders, the gas flow 

rate of the middle feeder hole was assumed to be double the side feeder hole flow rate. 

The input and output parameters of the model are defined in Table 3-1 and Table 3-2 

respectively.  The measured pressure at the exhaust duct monitoring points could not be used as a 

specified outflow boundary input for the simplified exhaust duct model as the measured air flow 

rate and pressure drop in the exhaust duct are a function of the overall friction losses controlled 

by the pipe roughness, fittings, changes of direction, and boundary-layer separation (Foust et al. 

1980; ASHRAE 2009).  As these details are not included in the model, the predicted mass flow 

rate will not match the measured value.  A pressure profile boundary was used instead, specified 

from the outcome of the exhaust duct model solved first with a constant velocity outflow 

boundary.  The velocity was calculated based on the required draught setting.   

With the constant pressure boundary condition specified, the influence of hooding tightness on 

the draught, duct gas temperature and pressure can be studied.  With hooding tightness of 

99.45%, the width of the gaps between the hoods was 4 mm, and the width of the top gaps 

between the hoods/rods and the superstructure was 6 mm.  The hooding tightness was decreased 

by only increasing the width of the gaps between the hoods, calculated in Table A-3. 

The percentage variation in the air mass flow rate for the studied range of hooding tightness was 

calculated.  The influence of this then can be taken into account on the 1/8 slice model duct gas 

temperature results.  This was the first objective of the exhaust duct study.   
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Table 3-1 Input parameters of the exhaust duct model for 225 kA cell 

Input parameter  Description 

Heat sources  Based on effective heat transfer coefficients at anode cover 

and anode assembly, as explained in section A.6, and hot gas 

heat source ( )( )refhgphg TTcm −  at the feeder holes  

Heat transfer at boundaries 

surrounding air under the hoods to 

ensure heat losses to the potroom 

Based  on effective heat transfer coefficient of 10 W/m2K to 

an ambient temperature of 50°C at the hoods,  superstructure 

top wall, feeders, tap end wall, and duct end wall  

Surrounding potroom air  Opening boundary conditions at an ambient temperature of 

50°C and atmospheric pressure 

Draught  at the outflow boundary Based on a constant pressure boundary input  

 

Table 3-2 Output parameters of the exhaust duct model for 225 kA cell 

Output parameter  Description 

Temperature (°C) Air temperature at the outflow boundary and 

extraction inlets of the duct  

Pressure (Pa) Static pressure at the gaps and under the hoods 

Velocity (m/s) Velocity vectors and streamlines between the inflow 

and outflow boundaries  

Mass flow rate (kg/s) Based on the resulting temperature and velocity   

( )boundaryvAρ  at the in- and outflow boundaries.  The 

resulting mass flow at the outflow boundary is used to 

calculate the draught, as shown in section A.13   

Mass balance  The rate of air mass flow at the inflow boundaries  = 

the rate of air mass flow at the outflow boundaries 

Heat balance  heatlossessHeatsource =  
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The second objective of the exhaust duct model was to predict an average draught boundary 

condition at one extraction inlet of the exhaust duct (shown in Figure 3-4) to be used in the 1/8 

slice model to reflect the condition in the whole cell. This was accomplished by calculating 

average volumetric and mass flow rates of the air at the four extraction inlets from the outputs of 

the exhaust duct model. 

Since radiation was replaced by a simplified convective model, the consequences of hooding 

tightness on fugitive emissions, radiative heat losses through the gaps, and the exhaust duct gas 

temperature must be evaluated using the 1/8 slice model.  This is because the slice model is 

capable of an advanced top heat loss study by modelling radiation, convection, and conduction.  

This evaluation is important to assist the recommendation of using the exhaust duct model for in 

depth study of HF and CO2 emissions in future work.  Replacing radiation by an effective 

convective model in the exhaust duct model not only reduces the CPU time significantly, but 

also allows studying a multi component fluid using CFX-PRE.  

3.3 The Cell 1/8 Slice Model 

A simplified CFD 1/8 slice model of the 225 kA smelting cell was developed with boundaries 

around the bath, including portions of the potroom air surrounding the hoods and the 

superstructure.  This model has the capacity to evaluate the influence of several studied 

parameters on the bath temperature and the sidewall heat loss.  

3.3.1 Objectives of the 1/8 slice model    

• To study the consequences of hooding tightness on the top heat loss and fugitive 

emissions at different draught setting. 

• To study the mechanism of the top heat loss at both normal (4677 Nm3/h, 66 Nm3/kgAl) 

and wide-range draught settings (-95% and +90%). 

• To study the influence of thermal resistances in the paths of top heat loss between the 

bath and the air under the hoods. 

• To study the potential for heat recovery from the air under the hoods by devising a hot 

gas duct system (HGD) near the feeder hole. 

• To study the potential for reduction in fugitive emissions using the devised system with 

lower hooding tightness (wider gaps). 
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3.3.2 Simplifications of Geometry 

Simplified model geometry was created based on the reference 225 kA cell.  The differences 

between the simplified CFD models and the reference cell include: 

• Variation in the size of the anodes was not taken into account, as the modelled anodes 

were assumed to be of dimensions of 1.55 m length x 0.714 m width x 0.5 m height (if 

not otherwise specified).  This is similar to the size of a new anode but 0.1 m shorter. 

• Similarly, the variation in the thickness of the crust, gas cavity, and anode cover were not 

taken into account. The thickness of both the crust and the gas cavity was assumed to be 

uniform (0.05 m) along the cell.  Anode cover thickness at the side channel was assumed 

to be 0.05 m and, at both the slot between the anodes and the centre channel, it was 

assumed to be 0.15 m. 

• The location, distribution, and size of the gaps in the superstructure and between the 

hoods were simplified. This is because the influence of the gaps in the superstructure is 

reflected on the resulting negative pressure under the hoods, similar to a flow through an 

orifice. The resulting air mass flow rate and negative pressure under the hoods are 

therefore influenced by the total area of the gaps regardless of location.   

• The configuration of the feeder was simplified by modelling a simple cylindrical shape.  

This is to decrease the complexity of the model by neglecting fine details that have no 

important influence on the top heat flow, as the feeder is mainly heated by radiative 

exchange with the anode cover.   

• The thin layers of anode cover observed on the surfaces of the anode assembly and hoods 

were not taken into account due to computation limitations, as this increases the size of 

the model significantly. The effect of this layer on the thermal insulation was included 

however, by studying the effect of applying different thermal conductivities to the anode 

assembly and hoods.  

Boundary conditions and heat sources are required to fully define the flow simulation.  It is 

strictly recommended to avoid the estimation of boundary conditions that control the output of 

the model. For example, boundaries such as the heat transfer coefficient at the hoods and the 
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superstructure, pressure at the gaps, and heat transfer coefficients from the bath to the gas cavity 

above the bath and from the bath to the anode surfaces immersed in the bath, are important 

outputs of the model, and these boundaries control the top heat loss.   

Sources of error also lie in the specification of the heat sources, for example in the calculation of 

the mass flow rate of the hot fume gases (see section A.10), and in the selection of the material 

properties that influence both the ohmic heat generation and the heat transfer.  The former is 

determined by the electrical resistivity, while the later is controlled by the thermal conductivity.  

Ohmic heat sources had to be calculated and specified as a fixed input to the model, as there is 

no thermo-electrical coupled model available in ANSYS-CFX.     

The influence of fluctuations in the internally generated heat source in the bath on the top heat 

loss is not included at this stage, assuming that the main effect is directed to the sidewall 

(Bruggeman 1998), with no melting or freezing in the crust.  The resulting bath temperature 

influences the top heat loss however, in terms of the temperature gradient between the bath and 

the air under the hoods as discussed in section 5.2.  

Numerical errors also have some impact if the mesh requirements (shown in section A.1.2) were 

not taken into account.  The consequences of this were tested in a mesh refinement study, as 

discussed in section A.1.2.2 . Neglecting the transfer of heat and air flow across the symmetrical 

boundaries is another source of error. 

The significance of the errors mentioned above can be evaluated with the validation of the results 

of the CFD models against the reference plant measurements and published data with equivalent 

conditions.  Additionally, the R-model developed in section 5.4 can also be used to check the top 

heat loss results. 

3.3.3 Input and Output Parameters of the 1/8 slice model  

The model was based on a 1/8 slice of the cell including the bath and part of the potroom air.  

The boundary of the model started from the bath-metal interface, upwards to the air surrounding 

the hoods and superstructure as illustrated in Figure 3-6.  A bath depth 42 mm below the anodes 

(anode-cathode distance) was incorporated, representing an average measured condition on a 

number of cells,.  From the bath surface, there was a uniform 0.05 m gas cavity covered by a 
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0.05 m crust.  The crust was covered by 0.05 m anode cover at the side channel, and up to 0.15 m 

at the slot between the anodes and in the centre channel.  There was one feeder hole of 0.15 m 

diameter in the centre channel under the feeder. The model also included three anode assemblies 

comprising anodes, stubs, yokes, and rods.  The anodes were partially immersed in the bath and 

were almost covered with 50 mm anode cover.  The sides of the anodes (facing the hoods) were 

exposed to the air under the hoods.  A thin shell of 10 mm thickness was included for the hoods 

and the superstructure, along with a steel deck of 12 mm thickness. The air around the hoods was 

separated from the air above the superstructure due to the variation in air flow and temperature - 

the temperature of the air around the ducts is warmer than the potroom air by about 20 °C and 

the flow is quiescent.  Model input and output parameters are defined in Table 3-3 and Table 3-4. 

As there is no thermo-electric coupled model in the ANSYS CFX-PRE package, ohmic heat 

sources in the anode, the stubs, the yokes, and the rods were calculated (see Appendix A. Table 

A-10) and specified in the model as volumetric heat sources (W/m3).  The hot fume gas mass 

flow rate and temperature (calculated in Appendix A, Table A-14), were specified based on the 

bath surface facing the gas cavity.   

Thermal resistance parameters that influence the flow of heat in the model such as thermal 

conductivity and emissivity are important inputs to the model, as will be discussed in section 3.6.  

A bath effective thermal conductivity of 1000 W/mK, equivalent to high level of turbulence in 

the bath (see section 2.9.2), was taken from (Biedler and Banta 2003).  Thermal resistance 

parameters at boundaries that influence the heat flow outside the model are taken from the 

literature (Taylor 1984; Taylor et al. 1984; Taylor et al. 1996) as discussed in section 2.9.2.  Heat 

transfer coefficients at the highly turbulent flow regions shown in Figure 3-6 between the bath 

and the side ledge at zones 50 mm above the metal-bath interface and at the metal-bath interface 

level were 800 and 2000 W/m2K respectively. The liquidus temperature of the side ledge was 

used as an external temperature for heat transfer, outside the boundaries of the model.  The heat 

transfer coefficient specified at the bath-metal interface boundary was assumed to be 1000 

W/m2K (Taylor et al. 1996).  A sludge liquidus temperature of 950°C was assumed as an 

external temperature for heat transfer at this boundary (the bath-metal interface).   
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The main ohmic heat source in the bath is situated under the anodes, in the anode-cathode 

distance shown in Figure 3-6, where current density is at a maximum.  The bath heat source is 

calculated in Table A-13. 
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Figure 3-6  Cell 1/8 slice model with boundaries from bath metal interface to air surrounding hoods and 
superstructure  
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Table 3-3 Input parameters of the cell 1/8 slice model 

Input parameter  Description 

Cell line current (kA) 225 

Draught (Nm3/h)  Normal 4677 and ( -95% , + 57%), based on a 

specified 1 m/s average velocity at normal draught 

(taken from the output of the exhaust duct model at 

the extraction inlets of the duct) 

Ohmic heat sources (W/m3) In the bath, anodes, and anode assembly, as 

calculated in sections A.8 and A.9  

Hot gas mass flux source  (kg/m2s) and  

temperature (°C) 

Based on 0.46kgC/kgAl, and 94% current 

efficiency, as calculated in section A.10 

Thermal conductivities (W/mK) Anode cover, crust, anode assembly, anode, hoods 

and superstructure, as will be discussed 

Surface emissivity As will be discussed 

Heat losses from the bath to the side ledge at 

liquidus temperature of 948 °C 

Based on 800 and 2000 W/m2K effective 

convective heat transfer coefficient for highly 

turbulent flow, as discussed in section 2.9.2 

Heat losses from the bath to the metal (then to the 

side ledge and sludge at the bottom of the cell at 

liquidus temperature of 950°C)  

Based on 1000 W/m2K effective convective heat 

transfer coefficient for highly turbulent flow, as 

discussed in section 2.9.2 

Heat losses from the top of the rods and the feeders  Based on 100 W/m2K effective convective heat 

transfer coefficients, as explained in section A.7 

Surrounding potroom air  Opening boundary conditions at an ambient 

temperature of 50 °C and atmospheric pressure 
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Table 3-4 Output parameters of the cell 1/8 slice model 

Output parameter Description 

Temperature (°C) In air and solid component of the model  

Pressure (Pa) Static pressure at the gaps, under the hoods, and at the 

extraction inlet of the duct 

Velocity (m/s) Based on the resulting pressure  

Mass flow rate (kg/s) Based on the resulting temperature and velocity   

( )boundaryvAρ  at the outflow and inflow boundaries.  

The resulting mass flow at the outflow boundary is 

used to calculate the draught, as shown in section A.13   

Mass balance  The rate of air mass flow at the inflow boundaries  = 

the rate of air mass flow at the outflow boundaries 

Heat balance  HeatlossTcvAsHeatsource ductpoutletduct −−= − )50(ρ  

 

The model was further modified to study the consequences of shorter anodes that were fully 

covered with anode cover, as shown in Figure 3-7.  The anode height in the previous stages was 

roughly assumed to be 500 mm, while the shorter anode size was approximated to be equivalent 

to a mid-rota anode (13 days old), to accurately represent the average anode condition. This was 

approximated based on the consumption time of a new anode in an aluminium smelting cell.  It 

takes around 26 days for a new anode of the size 1.55 m length x 0.714 m width x 0.62 m height 

to be consumed at the reference smelter, mainly by reduction in the height.  This corresponds to 

an anode consumption of 0.019 m/day height reduction.  Therefore within 13 days, 0.247m 

(0.019 x 13) of the original anode height will be consumed, and the height of a mid-rota anode 

will be 0.373m.  This will partially influence the ohmic heat source in the cell due to the 

reduction in the anode volume.   
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Following this, it is possible to study the effect of covering the exposed side surfaces of the 

anodes to air under the hoods on the reduction in the radiation heat loss.   

 

Bath  Bath-Metal interface h = 1000 W/m2K, Text 950 °C  
h = 2000 W/m2K, 

Text 948 °C  

h = 800 W/m2K  

 

Figure 3-7 Cell 1/8 Slice model with bath and mid rota anode height (0.373 m) fully covered with 0.05 m 
anode cover  

 

3.4 Validation Procedure 

The draught and negative pressure results obtained from the exhaust duct model can be validated 

against an orifice correlation as shown in section 4.2.  The 1/8 slice model can be first validated 

by conducting mass and heat balances to determine the possible numerical errors.  The orifice 

correlation can also be applied to validate the predicted pressure under the hoods, based on the 

total air mass flow extracted through the gaps.  A comparison can be performed against 

measured data on a reference 225 kA cell and data available in the literature.  The reference 

measured data were as follows: 
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• Thermal images of the anode assembly and anode cover 

• Temperature at points (a - f) labelled at the anode assembly shown in Figure 3-8, A 

• Temperature at points (1 - 6) on the hoods as labelled in Figure 3-8, B 

• Temperature at line passes in the middle of the rod, shown in Figure 3-9 

 

A B 
 

Figure 3-8 Locations of reference temperature measurements on the hood (A) and anode assembly (B) 

Line in the 
middle of the 

rod  

 

Figure 3-9 Location of line in the middle of the rod for temperature comparison with reference plant 
measurements 

The validation against the literature was as follows: 

• The temperature and heat flux of two types of anode cover (fine alumina and crushed 

bath) validated against measurements by (Shen et al. 2008) (see section 2.8.2.1).  The 

thermal conductivity of fine alumina cover was 0.2 W/mK, and crushed bath anode cover 
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was calculated based on Fourier's law ( )( )TLkq ∆= /  and was between 0.3 - 0.5 W/mK 

depending on temperature.  The consequence of the variation in the anode cover 

thickness with both types of anode cover was taken into account - the thicknesses of the 

fine alumina covers were between 30 - 170mm, and the crushed bath anode covers were 

from 20 - 75mm.  The comparison was conducted at four locations on the anode cover: 

under the yoke, above the anode, between two anodes, and in the side channel.  Different 

thermal conductivities of 0.2, 0.5, 0.6, and 0.7 W/mK were tested, where cell draught was 

assumed constant at the nominal draught setting (4700 Nm3/h). 

• Convective and radiative heat fluxes of anode cover and anode assembly were validated 

with different draughts against calculated values, as explained in sections B.1 and B.2 for 

convection and radiation, respectively. 

• Temperature of the duct gas with no holes in the crust was compared against 

measurements reported in the literature (Nagem et al. 2006). 

• The effective heat transfer coefficients for radiation and convection of anode cover for 

insulating cover (k 0.2 W/mK) and conductive cover (k 0.8 W/mK) at normal draught 

setting were compared.  The resulting effective heat transfer coefficients on anode cover 

and anode assembly were compared at different draught settings against theoretical 

correlations studied in sections B.1, and B.2. Correlations of flow over flat plate and 

perpendicular on a cylindrical tube were applied for convective heat transfer coefficients, 

and radiative heat transfer coefficients were calculated based on simplified assumptions 

of view factors between the anode cover, anode assembly and the hoods/superstructure 

surfaces. 

3.5 Studying the Mechanism of the Top Heat Loss 

Heat balance is an output of the 1/8 cell slice model that can be used to enhance the 

understanding of the mechanism of the top heat loss.  The paths of the heat flow could be 

followed, starting from the bath to the air under the hoods, through the main paths of the top heat 

loss.  A net of thermal resistances can be formed, from the main paths of the top heat loss can be 

identified and used to develop an R-model.  This is used to calculate the total resistance in the 

paths of the top heat loss from the bath to the air under the hoods.  At this stage, the R-model can 

be used to carry out a check of the top heat loss results obtained from the 1/8 slice model based 
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on the resulting temperature difference between the bath and air under the hoods 

( )totalairbathunderhoodsair RTTQ /)( −=− .  This temperature difference is the result of the heat balance 

of the cell slice model taking into account the total heat sources and heat losses (see 0 section 

5.2).  There is also a capability to compare the resistances in the main paths of the top heat loss 

using the R-model (see section 5.3). 

3.6 Studying the Consequences of the Thermal Resistances  

Thermal resistances were classified into two types: resistances in the solid components (L/Ak) 

and resistances in the air region, which includes convective (1/Ahc) and radiative resistances 

(1/Arhr).   

3.6.1 Thermal Resistance in the Solid Components  

Thermal resistance in the solid components was investigated by using different thermal 

conductivities for anode cover, anode assembly, and hoods in the 1/8 slice models, as discussed 

in section 3.3, for a constant nominal draught of 4677 Nm3/h and hooding tightness of 99%. 

3.6.1.1 Anode Cover Thermal Conductivity   

Several average conventional anode cover thermal conductivities (0.2, 0.3, 0.4, 0.52, 0.61, and 

0.75 W/mK) were tested, including temperature-dependent thermal conductivity for two types of 

anode cover, for temperatures up to 600°C, as in Table A-15 (Shen 2003). 

3.6.1.2 Crust Thermal conductivity  

Three values of crust thermal conductivity (1, 1.4, and 2 W/mK) were tested (taken from (Rye et 

al. 1995)).     

3.6.1.3 Anode Carbon Thermal Conductivity  

Three conventional thermal conductivities (4.6, 5, and 6 W/mK) for the carbon anodes were 

tested using manufacturer-supplied values. 
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3.6.1.4 Steel Thermal Conductivity  

A constant value of 60.5 W/mK was used first for the steel in the anode stubs, thimbles, and 

superstructure, followed by a temperature dependant thermal conductivity from a commercial 

supplier, listed in Table A-16.   

3.6.1.5 Hood and Superstructure Thermal Conductivity  

Estimating an equivalent thermal conductivity for the hoods that takes into account the scale 

thickness is difficult task.  This is due to the significant variation in the thickness of the scales on 

the inside surfaces of the hoods.  A sensitivity test was performed however, by studying the 

influence of different hood thermal conductivities as listed in Table A-17.      

3.6.2 Thermal Resistance in the Air Side 

The resistance parameters in the air region are those related to the resistances to radiative and 

convection heat flow, as discussed in section B.1. Both are either directly or indirectly influenced 

by the draught, anode cover thermal conductivity and surface emissivity.  The consequences of 

emissivity were tested separately for comparison, while the influence of draught was evaluated 

for two types of anode cover thermal conductivity.    

3.6.2.1 Radiative Resistance  

The radiative resistance ( )rr hA/1  is influenced by surface emissivity, radiative view factor and 

temperature. Surface emissivity and radiative view factor are included in the radiative area (Ar) 

as discussed in section B.2.1, and the surface temperature is a result of both draught and thermal 

conductivity. The effect of thermal conductivity can be calculated from the results in the 

previous sections, while the effect of draught will be calculated from the results in the next 

section.  The effect of emissivity (listed in Table A-18) of the hoods, anode assembly, anode 

cover, crust and bath were studied and compared in this section for a normal draught of 4677 

Nm3/h.   

3.6.2.2 Convective Resistance  

The convective resistance (1/Ahc) is mainly influenced by the draught that determines the 

convective heat transfer coefficient (hc).  Anode cover thermal conductivity also influences the 
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top heat loss and therefore the resulting temperature of the air under the hoods (see section 

2.8.2.1).  This study was therefore conducted for insulating (k 0.2 W/mK) and conductive 

conventional (Table A-15) anode cover (avg 0.52 W/mK) for comparison. A wide range of 

draught (from 150 to 7366 Nm3/h) was studied for both types of anode cover.  The draught was 

specified by the application of an average velocity at the extraction inlet of the exhaust duct, and 

different velocities were studied to cover a wide range of flow settings from an extremely low 

flow of 0.05 m/s to a high flow of 1.5 m/s, including a normal draught setting of 1 m/s.  The 

calculated mass flow rate and temperature of the air at the extraction inlet of the exhaust duct 

were used to calculate the resulting draught, as shown in section A.13. 

3.7 Heat Recovery Study 

To improve the potential for heat recovery from the air under the hoods, it is first necessary to 

increase the quality of the heat by increasing the air temperature above 200°C. This should be 

conducted without adversely overheating the cell components, or increasing fugitive emissions.  

Two approaches were followed to investigate this. The first requiring an alteration to the draught 

only, and the second requiring an alteration to both the draught and the cell ventilation design.  

In both approaches, the following requirements must be met: 

• There must be a negative pressure under the hoods to prevent the leakage of fugitive 

emission 

• The temperature of the exhaust duct gas must be kept below 150°C to prevent excessive 

damage to the scrubbing bags.  If this is not met, a cooling treatment for the duct gas 

must be recommended     

• The temperature of the captured air should be over 200°C, to increase energy grade and 

exergy to a high level. Energy and exergy calculations are listed in section A.14, and 

A.15, respectively. 

• Overheating must be prevented.  The possibility of overheating should be assessed by 

comparing the resulting temperature of cell components (anodes, anode assembly, anode 

cover/crust, hoods/superstructure) within the conventional range.  In particular, 

overheating of the aluminium or copper yokes and rods can be assumed if their 

temperature is over the ultimate application temperature (400°C), in terms of corrosion 
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and mechanical strength (Wilkening and Winkhaus 1989).  If a cooling treatment is not 

applied to the rods and the yokes, overheating would lower the structural strength of the 

rods causing bending and breakage in rod designs that have a transition joint.   

• There should be no significant increase in the sidewall heat loss  

3.7.1  Draught Reduction Using the Current Cell Ventilation Design 

In this approach the potential for top heat recovery can be assessed by reducing the draught at the 

main exhaust duct only, to a level where the requirements of the top heat recovery (listed in 3.7) 

can be met with no modification to the existing cell ventilation design.  The results of the draught 

study in section 3.6.2.2 can be used for this assessment. The second approach should then be 

used if this approach does not meet the requirements. 

3.7.2 Draught Reduction with the Incorporation of Additional Hot Gas Ducts  

In this second approach, a new ventilation design must be devised where localised hot gas ducts 

(HGDs) are incorporated near the feeder holes. This design is cell technology dependent as 

shown in Figure 3-10, where the number and size of the feeders determines the number and size 

of the additional HGDs.  The incorporation of the HGDs should efficiently control both the 

segregation and mixing of the hot gases rising up from the feeder with the preheated air under 

the hoods. The hot gases will be directly captured at the highest concentrations, leaving less time 

for leakage of the fume gases from the cell.  The role of hooding tightness will therefore be less 

decisive in terms of fugitive emissions in this approach. 

3 equal radii HGDs4 equal radii HGDs

4 exhaust duct extraction inlets

 

Figure 3-10 Simplified representation to the incorporated HGD with the existence of the extraction inlets of 
the exhaust duct  

Similarly to the first procedure, the draught must be reduced to a level where the main 

requirements of the top heat recovery (listed in section 3.7) can be met. The slice model will be 
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used as the study must include the detailed effects of the proposed reduction in the draught on 

the heat balance of the cell. The influence of a variety of HGD designs and locations must be 

studied to select an effective design. 

A further study is required to assess the consequences of different levels of hooding tightness on 

the temperature of the captured gas in the HGD.  For this study, the exhaust duct model must be 

used.  As indicated in section 3.2, care must be given in the specification of the mass flow rate of 

the gas source at the feeder holes.  

3.7.2.1 Determining the Effective Draught  

Determining an effective draught to meet the top heat recovery requirements is an important task 

that must first be accomplished before studying the location and design of the HGD.  A 

minimum draught before overheating can be determined from the results of the first approach.  In 

this second approach, this minimum draught will be used as a starting level of the draught at the 

exhaust duct only, with no additional draught at the HGD. 

The exhaust duct draught is required to provide adequate cooling to the cell components, while 

the HGD draught is used for both the recovery of the top heat loss and the efficient capturing of 

fugitive emissions.  To meet the requirements for top heat recovery, it is essential to find how far 

the exhaust duct draught can be reduced with an additional increase in the HGD draught, until 

the HGD temperature drops below 200°C.  This can be evaluated by testing the effect of 

increasing the HGD draught in steps, while keeping the starting level of the minimum draught 

constant at the exhaust duct.  By repeating this process with lower exhaust duct draughts, there 

will be adequate data to make a reliable decision.  An effective draught at both the HGD and the 

exhaust duct can be determined from this, and used in the selection of an effective location and 

design of the HGD.   

3.7.2.2 Determining an Effective HGD Location and Design 

With effective draughts set at both the exhaust duct and the HGD, different locations and designs 

of a 0.2m radius HGD were studied at locations near the feeder hole as shown in Figure 3-11.  

As well as capturing the highest temperature, the evaluations of an effective location and design 

were also based on the resulting velocity vectors, which determine the efficiency of capturing the 

hot gases from the feeder hole.       
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HGD at 45° to the feeder hole Vertical HGD around the feeder

 

Figure 3-11 Studied locations of the HGD at vicinities near the feeder hole  

 

3.7.2.3 Determining an Effective HGD Radius  

The effective HGD location was used to study three different radii (0.15, 0.2, and 0.275 m) as 

shown in Figure 3-12.  Different volumetric flow rates were studied to provide the effective 

HGD draught due to the variation in cross-sectional area.  The results with the effective HGD 

draught were used for comparison. 

HGD radius 0.15 m HGD radius 0.2 m

HGD radius 0.275 m 

 

Figure 3-12 Three different HGD radii (0.15, 0.2, and 0.275 m) with 0.075 m proximity to feeder hole  
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3.7.2.4 Determining an Efficient HGD Proximity to the Feeder Hole 

The effective HGD radius was used to study four different proximities (0.28, 0.225, 0.15, and 

0.075 m) to the feeder hole, as shown in Figure 3-13.  The results with the effective HGD 

draught were used for the comparison.  

 

0.28 m 0.225 m  

0.15 m  0.075 m  

 

Figure 3-13 Four HGD proximity to the feeder hole (0.28, 0.225, 0.15, and 0.075 m)  
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Chapter 4. Model Validation  

4.1 Introduction 

The exhaust duct model was mainly used to predict the variation in draught at the four extraction 

inlets of the main duct caused by variation in hooding tightness. The exhaust duct model was the 

best tool to determine this variation because the outflow boundary specification is not influenced 

by the hooding tightness.  It was also used to specify an average outflow boundary condition for 

the 1/8 slice model at the normal draught setting as discussed in section 3.2.  Validation of the 

exhaust duct model was performed by comparison against a correlation for flow through an 

orifice.   

The parameters studied which influence the top heat loss are dependent on the cell geometry and 

operating conditions, and vary by some degree from cell to cell. Reference plant measurements 

and reported information from equivalent cells were selected from literature to validate the 

results obtained from the 1/8 slice model, taking into account possible variations in draught and 

anode cover type. Assessments of the mass and heat balance of the CFD results were also 

conducted to determine numerical errors.   

The two models were used as discussed in Chapter 3 to study the consequences of hooding 

tightness on the cell draught.   

4.2 Results and Validation of the Exhaust Duct Model   

The exhaust duct model required up to 23 hours to solve each case for draught and pressure 

prediction. This does not include a solution for actual radiative heat transfer, instead an effective 

heat transfer coefficient was used to account for radiation which decreased CPU time by a factor 

of three.  It was not practical to use this model to study the top heat losses in detail, and for this 

reason the simulation was repeated using the 1/8 slice model for in-depth study of top heat 

losses. 

4.2.1 Relationship between Pressure under the Hoods and Hooding Tightness 

The influence of hooding tightness (HT%) on the negative pressure under the hoods was studied 

for a cell ventilation system with exhaust duct configuration and boundary conditions as 
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discussed in section 3.2.  The average negative pressure of the four extraction inlets of the 

exhaust duct was compared with the negative pressure of the air under the hoods.  

The predicted negative pressure under the hoods obtained by the exhaust duct model was 

compared with results calculated by a correlation for flow through an orifice, based on the mass 

flow rate of air through the area of the gaps (Agaps) in the superstructure, and two coefficients of 

friction loss, Cd, (0.62 and 0.78), taken from (Foust et al. 1980).  Good agreement was found 

with the correlation for flow through an orifice with Cd of 0.78, as shown in Figure 4-1.  This is 

equivalent to the frictional losses due to a sudden expansion (Cd = 0.62) plus frictional losses due 

to fittings, barriers and walls etc. This indicates that the complex geometry can be taken into 

account in a simplified CFD model by applying an effective overall Cd.  The values in literature 

(Foust et al. 1980; Perry and W.Green 1984) for sudden expansion only resulted in considerable 

overestimation of the static pressure by up to 25 Pa.  Note that negative pressure of 5 Pa is 

adequate to reduce fugitive emissions in a 230 kA cell (Karlsen et al. 1998).   

For both normal cell draught and draught reduced by 60%, it was found that an increase in 

hooding tightness above 97.7% lead to a rapid increase in the negative pressure under the hoods, 

as shown in Figure 4-2.  To meet the requirement of 5 Pa negative pressure in the existing 

ventilation design with up to 55% reduction in the normal draught, a minimum of 99% hooding 

tightness was required. This was achieved with 2mm wide gaps between the hoods and 6mm 

gaps around both the rods/hoods and the superstructure, assuming no other gaps or defects in the 

superstructure.   
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Figure 4-1 Static pressure under the hoods at a range of hooding tightness predicted by the CFD exhaust duct 
model and an orifice correlation at normal draught range (4594-5260 Nm3/h) 
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Figure 4-2 Negative pressure under the hoods at a range of hooding tightness and two draught settings 
(normal and reduced) 
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The exhaust duct model was also used to investigate the differences in negative pressure 

measured at the extraction inlets of the exhaust duct and of the air under the hoods. The 

maximum difference found was 1Pa, and decreased to 0.4Pa with an increase in hooding 

tightness as shown in Figure 4-3. This difference is not significant, and therefore the pressure at 

the extraction inlets of the exhaust duct can be reasonably estimated from the measurement of 

pressure under the hoods.  This estimation saves tremendous time and effort required to conduct 

pressure measurements at the extraction inlets of the duct.   
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Figure 4-3 Difference in negative pressure under the hoods and at the extraction inlets of the exhaust duct 

 

4.2.2 Relationship between Exhaust Duct Draught and Hooding Tightness 

The exhaust duct model was used to calculate the increase in exhaust duct draught caused by an 

increase in hooding tightness from 95.7 to 99.45%.  The increase in hooding tightness was 

created by decreasing the width of the gaps between the hoods only.  The increase in draught was 

compared with the increase in air mass flow rates though the gaps between the hoods. The 

maximum increase found in exhaust duct mass flow rate was 14.5%, as shown in Figure 4-4, 

where the wider gaps became the main air inflow boundaries to the cell as a result of the 
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decrease in resistance to air flow. The average velocity of the air under the hoods decreased from 

1.0 to 0.6 m/s as a result of a reduction in velocity at the gaps, leading to a reduction in the 

momentum forces ( )gapsairgapsair vm −−  at the inflow boundaries.   

No considerable variation in the exhaust duct draught was found with different locations of the 

gaps with constant gap area, as shown in Figure 4-5. 
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Figure 4-4 The influence of hooding tightness on the exhaust duct mass flow rate  
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Figure 4-5 Air mass flow rate at the extraction inlets of the exhaust duct and total mass flow rate with 
different locations of the gaps of equal total area 

 

The increase in the cell draught with a decrease in hooding tightness for both normal and reduced 

draught settings is shown in Figure 4-6, assuming symmetrical exhaust ducts.  Similarly, a rapid 

decrease in cell draught for both settings is seen with an increase in hooding tightness over 99%. 

A hooding tightness of 99% ensured adequate negative pressure under the hoods as described in 

section 4.2.1.  This degree of hooding tightness can be reasonably achieved by sealing the gaps 

between hoods and reducing the gap width around the rods, as indicated in literature (Karlsen et 

al. 1998; Dando and Tang 2006; Lindsay 2007; Lindsay 2008; Lindsay 2009).  It can also be 

achieved by replacing every two hoods by one of equivalent size, which will significantly 

decrease the gaps between hoods. 

The selection of 99% hooding tightness is also adequate to avoid additional power costs 

associated with higher degrees of hooding tightness, and hence will be used as a base of this 

study.     
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The increase in draught with a decrease in hooding tightness from 99.2% to 95.7% was then 

investigated using the cell slice model, as shown in Figure 4-6.  The increase in draught was 

similar for both low and high nominal draught settings. 
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Figure 4-6 The influence of hooding tightness on normal and reduced cell draught (Nm3/h)  

 

One of the main objectives of the exhaust duct model was to calculate an average draught 

condition at the four extraction inlets of the duct, which is applied as the outflow boundary 

condition of the 1/8 slice model. An average air flow rate of 0.24 m3/s per extraction inlet with 

velocity of 1 m/s was found with the proposed 99% hooding tightness. This was investigated 

across the studied range of hooding tightness shown in Figure 4-7. 
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Figure 4-7 Average mass flow (kg/s) per extraction inlet of the exhaust ducts with different hooding tightness 

 

4.3 Validation of the 1/8 Slice Model  

4.3.1 Mass Balance Assessment 

The mass balance between the inflow boundaries (gaps between the hoods, rods and 

superstructure and hot gas source) and the outflow boundary (extraction inlet of the duct) is 

shown in Figure 4-8 for a range of draught settings.  The maximum imbalance between the 

inflow and outflow boundaries was 0.7%, which is a result of efficient application of the 

governing equations and conservation of mass in the model. 
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Figure 4-8  Mass balance between the inflow and the outflow boundaries surrounding the air under the hoods 
with different draught for 225kA cell 

 

4.3.2 Negative Pressure Assessment 

The negative pressure under the hoods predicted by the 1/8 slice model was similarly validated 

against an orifice correlation for different settings of draught and hooding tightness (HT) as 

discussed in section 4.2.1.  The results in Figure 4-9 show good agreement for Cd = 0.75.  The 

value of Cd in the 1/8 slice model was lower than the exhaust duct model by only 0.03, which is a 

result of the different configuration of gaps leading to different frictional losses.  The gap widths 

are given in Table A-3 for the exhaust duct model and Table A-4 for the 1/8 slice model.   
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Figure 4-9 Predicted static pressure under the hoods by the cell 1/8 slice model and orifice correlation for 
different draught and hooding tightness (HT) 

 

4.3.3 Heat Balance Assessment 

The main objective of this thesis is based on a heat balance of the boundaries surrounding the air 

under the hoods.  A total heat balance including convection, radiation, and fume gases sources 

was performed on these boundaries for 95 different cases studied.  The results in Figure 4-10 

show that the imbalance in most results was ± 2%.  This was found from a comparison between 

results at similar model conditions to be mainly due to small errors in the predicted duct gas 

temperature of up to ± 4°C in the worst cases.  
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Figure 4-10 Imbalance in total heat transfer around the boundaries of air under the hoods for 95 cases 
studied  

 

4.3.4 Temperature of Anode Assembly  

The model results were compared against industrial anode temperatures measured by thermal 

imaging as shown in Figure 4-11.  Good agreement with the stub temperature was found, but 

there was a considerable difference in rod temperature, where the predicted temperatures at the 

rod top location (point f) were around 60°C less than the measured values. Wide variation in the 

measured temperatures was found at all locations however, as shown in Figure 4-12. Several 

factors contribute to this variation, as follows: 

• The variation in air velocity around the anode assembly causes variation in the heat 

transfer and hence temperature 

• Variations in anode cover thickness and thermal conductivity influence the top heat loss, 

as indicated in the literature (Tsukahara et al. 1982; Shen 2003; Taylor et al. 2004; Taylor 

2007; Shen et al. 2008). The top heat loss increases with a decrease in thickness or 
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increase in conductivity of anode cover due to a decrease in the total thermal resistance in 

the paths of the top heat flow, as will be further discussed in section 6.2.1.  As radiative 

heat loss is proportional to the fourth power of the surface temperature, the temperature 

increase causes increased radiative transfer between the anode cover and the surrounding 

surfaces.  

• The existence of irregular holes in the crust also leads to direct radiative heat transfer to 

the anode assembly, causing a local increase in surface temperature as indicated in 

literature (Slaugenhaupt et al. 2003; Nagem et al. 2006) 

Variations in anode cover thickness and holes in the crust were not taken into account in the 

CFD model for simplicity, therefore only the influence of variation in anode cover thermal 

conductivity on the anode assembly temperature was considered. This was conducted by 

modelling three different typical anode cover thermal conductivities of 0.2, 0.6, and 0.7 W/mK, 

as shown in Figure 4-12.  It is noted that at the location closet to the anode cover (point a), the 

anode stub temperature increased by 25°C when thermal conductivity increased from 0.2 to 0.7 

W/mK. No correlation was found at the other locations including location (b) at the top of the 

stub. This location has no direct radiative interaction with the cover, and the influence of air 

velocity becomes dominant around the yoke and the rod.   
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Figure 4-11 Measured and modelled temperature results of anode assembly for a reference aluminium 
smelting cell 
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Figure 4-12 Measured and modelled temperatures of anode assembly at points labelled in the sketch at the 
top left side 

The exhaust duct draught and the hooding tightness (HT) were studied regarding the variation in 

air velocity. These two factors were expected to have a direct impact on the temperatures of the 

anode assembly, hoods and superstructure.  It was found in literature (Gadd et al. 2000; Gadd 

2003) that an increase in draught causes an increase in the duct heat loss and a decrease in the 

duct gas temperature, as mixing with colder potroom air decreases the overall cell temperatures.   

The local mass flow rate of air through the gaps between the hoods/rods and the superstructure 

varies depending on the width of the gaps, as described in section 4.2.1.  The resulting air 

velocity affects the amount of turbulent mixing, which influences the heat transfer coefficients 

on the surrounding surfaces.  This explains the significant variation found in the predicted anode 

rod temperature with different draughts and hooding tightness as shown in Figure 4-13 and 

Figure 4-14. The variation in inflow velocity with draught and hooding tightness is shown in 

Figure 4-15 and Figure 4-16 respectively. 
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Figure 4-13 Anode rod temperatures at normal (4677 Nm3/h) and reduced (40% lower) draught 
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Figure 4-14 Anode rod temperatures for different degrees of hooding tightness (99.5%, 98.6%, and 97.6%) 
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Figure 4-15 Effect of draught on air velocity at gaps around the rods 
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Figure 4-16 Effect of hooding tightness on air velocity at the gaps around the rods 

 

4.3.5 Validation of Hood Temperature 

The measured and predicted results of hood temperature are shown in Figure 4-17 at the 

measurement locations indicated for the normal draught setting of 4677 Nm3/h. The thermal 
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conductivity of a typical crushed bath anode cover was used as a practical approximation to the 

conditions in the reference plant (Taylor 2007) with 0.52 W/mK as listed in Table A-15. 

Good agreement was found between the predicted and measured temperature results at the six 

different locations shown in Figure 4-17, although there was some inconsistent variation between 

the measured results for the seven cases.  It is likely that this variation is related to local 

variations in the anode cover temperature and the flow field of the air.  An extreme draught 

reduction to 150 Nm3/h caused a 90°C increase in the temperature of the hoods, shown in Figure 

4-18. Reduction in the cooling applied by the draught leads to an increase in anode cover surface 

temperature, which in turn leads to an increase in radiative transfer to the hoods and 

superstructure. 

The results indicate that hood temperature is not uniform, and an increase in hood temperature 

reflects an increase in the temperature of anode cover.  This may be due to either a decrease in 

draught, or to an increase in top heat loss as a result of a decrease in the resistance in the paths of 

the top heat loss.  Both of these factors have a significant influence on the top heat loss, and thus 

on the cell heat balance.  For this reason, hood temperature may be used as a monitoring tool to 

reflect cover integrity and cell ventilation, and hence to indirectly monitor the cell heat balance.   
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Figure 4-17 Measured hood temperatures compared with the 1/8 slice model results with a typical crushed 
bath anode cover  
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Figure 4-18 The consequence of extreme reduction in draught on hood temperature with fine anode cover  
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4.3.6 Validation of Anode Cover Temperature and Heat Flux 

The literature review in section 2.8.2.1 indicate that the variation in anode cover temperature and 

heat flux depends mainly on the variation in anode cover thermal resistance (L/kA), regardless of 

the cell line current.  The predicted results were therefore able to be validated using different 

reported data to that used in the other validation exercises.    

The predicted heat flux and temperature shown in Figure 4-19 were within the reported range of 

anode cover measurements (see section 2.8.2.1).  Anode cover heat flux and temperature 

increases with an increase in thermal conductivity, which has been reported in literature 

(H.Tsukahara et al. 1982; Tsukahara et al. 1982; Hatem et al. 1989; Rye et al. 1995; Shen 2003; 

Taylor et al. 2004; Taylor 2007; Shen et al. 2008). The overall influence of anode cover thermal 

conductivity on the total top heat loss and the variation in the heat flow through the paths of top 

heat loss will be further studied in section 6.2.1. 
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Figure 4-19 Anode cover heat flux and temperature for different anode cover thermal conductivities  
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4.3.7 Comparison of Convective Heat Transfer from Anode Cover and Assembly 

The convective heat transfer from the anode cover and anode assembly in the 1/8 slice model 

were compared against values calculated by correlations for Nusselt number for turbulent flow 

above a heated plate and across a cylinder respectively, as explained in section B.1.2. This 

comparison was conducted for anode cover thermal conductivities of 0.2 and 0.52 W/mK. 

Good agreement was found in the comparison of convective heat transfer on the anode assembly 

across the draught range and for both thermal conductivities as shown in Figure 4-20.  Good 

agreement was also found between the anode cover results, although the CFD results deviate at 

very high draught of more than 8000 Nm3/h.  This level of draught is out of the scope of this 

thesis and this deviation is ignored. 

The results show the large influence of anode cover thermal conductivity on the anode cover 

convective heat transfer, while only a small influence was found on the anode assembly.  This is 

a result of the large increase in temperature difference between the air and cover compared to the 

anode assembly as shown in Figure 4-21, and also because the cover has a surface area 3 times 

greater than the anode assembly.  The large increase in temperature gradient is a result of an 

increase in the top heat flux, due to multiple interacting factors affecting the thermal resistances 

in the paths of top heat loss, as discussed in section 6.2.     



Model Validation 

88 

0

10

20

30

40

50

60

70

0 2000 4000 6000 8000 10000 12000

C
o

n
v

e
ct

iv
e

 h
e

a
ts

 o
f 

a
n

o
d

e
 c

o
v

e
r 

a
n

d
 a

n
o

d
e

 a
ss

e
m

b
ly

 

(k
W

)

Cell draught (Nm3/h)

Anode assembly

Anode cover

from hc (k 0.52)

CFD k 0.52

CFD k 0.2

from hc (k 0.2)

CFD k 0.2
from hc (k 0.2)

from hc (k 0.52)

CFD k 0.52

 

Figure 4-20 The CFD and calculated convective heat transfer from anode cover and anode assembly with two 
anode cover thermal conductivities  
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Figure 4-21 Temperature driving force between anode cover/anode assembly and air under the hoods at a 
range of draught rates and anode cover thermal conductivities 
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4.3.8 Validation of Radiative Heat Transfer on Anode Cover and Anode Assembly 

The radiative heat fluxes from the anode cover, assembly, and exposed side surfaces to the hoods 

and superstructure obtained from the 1/8 slice model were compared with calculated radiative 

heat fluxes ( ))( avghoodssrrr TThAQ −=
 
based on hr and Ar calculated in section B.2.1 and B.2.2.  

The comparisons shown in Figure 4-22, and Figure 4-23, were first conducted with normal 

draught (4677 Nm3/h, 66 Nm3/kgAl) and varying anode cover thermal conductivity.  This gave 

good agreement with conductivity above 0.4 W/mK, improving from a 17% difference with 0.2 

W/mK to 5% difference with conductivity over 0.3 W/mK.  These agreements were relatively 

good considering the complex cell geometry and the simplifications made in the assumptions of 

the view factors as discussed in section B.2.1.  

A second comparison was then performed at different draught settings. Good agreement was 

found, although the calculated radiative heat fluxes were consistently higher than the CFD 

results, as shown in Figure 4-24 and Figure 4-25.   
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Figure 4-22 CFD and calculated radiative heat fluxes on anode cover, assembly, and exposed side surfaces 
with different anode cover thermal conductivities at normal draught setting  
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Figure 4-23 Comparison between CFD and calculated radiative heat flux at normal draught setting  
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Figure 4-24 Comparison between CFD and calculated radiative heat fluxes with anode cover thermal 
conductivity of 0.2 W/mK and different draughts  
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Figure 4-25 Radiative heat fluxes on the anode cover, assembly, and exposed side surfaces, compared with 
CFD results for two anode cover thermal conductivities and different draughts  

 

4.3.9 Comparison of Duct Gas Temperature  

The temperature of the duct gas is a result of multiple factors influencing the top heat losses to 

the air under the hoods, such as: anode cover thermal resistance, crust integrity, temperatures of 

anode cover and assembly, hood removal, draught, and heat losses to potroom. The factors that 

cause variation in the duct gas temperature can be minimised however by the use of a crushed 

bath anode cover and following good practice of cover setting, along with the reduction in the 

gap area in the superstructure.   

Assuming stable operating conditions in the cell, the main factors that directly affect the duct gas 

temperature are the draught and anode cover thermal conductivity. The validation of duct gas 

temperature was therefore conducted at the normal draught setting (4500 Nm3/h), with typical 

anode cover thermal conductivity of 0.52 W/mK (Table A-15), no holes in the crust and all 

hoods in place.  The resulting duct gas temperature was 130 ± 2°C.  This was in good agreement 

with a reported duct gas temperature range of 127-130°C from a similar cell technology at 222 

kA, with no holes in the crust (Nagem et al. 2006).   
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4.3.10 Comparison of the Effective Heat Transfer Coefficients  

Taking into account the complex model geometry, the resulting effective coefficients of heat 

transfer at the anode cover (Figure 4-26) and anode assembly (Figure 4-27) show a good 

agreement with the calculated values as discussed in Appendix B.  At normal draught setting, the 

effective heat transfer coefficients on the anode cover were in the reported 9-14 W/m2K range 

for both insulating (k = 0.2 w/mK) and highly conductive (k = 0.8 W/mK) anode covers as 

discussed in section 2.8.2.1.  
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Figure 4-26 Effective heat transfer coefficient on anode cover with typical (k=0.52) and insulating (k=0.2) 
cover materials at different draughts 
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Figure 4-27 Effective heat transfer coefficient on anode assembly with typical (k=0.52) and insulating (k=0.2) 
cover materials at different draughts 
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Chapter 5. Overall Mechanism of the Top Heat Loss 

5.1 Introduction 

The mechanism of the top heat loss in an aluminium smelting cell is complex.  Heat transfer 

results from the 1/8 slice model were used to provide a better understanding of the mechanism of 

the top heat loss.  The top heat transfers along several paths connected in both series and parallel 

interactions. The significance of these paths and their interactions have not been 

comprehensively studied or quantified in literature.  In this study the main paths of the top heat 

loss and their interactions have been studied according to an analogue of Kirchhoff's law (Mills 

1992) to generate an R-model. 

5.2 Mass and Heat Balance 

Potroom air is extracted into the space under the hoods through gaps (inflow boundaries) 

between the hoods/rods and the superstructure and between the hoods as a result of the applied 

suction at the outflow boundary (extraction inlet of the duct). As explained in section 4.2, the 

total mass flow rate of the extracted air is proportional to the total area of the gaps, the negative 

pressure under the hoods and the overall coefficient of friction (Cd), similar to an orifice 

correlation ( )PCAm dgapsgapsair ρ2=− .  A mass balance on the total flow rate of air between 

the inflow and outflow boundaries and the flow rate of the hot fume gas sources (calculated in 

section A.10) shows:  

    gasducthg mmm −=+gaps-air                             
Equation 5-1 

Heat sources in an aluminium smelting cell are internally generated in the bath (Qb) (primarily 

below the anodes see A.9) and the anode assembly (Qa-assembly) (see section A.8).  There is also a 

source of hot fume gases ( ))( refhgphg TTmcQ −=  generated from the electrolysis reaction and air 

burn below the crust (see section A.10).  Qa-assembly includes the ohmic heat generated in the 

anodes (Qao), stubs (Qso), yokes (Qyo), and rods (Qro):   

      hgassemblyab QQQQ ++= −generated -internally                                        Equation 5-2 

                    royosoaoassemblya QQQQQ +++=−                                          Equation 5-3 
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The flow of the internally generated heat is directly dependent on the conductive thermal 

resistances in the paths of heat loss, as listed in Table 5-1 and comprises 93.3% of the total heat 

generated.  The remainder, which is the hot gas heat source only, indirectly influences the 

convective and radiative resistances from the anode cover and assembly by increasing the 

temperature of air under the hoods.  For this reason the hot gas heat source was included in the 

total internally generated heat, which is controlled by the total thermal resistance in the paths of 

top heat loss. 

Table 5-1 Percentage of internally generated heats and flow dependency on thermal resistances in the paths 
of heat loss 

Heat sources of 

225 kA prebaked 

cell  

(94% CE) 

(kW)/

cell 

Percentage 

(%) 

Dependency on thermal 

resistances 
Influence  

Qb 303 78.1% Dependent bath under anode 

Qao 47 12.2% Dependent 

50% immersed parts of anodes in 

bath and the rest in anodes 

covered by anode cover  

Qso 3.5 0.9% Dependent 

Stubs: 40% of stubs in anodes, 

16% surrounded by anode cover 

and the rest in air under hoods 

Qyo 1 0.3% Dependent Yokes in air under hoods 

Qro 7 1.8% Dependent Rods in air under hoods 

Qhg 26 6.7% nondependent 

direct flow from bath surface to 

air under hoods through feeder 

holes 

Q internally-generated 

(kW) 
388 100.0% 

  

Equivalent energy 

Q internally-generated 

(kWh/kgAl) 

5.47 
   

 

Heat losses from the cell are those heats lost from the side (Qsidewall), and bottom (Qbottom) shell 

walls, and from the top of the cell. Top heat losses from the anode cover and assembly are lost to 

air under the hoods by convection and to the hoods, superstructure, and feeders by radiative 

exchange, leading to an increase in their temperatures.  The heated surfaces lose heat back again 

to air under the hoods by convection and the rest is lost to the potroom by radiation and 
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convection.  Similarly, heat conducted through the extended parts of the anode assembly (rods) 

and lost to the potroom by convection and radiation.   

The convective heat loss to the air under the hoods increases the sensible heat content of the air 

drawn from the gaps before entry to the duct ( )gapairgasductpgasductduct TTcmQ −−− −= ( .  The 

difference between the total top heat losses and duct heat loss is the heat lost to the potroom 

(Qpotroom).  An overall heat balance around the cell with boundaries at the bath, hoods, 

superstructure and duct, as shown in Figure 5-1, is expressed as follows: 

  
)(generated internally gapsairgasductpgasductpotroombottomsidewall TTCmQQQQ −−− −=−−−                      Equation 5-4 

Noting that the main objective of this thesis is to increase the temperature of the duct gas (Tduct-

gas), rearranging the duct gas temperature gives: 

  gapsair

pgasduct

potroombottomsidewall

gasduct T
Cm

QQQQ
T −

−

− +
−−−

=
generated internally

                                      Equation 5-5 

By examining the parameters at the right side of Equation 5-5, for constant internal heat 

generation, an increase in the duct gas temperature can be achieved by reductions in the total 

heat loss and the amount of air drawn from the gaps, with an increase in its temperature.  In this 

thesis the focus is to reduce the amount of the drawn air by a reduction in the fume extraction 

rate (draught). 

Qbottom  

Qinternally generated 

Equation 5-2 

Qsidewall  

Qpotroom Qduct=mduct-gasCp(Tduct-gas-Tair-gaps) 

Qbottom   

Figure 5-1 An overall heat balance around an aluminium smelting cell with boundaries that include bath, 
superstructure, hoods, and duct 
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However, the net heat transferred to air under the hoods including convection and radiation  

(Qair-underhoods) is:  

bottomsidewallgeneratedinernallyunderhoodsair QQQQ −−= −−                              Equation 5-6 

From Equation 5-6, it is important to indicate that for constant internal heat generation, the 

proportion of heat lost to the side and top are not constant.  Assuming that the bottom heat loss is 

constant (8%), the remaining proportions are dependent on the temperature gradient and thermal 

resistance in the paths of heat losses from the bath to the top and side boundaries.   

To study the top heat loss from the bath to the air under the hoods, care must be given in 

estimating the temperature of the air, which is influenced by the ohmic heat and the hot gas heat 

sources.  Temperature of the air under the hoods varies between the potroom ambient 

temperature at the inflow boundaries, and the duct gas temperature at the outflow boundary.  

Taking average temperatures of air  ( )2/)( ductgapsairair TTT += −  minimises the localised effects of 

this variation.  The overall thermal resistance (R), in Figure 5-2, in the paths of top heat loss 

between the bath and the air under the hoods can be calculated according to an analogue of 

Kirchhoff's law. This is based on heat losses and temperature difference results obtained from the 

1/8 slice model, which must be taken between the bath (Tb) and air under the hoods, as follows:   

                         

   R

TT
Q airb

underhoodsair

−
=−                                             Equation 5-7 

    

The paths of the top heat loss are an important outcome of the 1/8 slice model.  From these paths, 

a net of resistances can be generated to form an R-model to give better understanding of the 

mechanism of top heat loss. Based on the same analogue of Kirchhoff's law, a reduction in this 

net of resistances can be performed according to their connections to the main resistance. The 

reduced main resistance provides better understanding to the significance of each path.  By 

applying a further reduction in these resistances, the total resistance in the paths of top heat loss 

(R) can then be calculated using the R-model.  The top heat loss can be calculated based on the 
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calculated R, and the temperature difference between the bath and air under the hoods using 

measured or CFD results.   

 

Air under hoods 

Tair 

R  

Bath Tb 

 

Figure 5-2 Schematic representation of an overall thermal resistance between the bath and air under the 
hoods 

 

5.3 R-Model Generation based on Resistances in Main Top Heat Paths  

An R-model was generated from the outcome of the 1/8 slice model, based on the connections 

between the resistances in the paths of top heat loss as described in section 3.3.3.  The top heat 

losses from the bath to air under the hoods is through the four main paths shown in Figure 5-3.  

These paths are through the centre channel (path 1), the anodes immersed in the bath (path 2), 

between anodes (path 3), and through the side channel (path 4).  There is also heat exchange 

between these paths from higher to lower temperature regions, as will be discussed shortly. The 

thermal resistances in these paths and their interactions have been combined in a net of series and 

parallel connections, as shown in Figure 5-4.  These interactions have been reduced to four main 

parallel resistances (R1- R4) in the paths of top heat loss, as shown in Figure 5-5.  The 

resistances were used to calculate an overall resistance (R) between the bath and the air under the 

hoods, as applied in Equation 5.8.  The thermal resistance in the bath was neglected due to its 

high thermal conductivity (keffective=1000 W/mK (see section 2.9.2), Rbath just about zero):   
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Qb Tb 

Qao 

Qro 
Tair 

Tair-gaps 

Tduct 

Qyo 

Qhg 

HeatFlux Path2 HeatFlux Path1 HeatFlux Path4 

Qso Qso 

HeatFlux Path2 

PCAm dgapsgapsair ρ2=−

Convective and radiative 

resistances in air (Rair) 

 

Figure 5-3  Mechanisms of top heat loss taken from the 1/8 slice model (details in Figure 3-6). For clarity, heat 
flux in path 3 (between anode slots) is not shown 
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+++=                                                       Equation 5-8 

 

As illustrated in Figure 5-4, the heat flow in the first path (resistance R1) is through the centre 

channel, from the bath surface to the gas cavity at the centre channel (cavity1).  From the gas 

cavity, the heat transfers from the bath surface in three parallel paths:  

1. To the anodes and then to air under the hoods through several series and parallel 

resistances in the anode assembly. 

2. To crust at the centre channel (crust1), where the heat transfers in two parallel paths, to 

crust3 (between anodes) and then to the air under the hoods, also through a connection of 

series and parallel resistances in path3. 

3. By direct radiation to the air under the hoods through the feeder holes.   
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From the crust at centre channel, the heat transfers to anode cover at centre channel (cover1), 

where the heat transfer to air under the hoods though parallel and series resistances in cover1 and 

the anode cover above the anodes (cover2).   

Heat transfers from the anode cover to air under the hoods through an effective resistance for 

convection and radiation (Rair-cover) (as discussed in section B.1.2 and B.2.4).   
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Air under the hoods (Tair) 

Ryokes 

Rrods 

Rcavity4-anodes 

Rcavity1-air 

Rcavity1-anodes 

Rcavity1-crust1 

Rcrust1 

Rcover1 

Rcavity4-crust4 Rcavity3-crust3 

Rcrust3 

Rcover2 

Rcover3 

Ranode 

Rstubs 
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Rair-rod 

 

Figure 5-4 An R-model generation based on interactions of thermal resistances in the paths of top heat loss 
between the bath and air under the hoods 
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Air under the hoods (Tair) 

Bath (Tb)  

 

R1  R2  R3  R4  

Path1 Path2 Path3 Path4 

 

Figure 5-5 Four main parallel resistances between the bath and air under the hoods reduced from net of 
resistances (in Figure 5-4) combined in series and parallel connections  

    

To reduce the parallel and series interactions in the resistances in cavity1 (Equation 5-9), crust1 

(Equation 5-10), and cover1 (Equation 5-11), the total thermal resistance in the paths from the 

centre channel (R1) (in Figure 5-5) is calculated using several assumptions for simplicity. The 

effective resistance for convection and radiation between the anode cover and air (Rair-cover) is 

assumed the same at all channels, and for parallel interaction with the main path, the resistances 

from the anode or crust to air under the hoods of the interacted path was roughly assumed equal 

to its total resistance, as applied in Equation 5-9 and 5-10: 

     

   

 aircavitycrustcavityanodescavitytotalcavity RRRRR −−−−

++
+

=
11111

11

2

11
                                    Equation 5-9 

  
3

111

11 RRR crusttotalcrust

+=
−

                                                                Equation 5-10 

 

erairerertotaler RRRR cov2cov1cov1cov

111

−− +
+=                                                   Equation 5-11        
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   erairtotalertotalcrusttotalcavity RRRRR cov1cov111 −−−− +++=                                                               Equation 5-12 

The second parallel path of heat transfer through anodes immersed in the bath is calculated using 

a similar approach to find the total resistance, R2.  The heat transfer in the anode is through the 

anode thermal resistance (Ranodes), and from the anode the heat transfers to the air under the 

hoods by five or six parallel resistances if there are exposed surfaces of anodes to air under the 

hoods:  

1. Anode cover surrounding the anodes at the centre channel (cover1).  

2. Top of the anodes (cover2).  

3. Between anodes (cover3). 

4. Side channel (cover4). 

5. Anode stubs (Rstub).   

6. Anode exposed side surfaces (Rair-exposed-surfaces).  

In the anode stubs, the heat transfer is through parallel and series resistances to the air under the 

hoods through the anode stubs, yoke, and rod.  Similarly, R2 was calculated by reducing the 

parallel and series connections of these resistances using the assumption that the effective 

thermal resistance in the air (Rair-assembly) (including convection and radiation as discussed in 

Appendix B) is the same on the anode stubs, yokes and rods. 

   

erairererairererairererairertotaler RRRRRRRRR cov4covcov3covcov2covcov1cov2cov

11111

−−−−− +
+

+
+

+
+

+
=                     

                                          Equation 5-13 

 
assemblyairerairerstubstotalstubs RRRRR −−−

+
+

+=
1111

cov2cov

 
                  Equation 5-14 

  assemblyairyokestotalyokes RRR −−

+=
111

                                                     Equation 5-15 

  

assemblyairrodstotalrods RRR −−

+=
111

                                                  Equation 5-16  
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RR

            
 

                               
                                                                        Equation 5-17

  

         

The third parallel path of resistance R3 is through the slots between the anodes.  As illustrated in 

Figure 5-4, the heat transfers from the gas cavity at path 3 (cavity3), through two main parallel 

paths:  

1. From the side surfaces of the anodes to the air under the hoods through a net of 

resistances of R2. 

2. Through further parallel resistances in the crust between anodes (crust3).  From the crust 

the heat transfers in two parallel paths - to the top to anode cover between anodes 

(cover3), and to the sides of the crust at the side channel (crust4) and then to air under the 

hoods through the net of resistances in R4.   

From the anode cover (cover3) the heat transfers to air under the hoods through a series of 

resistances in cover3 and the air (Rair-cover):   

            

 3333

1

2

11

crustcavityanodescavitycavity RRRR −−

+
+

=                        Equation 5-18 

                 

4

111

33 RRR crusttotalcrust

+=
−

 

                                                                Equation 5-19 

 erairertotalcrustcavity RRRRR cov3cov333 −− +++=   
                                              

Equation 5-20 

  

The fourth parallel resistance (R4) for the heat paths is through the bath to the cavity at the side 

channel. The heat transfers into two parallel paths in a similar way to those in paths 1 and 3 from 

the bath surface in gas cavity at path 4 (cavity4): 

1. Through R2 from the sides of the anodes.  

2. To the crust at side channel (crust4).   
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From two parallel paths in crust4 (though crust4 and SiC sidewall) the heat transfers to the air 

under the hoods a series of two resistances in the anode cover at the side channel (cover4) and air 

(Rair-cover): 

        

 4444

1

2

11

crustcavityanodescavitycavity RRRR −−

+
+

=                               Equation 5-21

    

SiCcrusttotalcrust RRR

111

44

+=
−

                                                                      Equation 5-22  

         erairercrustcavity RRRRR cov4cov444 −+++=                                                                 Equation 5-23 

  

5.4 Input Parameters of the R-Model  

The R-model was generated using Microsoft Excel, based on the net of resistances in the paths of 

top heat loss between the bath and air under the hoods as described  in section 5.3, and shown in 

Figure 5-4.  The total resistance (R) and the four main parallel resistances (R1, R2, R3, and R4) 

were calculated using the configuration of the 1/8 slice model with an anode height of 0.5 m and 

a bath depth of 0.25 m, along with the parameters listed in Table 5-2. 

A comparison was made between the calculated overall resistance (R) using the R-model and the 

CFD 1/8 slice model at the same conditions of temperatures and draught to examine the accuracy 

of the R-model. 

The R-model must be updated if the dimensions of the CFD model are changed.  The parameters 

in Table 5-2 can be changed in accordance with those used in the CFD model for comparison, 

otherwise plant measurements can be used.   

The R-model can be used to predict the influence of the parameters listed in Table 5-2 on the 

total resistance in the paths of the top heat loss.  The total resistance can then be used to predict 

the consequences on the top heat loss.      
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Table 5-2 Input Parameters of the R-model 

k crust (W/mK) Different values 

k anode cover (W/mK) Different values 

k anode (W/mK) Different values 

k bath (W/mK) 1000 

h effective from anode cover 

(W/m2K)  

Depends on draught 

and temperatures   

h effective from anode assembly 

(W/m2K) 

Depends on draught 

and temperatures 

anode cover thickness (m) 0.05 

h cavity (W/m2K) 50 

h below anodes (W/m2K) 1000 

ACD (m) 0.042 

k stub  (W/mK) Different values 

k rod  (W/mK) 401 

h yoke  (W/mK) 

Depends on draught 

and temperatures  

h rod  (W/mK) 

Depends on draught 

and temperatures 

k SiC  (W/mK) 25 

Width of top cover  (m) 1.7 

anode total height (m) 0.5 
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Chapter 6. Results and Discussion 

The cell 1/8 slice model was used to explore the consequences of hooding tightness on top heat 

loss and fugitive emissions at a range of draughts, and also to investigate the significance of the 

parameters of the total resistance R in the paths of top heat loss on heat loss and exergy of air 

under the hoods, including the thermal conductivity of cell components, emissivity, bath heat 

source, and draught. To highlight the maximum possible contribution to top heat recovery from 

air under the hoods the potential of maximum physical work that could be extracted from the 

exhaust duct heat flow was assessed by maximum exergy (defined in Equation A-19).  The 

consistency of the R-model was evaluated by comparing the total resistance in the paths of the 

top heat loss between the bath and air under the hoods with the resistance calculated by the slice 

model.  The R-model was then used for a detailed study to investigate the effect of the studied 

parameters on the internal variations in the reduced four main resistances in these paths.  

6.1 Consequences of Hooding Tightness 

6.1.1 Influence on Fugitive Emissions  

The static pressure at the outflow boundary of the main exhaust duct and the hooding tightness 

were adjusted to give the proposed draught.  This was done to exclude the effects of the expected 

variation in draught on the results as discussed in section 4.2.2.  The influence of hooding 

tightness (explained in section A.3) on the negative pressure under the hoods for a wide draught 

range is shown in Figure 6-1.  The negative pressure under the hoods increased with an increase 

in both draught and hooding tightness (HT) following a correlation similar to flow through an 

orifice, as validated in section 4.3.2.    

Most industrial 250 kA smelting cells operate in the region labelled in Figure 6-1, where the 

nominal draught is about 4670 Nm3/h (66 Nm3/kgAl) and HT is a maximum of 98.5%.  At these 

conditions the negative pressure under the hoods is less than 5 Pa.  It was indicated (Karlsen et 

al. 1998) that leakage of fume gases through the gaps in the superstructure (fugitive emissions), 

can be eliminated by ensuring a negative pressure of 5 Pa under the hoods in the modelled cell 

design.  Results of both models (exhaust duct (Figure 4-2) and 1/8 slice (Figure 6-1)) show that 
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this can be obtained with an increase in hooding tightness to 99.45% for both normal draught and 

reduced by 43% to 2000 Nm3/h. 

An extreme 76% reduction in draught to 1114 Nm3/h (15.7 Nm3/kgAl) led to a considerable 

reduction in the negative pressure under the hoods (-0.5 Pa) at a hooding tightness of 97.67%.  In 

this situation, the positive pressure at the gaps between the hoods/rods and superstructure shown 

in Figure 6-2 is evidence of leakage of air from under the hoods to the potroom, as shown in 

Figure 6-3.  As air under the hoods is mixed with hot fume gases, this leakage of air is an 

indication of fugitive emissions. In present cell ventilation design where the extraction inlets of 

the duct are located at the superstructure top wall, a reduction in draught to this limit will lead to 

an increase in fugitive emissions. Fugitive emissions can be observed through gaps around the 

rods/hoods and the superstructure in smelter operations, which could be a result of local 

reductions in draught by blockages or defects in the duct (see section 2.5). 

The net mass balance between the inflow and outflow boundaries of the 1/8 slice model for this 

extremely reduced draught (1114 Nm3/h) is shown in Figure 6-4.  This model has hooding 

tightness decreased from 99.45 to 97.67% by increasing the width of the gaps between the hoods 

from 2mm to 20mm, resulting in total gap area of 0.91m2.  With these conditions of draught and 

hooding tightness there was a leakage of 0.06 kg/s of air from the cell. As discussed in section 

4.2.2, the air flow through the wider gaps between the hoods increased by a factor of 3.3 as a 

result of the decrease in resistance to air flow. This indicates that very wide inflow boundaries 

negatively influence the draught balance over the whole cell, which is directly reflected on the 

mechanism of top heat loss from anode cover and anode assembly. The convective heat transfer 

coefficient increases with an increase in draught (as explained in section B.1), while radiative 

heat transfer coefficient increases with a decrease in draught (as discussed in section B.2). 

The increase in top heat loss predicted by the 1/8 slice model compared to the exhaust duct 

model (see section 3.2) did not cause a noticeable difference in the negative pressure under the 

hoods.  This indicates that the exhaust duct model can be used for further study to determine HF 

fugitive emissions. Both models indicate that a minimum hooding tightness of 99% is critical to 

inhibit fugitive emissions with the existing cell ventilation design.   
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Figure 6-1 The negative pressure under the hoods with different hooding tightness and draught (from the 1/8 
slice model) 
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Figure 6-2 Pressure contour at gaps between the hoods/rods and superstructure at 97.67% hooding tightness 
and 76% reduced draught of normal 66 Nm3/kgAl rate  
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Figure 6-3 Leakage of air from gaps between the hoods and superstructure at 97.67% hooding tightness and 
76% reduced  draught of normal 66 Nm3/kgAl rate 
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Figure 6-4 Mass balance of incoming air and hot gas mass flow rate at 76% reduced draught (1114Nm3/h = 
0.4 kg/s) for three different hooding tightness (99.45, 98.66, and 97.67 %) taken from the 1/8 slice model.  The 

positive values for inflow; the negative values for outflow  
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6.1.2 Outcome on Exhaust Duct Temperature and Heat Loss 

The effect of the studied range of hooding tightness (97.67-99.45%) on the exhaust duct gas heat 

content and temperature is shown in Figure 6-5 for a range of draught.  No difference was found 

between the results at draught higher than 2500 Nm3/h, or even at much lower draught between 

98.66 and 99.45% hooding tightness. The only difference found was at the lowest hooding 

tightness of 97.67% with draught under 3000 Nm3/h, with the difference increasing with draught 

reduction to 1114 Nm3/h.  The exhaust duct gas was 22°C and 9 kW lower (equivalent to 0.13 

kWh/kgAl as calculated in section A.14) compared to the conditions with 98.66 and 99.45% 

hooding tightness.  This reduction was mainly due to energy loss from the 0.06 kg/s leakage of 

hot air ( ))( ambientairpairleaked TTcm −−  (in Figure 6-4), and an increase in radiative heat loss through 

the increased gaps area. If the leaked air was at 205°C however (similar to the duct gas 

temperature), there would be an 8.64 kW loss of heat from air under the hoods. This shows that 

most of the energy reduction was due to the loss of heat with the leakage of hot air and the rest 

was by radiation.   
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Figure 6-5 Exhaust duct temperature and heat flow at different hooding tightness (HT) and draughts 
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As a result, the consequences of hooding tightness on both the top heat loss and temperature of 

the air under the hoods were obvious with an extreme 76% reduction in draught to 1114 Nm3/h.   

There were falls in both the heat content and temperature of air under the hoods at the lowest 

97.67% hooding tightness due to leakage of air, resulting in 0.13 kWh/kgAl loss in energy, 

which is 2% the 5.47 kWh/kgAl internally generated heat (in Equation 5-2). This proportion 

increases with an increase in the leakage of the hot gases from the cavity under the hoods. This 

indicates that hooding tightness of 99% is critical for maximum energy recovery and reduction of 

emissions. 

The increase in heat loss through the gaps due to radiation was not significant in the present 

studied range (up to 20 mm width).  This showed that the exhaust duct model, which uses an 

effective convective simplification, can be used for further studies of fugitive emissions.   

6.2 Detailed Study of Factors Influencing the Mechanism of Top Heat Loss 

The mechanism of top heat loss is directly influenced by the total thermal resistance between the 

bath and air under the hoods, as discussed in Chapter 5.  The total resistance of the validated 

CFD 1/8 slice model, defined by Equation 5-7, was firstly compared with the total resistance 

calculated by the R-model, developed in section 5.3, at the same conditions of temperature and 

air velocity.  The input parameters to the R-model are listed in Table 5-2 and values of the 

effective heat transfer coefficients on anode cover and anode assembly were taken from section 

B.2.4. The R-model was used to quantify the influence of both the thermal conductivity of cell 

components and the effective heat transfer coefficient on the resistances in the four main paths of 

the top heat loss. Furthermore, the R-model can be employed as a predictive tool for fast 

estimation of the significance of varying thermal conductivities of cell components on the top 

heat loss in present and future cell designs. 

6.2.1 Outcome of Anode Cover Thermal Conductivity  

The influence of a wide range of anode cover thermal conductivity (0.2-0.75W/mK) on the total 

resistance (R) in the paths of top heat loss was examined.  The top heat loss to air under the 

hoods was the sum of radiative and convective heat losses of the surrounding surfaces (anode 

cover, anode assembly and exposed anode side surfaces), and the hot gas heat source. 
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Two sets of results were compared at normal draught setting of 66 Nm3/kgAl, one set with 0.5m 

anode block height, and the other with 0.373m height.  In the first set, the sides of the anodes 

were exposed to air under the hoods, while in the second set the anodes side surfaces were 

covered entirely.  This was to find the effect of exposed anode side surfaces on the total 

resistance (R) and thus on the top heat loss to air under the hoods, in spite of the 0.127m longer 

anode blocks. There was also a difference in internally generated heat of 387 and 375kW for the 

conditions with 0.5 and 0.373m anode blocks height respectively.  The 12 kW difference was 

due to the increase in anode block height only.   

The effect of anode cover thermal conductivity was tested at normal thermal conductivities of the 

anode, stub, rod, and crust of 4.6, 60.5, 401, and 1 W/mK respectively. The influence was 

explored by determining the levels of heat loss and maximum exergy of air under the hoods.  The 

good consistency of the R-model, shown in Figure 6-6, assisted its use to explore the variation in 

the internal resistances in the paths of top heat loss. 

The main findings are listed as follows: 

• An increase in anode cover thermal conductivity from 0.2 to 0.75 W/mK resulted in a 

large (30-37.5%) reduction in the total thermal resistance in the main paths of the top heat 

loss as shown in Figure 6-6.  This led to a considerable increase in the top heat loss to air 

under the hoods, shown in Figure 6-7 and Figure 6-8, in an inverse trend to the total 

resistance. There was a 48-57 kW increase in the top heat loss to air under the hoods, 

corresponding to 0.68-0.81 kWh/kgAl, with 0.5 and 0.373m anode block heights 

respectively. 

• The difference in the total resistance between the sets of results with covered or exposed 

anode sides decreased at thermal conductivities above 0.52 W/mK, and the maximum 

difference was found at 0.2 W/mK. In this case the total resistance with shorter anodes 

was 10% higher than with 0.5m anodes. This difference was reflected on the top heat loss 

by a 10.5 kW increase, equivalent to 0.13 kWh/kgAl, as shown in Figure 6-7. This 

increase was a result of radiative heat loss from the exposed side surfaces of the anodes. 

The radiative heat loss from anode cover with exposed anode side surfaces was lower 

than with anodes fully covered, as can be seen in Figure 6-7.  The 10% difference in 

resistance was due to the covering of the exposed side surfaces, which overcame the 
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9.8% expected reduction in resistance due to the decreased anode block height. This 

highlighted the fact that at anode cover thermal conductivity below 0.5 W/mK, the 

influence of exposed anode side surfaces on the total resistance R was stronger than 

increasing the height of anode blocks.   
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Figure 6-6 The CFD and R-model total resistance (R) at a range of anode cover thermal conductivity (0.2-0.75 
W/mK) for two different set of results  
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Figure 6-7 Heat loss to air under the hoods at a range of anode cover thermal conductivity (0.2-0.75 W/mK) 
for two different sets of results in 225kA cell 
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• The increase in top heat loss was associated with a proportional increase in both radiative 

heat loss and maximum exergy as shown in Figure 6-8.  Radiative heat lost to air under 

the hoods was mostly lost to the potroom by radiative exchange with the 

hoods/superstructure, with the rest lost back again in the air under the hoods: there was 

11%, 7%, and 2-3% increase in radiative heat loss to air under the hoods, heat loss to 

potroom, and maximum exergy of air under the hoods respectively, as shown in Figure 

6-9. The noted difference in the heat loss was reflected on the temperature of the duct gas 

and therefore on a contribution in maximum exergy increase by 0.18 kWh/kgAl. With no 

exposed anode side surfaces, the duct gas temperature increased by 20°C over conditions 

with exposed surfaces, as shown in Figure 6-10. Localised radiative exchange between 

exposed side surfaces and the hoods led to the difference in heat loss to the potroom 

instead of a contribution to increasing the exergy level of air under the hoods.     
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Figure 6-8 Equivalent energy (kWh/kgAl) of heat loss and maximum exergy at air under the hoods at a 0.2-
0.75 W/mK thermal conductivity range of anode cover 
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Figure 6-9 Fractions of heat loss and exergy of total internally generated heat of 5.47 and 5.3 kWh/kgAl with 
conditions at 0.5 and 0.373 m anode blocks height, respectively,  at a 0.2-0.75 W/mK range of anode cover 
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Figure 6-10 Exhaust duct gas temperature at a range of anode cover thermal conductivity (0.2 - 0.75 W/mK) 
for two sets of results  
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• There was a considerable increase in anode cover temperature and temperature driving 

force between anode cover and air under the hoods, as can be seen in Figure 6-11. This 

caused the increase in radiative and convective heat loss from the anode cover shown in 

Figure 6-12 and Figure 6-13 respectively.  Radiative heat loss from the anode cover 

increased by 47 and 53 kW with 0.5 and 0.373 m anode block height respectively. The 

increase in convective heat loss from the anode cover was much smaller at 16 kW,  due to 

a large decrease in anode cover radiative resistance with an increase in temperature, to a 

level higher than the anode assembly, as shown in Figure B-22, as a result of increases in 

both radiative heat transfer coefficient and radiative exchange with the anode assembly, 

as explained in section B.2. No influence was found on the temperature of anode 

assembly.  In consequence, the radiative heat loss from the anode assembly decreased as 

shown in Figure 6-12, at both conditions (0.5 and 0.373 m anode block height), and 

convective heat loss as shown in Figure 6-13 remained nearly equal. This was due to the 

increase in anode cover temperature to a level higher than anode assembly with an 

increase in thermal conductivity above 0.4 W/mK. This led to a decrease in the radiative 

resistance and therefore on its combined effect on the effective heat transfer coefficient, 

as shown in Figure B-22 and Figure B-23, where the inverse influence was found on the 

anode cover.   
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Figure 6-11 Temperature of anode cover and temperature driving force between anode cover and air under 
the hoods at a range of anode cover thermal conductivity (0.2-0.75 W/mK) for two different sets of results  
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Figure 6-12 Radiative heat loss to air under the hoods at a range of anode cover thermal conductivity (0.2-
0.75 W/mK) for two sets of results in 225kA cell 
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Figure 6-13 Convective heat loss to air under the hoods at a range of anode cover thermal conductivity (0.2-
0.75 W/mK) for two sets of results in 225kA cell 
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• From a heat balance of the anode blocks, shown in Figure 6-14, it was found that the 

main heat drawn from the bath and gas cavity was lost to the anode cover surrounding the 

anodes blocks with an increase in anode cover thermal conductivity from 0.2 to 0.75 

W/mK, with a decrease in heat loss to the anode stubs. A steep increase was found in 

both the drawn heat and heat loss to the anode cover with an increase in thermal 

conductivity up to 0.5 W/mK, followed by lesser increase at higher thermal conductivity.  

• The R-model results shown in Figure 6-15 were used to explore the internal resistances 

that caused this variation in heat loss, shown in Figure 6-14.  It was found that the 

resistance (R2) through the anode assembly did not change significantly with an increase 

in anode cover thermal conductivity above 0.52 W/mK.  There was however internal 

variation in the parallel resistances of the anode assembly, shown in Equation 5-17, 

which are through the surrounding anode cover, stub/rod/yoke, and exposed side surfaces 

of anodes.  Based on this variation, the amount of heat transferred through the parallel 

resistances of the anode assembly was determined.  The reduction in heat loss through 

anode stubs/yokes/rods and the exposed side surfaces was the reason why heat transfer 

through anode cover increased with an increase in anode cover thermal conductivity.  It 

was also found that the effects of the studied range of anode cover were the same on both 

R2 and R.  When this resistance was compared with the other reduced main parallel 

resistances as shown in Figure 6-16, it was found that R2 was small enough to ensure the 

loss of the top heat from the bath, making the anodes acting as cooling fins.  This in turn 

indicated that the reduced main resistance of the anode assembly is the factor determining 

the top heat loss from the bath to air under the hoods.   

• A large reduction in the reduced main parallel resistances was found with an increase in 

anode cover thermal conductivity from 0.2 to 0.52 W/mK as shown in Figure 6-16.  The 

reduction then decreased until thermal conductivity over 0.75 W/mK, where the variation 

between the resistances became a result of anode cover thickness.  This led to variation in 

the local heat flux, and explained the differences in the reported values of anode cover 

discussed in section 2.8.2.1. 
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Figure 6-14 Heat balance of anode blocks at a range of anode cover thermal conductivity (0.2-0.75 W/mK) in 
225kA cell 
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Figure 6-15 Thermal resistances of anode assembly compared with the total resistance R at a range of anode 
cover thermal conductivity (0.2-0.75 W/mK) (R-model results) 
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Figure 6-16 Reduced main parallel resistances in the paths of top heat loss between the bath and air under 
the hoods at a range of anode cover thermal conductivity (0.2-0.75 W/mK) (R-model results) 

 

• The differences in the local heat flux cause a non uniform increase in the temperature and 

therefore in the radiative heat exchange with the hoods and superstructure with an 

increase in anode cover thermal conductivity from 0.2-0.75 W/mK, as shown in Figure 

6-17, and Figure 6-18 respectively.  The variation in air velocity near the gaps in the 

superstructure also has a direct effect on temperatures.  This variation must be taken into 

account in measurements of temperature or heat flux of hoods and superstructure.  
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Figure 6-17 Temperature contour of the hoods and the superstructure with different anode cover thermal 
conductivity and constant normal draught (66 Nm3/kgAl) 
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Figure 6-18 Radiation heat loss contour of the hoods and the superstructure with different anode cover 
thermal conductivity and constant normal draught (66 Nm3/kgAl) 
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• Based on 4.27 kWh/kgAl internally generated heat in the bath, as calculated in section 

A.9, the percentage of the total heat drawn from the bath to the top of the cell through 

anode blocks and crust increased from 35% to 55% with an increase in anode cover 

thermal conductivity from 0.2 to 0.75 W/mK, as shown in Figure 6-19.  The main 

increase in the drawn heat was dominated by the anode blocks immersed in the bath, with 

the rest of the generated heat lost to the sides and bottom of the cell.  Most industrial cells 

operate with conventional crushed bath anode with average thermal conductivity equal to 

or higher than 0.52 W/mK.  In this case, the top heat loss of the bath was 50-55% of the 

bath heat source, similar to the conventional classification of cell top heat loss, as the 

bath is the dominant source of heat in the cell, as given in Table 5-1.   
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Figure 6-19 The percentage of the heat drawn from the bath to the top of the cell through anode blocks and 
curst at a 0.2-0.75 W/mK range of anode cover thermal conductivity  
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In conclusion, the anode cover surface area, temperature, and parallel and series connections of 

resistances with the anode assembly were the important factors that determined the effect of 

anode cover thermal conductivity on the total resistance (R).  An anode cover thermal 

conductivity below 0.5 W/mK had a considerable influence on the total resistance in the paths of 

the top heat loss between the bath and air under the hoods, and therefore on the duct gas 

temperature, cell component temperatures, and top heat loss.  The level of this influence 

decreased with an increase in thermal conductivity above 0.5 W/mK. 

The increase in anode cover heat flux was five times greater than the  reduction in anode 

stub/yoke/rod heat flux as an outcome of a large increase in the temperature driving force of 

anode cover in spite of their parallel connections to the anode blocks. On the other hand,  the 

increase in top heat loss was balanced by a reduction in the sidewall heat loss as a result of their 

parallel connection.  There was however an increase in heat loss to the potroom by radiative 

exchange with the hoods with an increase in anode cover thermal conductivity, as an outcome of 

a large increase in surface temperature. This was reflected on the duct gas temperature by an 

increase of up to 20°C, and a contribution to increasing the maximum exergy by 0.18 kWh/kgAl. 

Local variations in heat fluxes and temperatures were found due to differences in the resistances 

to the heat flow. For this reason, estimations of anode cover thermal conductivity and thickness 

must be conducted with care when modelling or comparing industrial measurements of 

temperature and top heat loss.  Moreover, the associated temperature increase in the hoods and 

superstructure and potroom heat loss must be taken into account if designing or changing anode 

cover material.   

6.2.2 Effect of Crust Thermal conductivity  

The effect of crust thermal conductivity was studied with fixed thermal conductivities of the 

anode cover (0.52 W/mK), anode block (4.6 W/mK), anode stub (60.5 W/mK), and anode rod 

(400 W/mK).  The conditions with exposed anode side surfaces were considered in this study to 

evaluate the consequences on radiative losses to the potroom. 

An increase in crust thermal conductivity from 1 to 2 W/mK resulted in a small (2.2%) reduction 

in the total resistance (R) in the paths of the top heat loss, as shown in Figure 6-20.  The effect of 

this reduction was an increase in the transfer of heat from the bath surface to the crust through 
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the gas cavity by 15 kW, equivalent to 0.21 kWh/kgAl.  Half of this heat was conducted from the 

crust to the adjacent SiC sidewall and lost to the potroom.  For this reason, the duct gas 

temperature did not change with this increase in solid crust thermal conductivity. 

The good consistency of the R-mode, shown in Figure 6-20, also supported the use of the R-

model to explore the internal variations in the four main reduced parallel resistances in the paths 

of the top heat loss.  The largest reduction occurred in resistances R1, R3, and R4 in the paths of 

the top heat flow, as shown in Figure 6-21.  No influence was found on the resistance through the 

anode assembly (R2), which was much smaller than the other main parallel resistances (in 

Equation 5-8).  This restrained the overall effect on the total resistance to 2.2%, as shown 

previously in Figure 6-20.     

In conclusion, the studied range of crust thermal conductivity did not show considerable 

influence on the duct gas temperature or on the top heat loss.  Therefore, using a value of 1 

W/mK for the crust in the CFD models will not introduce any significant error in the main 

conclusions of this thesis.   
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Figure 6-20 Total resistance (R) in the paths of the top heat loss at 1-2 W/mK thermal conductivity range of 
solid crust (CFD 1/8 slice and R-model result) 



Results and Discussion 

125 

0.040 0.040 0.040

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1.0 1.4 2.0

R
e

d
u

ce
d

 m
a

in
 p

a
ra

ll
e

l 
re

si
st

a
n

ce
s 

(K
/W

) 

p
e

r 
1

/8
 s

li
ce

 m
o

d
e

l

Crust thermal conductivity (W/mK)

R3 (K/W) (in slot between anodes) R1 (K/W) (in centre channel) 

R4 (K/W) (in side channel) R2 (K/W) (through anodes) 

R3
R1

R4

R2

 

Figure 6-21 Reduced main parallel resistances in the paths of top heat loss at 1-2 W/mK thermal conductivity 
range of solid crust (R-model results) 

 

6.2.3 Influence of Anode Carbon Thermal Conductivity  

An anode block thermal conductivity range of 4.6 - 6 W/mk was studied with the same fixed 

thermal conductivities of cell components as used in section 6.2.2.  Similarly, the model with 

exposed anode side surfaces was used in this study to highlight the outcome on radiative loss to 

the potroom. 

The results shown in Figure 6-22 indicate that an increase in anode carbon thermal conductivity 

from 4.6 to 6 W/mK caused an 8% reduction in the total resistance in the paths of the top heat 

loss. This reduction led to an increase in the top heat loss to air under the hoods by 17 kW (0.25 

kWh/kgAl) with an equivalent reduction in sidewall heat loss as shown in Figure 6-23.  The 

increase in top heat loss was mainly drawn from the surfaces of the anode blocks immersed in 

the bath.  The reflection of this on the duct gas temperature was small with a 6°C increase only, 

and therefore the contribution in increasing the maximum exergy was also small (0.03 

kWh/kgAl), as shown in Figure 6-24. This was because a third of the drawn heat was lost to the 

potroom by radiative exchange between the exposed anode side surfaces and the hoods, as a 
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result of a 31°C increase in the average temperature of these surfaces. The rest of the heat gave 

an overall increase in the surface temperature of anode cover and anode assembly by 13 and 

21°C respectively, which led to an increase in the duct gas heat content by 10 kW (0.14 

kWh/kgAl). The overall radiative exchange between the anode cover and stub/yoke/rod and the 

hoods/superstructure also increased leading to an equivalent 0.14 kWh/kgAl increase in the heat 

loss to the potroom through the hoods and superstructure as shown in Figure 6-24.   

The fraction of the 5.47 kWh/kgAl internally generated heat lost to the potroom as an outcome of 

radiative exchange with the hoods/superstructure increased from 25% to 28%.  The heat loss to 

the potroom of 78-88 kW is comparable to 1.1-1.24 kWh/kgAl. Maintaining good coverage of 

hot anode surfaces reduces radiative exchange with the hoods and hence heat loss to the 

potroom, as well as an increase in the heat content of air under the hoods with the potential for 

heat recovery. 

The sustained consistency of the R-model shown by a 7% difference in Figure 6-22 helped in 

exploring the effect of this range of anode thermal conductivity on the four main reduced parallel 

resistances in the paths of the top heat loss. It was indicated that the 8% reduction in total 

resistance was mainly caused by a 9% reduction in R2 (through the anode slot), as shown in 

Figure 6-25. This emphasised again the importance of the resistance through the anode assembly 

(R2) on the total resistance (R) in the paths of the top heat loss. 

In conclusion, the reflection of the variation in anode carbon block thermal conductivity on the 

duct gas temperature was a maximum increase of 6°C, and therefore the contribution in 

increasing the maximum exergy was small (0.3kWh/kgAl). 
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Figure 6-22 The total resistances (R) in the paths of the top heat calculated by the CFD and the R- model at 
4.6-6 W/mK thermal conductivity range of anode block 
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Figure 6-23 The top heat loss to air under the hoods, heat drawn from the bath through anode blocks, and 
sidewall heat loss at 4.6-6 W/mK thermal conductivity range of anode block in 225kA cell 



Results and Discussion 

128 

0

0.5

1

1.5

2

2.5

3

3.5

4.50 4.70 4.90 5.10 5.30 5.50 5.70 5.90 6.10

E
q

u
iv

a
le

n
t 

e
n

e
rg

y
 (

k
W

h
/k

g
A

l)
 o

f 
h

e
a

t 
lo

ss
 a

n
d

 

m
a

x
im

u
m

 e
xe

rg
y

 a
t 

a
ir

 u
n

d
e

r 
th

e
 h

o
o

d
s 

Anode thermal conductivity (W/mK)

Top heat loss to air under the hoods

Radiative heat loss to air under the hoods

Hoods/superstructure heat loss to potroom

Maximum exergy of air under the hoods 

 

Figure 6-24 Equivalent energy (kWh/kgAl) of heat loss and maximum exergy of air under the hoods at 4.6-6 
W/mK thermal conductivity range of anode block 
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Figure 6-25 The four main reduced parallel thermal resistances in the paths of the top heat loss at 4.6-6 
W/mK thermal conductivity range of anode block 
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6.2.4 Results of Anode Stub/Yoke/Rod Thermal Conductivity 

The thermal conductivity of the anode stub, yoke and rod was studied with fixed thermal 

conductivities of the anode cover, crust, and carbon blocks, as for previous investigations. The 

range studied for thermal conductivity of 45 to 401 W/mK is between the normal thermal 

conductivities of industrial steel and copper. These were chosen to explore a wide range of 

thermal conductivities that could be useful for different anode assembly designs, although these 

are commonly constructed from steel in industrial cells for the stubs and yoke, and copper or 

aluminium for the rod.   

The CFD 1/8 slice model results in Figure 6-26 showed an 8% decrease in the total resistance in 

the paths of the top heat loss with an increase in thermal conductivity from the steel range (45-60 

W/mK) to value for copper (401 W/mK).  No considerable difference in R was found within the 

range of thermal conductivity for steel.  The 8% reduction in total resistance led to an equivalent 

increase in the top heat loss, shown in Figure 6-27.  The top heat loss to air under the hoods 

increased by 16 kW (0.23 kWh/kgAl), mostly drawn from the anode blocks immersed in the bath 

with a comparable decrease in the sidewall heat loss.  This increased the duct gas temperature by 

10°C, which contributed to exergy increase by 0.09 kWh/kgAl.  The heat loss to the potroom 

was also increased by a small amount because no considerable increase was found on the 

temperature of anode cover or exposed side surfaces. There was a large step change increase of 

42°C in the temperature of anode stub/yoke/rod when the thermal conductivity was increased 

from 45 to 60.5 W/mK, followed by a lesser increase of up to 12°C with the higher (60.5-401 

W/mK) range of thermal conductivity. This increase in temperature was a reflection of an 

increase in heat drawn through the anode stubs from the anode blocks, due to the reduction in the 

heat drawn by the anode cover as can be seen in Figure 6-29. 

The good consistency of the R-model was maintained only at the range of thermal conductivity 

for steel, with deviation above that range as shown in Figure 6-26.  This was most probably a 

result of a large temperature increase of 52°C as shown in Figure 6-28, which led to a 

considerable reduction in the radiative resistance of the anode assembly as an outcome of an 

increase in both the effective radiative area and radiative heat transfer coefficient, as explained in 

section B.2. The specified value of radiative heat transfer coefficient at the higher conductivity 

range was 18 W/m2K, and when a value of 50 W/m2K was used instead the consistency 



Results and Discussion 

130 

improved to 6% difference, as shown in Figure 6-26. This allowed the R-model to be employed 

to investigate the outcome on the four main reduced parallel resistances in the paths of top heat 

loss. As expected, the influence was mainly found on the reduced main parallel resistance 

through the anode assembly (R2), as shown in Figure 6-30.   
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Figure 6-26 Total resistance (R) in the paths of top heat loss at a 45-400 W/mK range of  anode stub/yoke/rod  
thermal conductivity by both the CFD and the R-model 
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Figure 6-27 Equivalent energy (kWh/kgAl) of heat loss and maximum exergy at air under the hoods at a 45-
401 W/mK range of anode stub/yoke/rod thermal conductivity 
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Figure 6-28 The temperature of anode stub/yoke/rod at a 45-400 W/mK range of  anode stub/yoke/rod  
thermal conductivity  
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Figure 6-29 Drawn heat from anode blocks to anode stub and cover at a 45-401 W/mK rang of anode 
stub/yoke/rod thermal conductivity in 225kA cell 
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Figure 6-30 Reduced main parallel resistances in the paths of top heat loss at a 44.5-401 W/mK range of 
anode stub thermal conductivity (from the R-model) 

 

In conclusion, under- or overestimation of the steel stub thermal conductivity will not influence 

the main conclusions of this study considerably regarding the top heat loss to air under the hoods 

or the duct gas temperature.  Most importantly, an increase in thermal conductivity to the range 

of copper resulted in an increase in the top heat loss to air under the hoods without a considerable 

increase in heat loss to the potroom, leading to a contribution in increasing the maximum exergy 

of air under the hoods by 0.09 kWh/kgAl.  This was an outcome of an approximately constant 

temperature of the anode cover and exposed side surfaces. Therefore, the combined effects of the 

radiative and convective resistances of the anode cover and exposed side surfaces to air under the 

hoods remained the same.  This highlighted the role of the large anode cover surface area and 

temperature on the level of radiative exchange with the hoods/superstructure and thus on heat 

loss to the potroom, which increases with an increase in anode cover surface temperature.  The 

increase in heat drawn through the anode stub with an increase in anode stub/yoke/rod thermal 

conductivity above 250 W/mK was three times greater than the  reduction in the heat drawn by 

the anode cover.  The effect of this change on the duct gas temperature was an increase by 10°C, 

however, no influence was found in the range of 45-65 W/mK for industrial steel.  
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6.2.5 Hoods and Superstructure Thermal Conductivity 

The hoods and superstructure are outside the defined boundaries of the total resistance in the 

paths of the top heat loss between the bath and the air under the hoods.  Their effect was 

indirectly taken into account in the calculations of the radiative resistance of anode cover and 

anode assembly, based on their temperature as discussed in section B.2. Their temperature is a 

result of radiative exchange with the anode cover and anode assembly.  As no variation occurred 

in the incoming radiative heat, the temperature of the hoods and superstructure remained 

constant. For this reason no variation was found in the total resistance R or the heat flux for the 

studied range of thermal conductivity of 60.5-237 W/mK.  Any change in the thermal 

conductivity of the hoods and the superstructure due to formation of scales of bath or anode 

cover will have no noticeable influence on the top heat loss in this model. As a result, over- or 

underestimation of the thermal conductivity of hoods and the superstructure will not cause 

significant error in the results of this study.  

6.2.6 Radiative Surface Emissivity Outcome 

The effect of radiative surface emissivity of the anode cover, assembly, exposed side surfaces, 

hoods/superstructure, bath and crust were studied.  The effect was examined in the CFD 1/8 cell 

slice results, with normal draught setting of 66 Nm3/kgAl and thermal conductivities of anode 

cover, crust, anode, and anode assembly fixed as stated previously.  The variation in the total 

resistance, R, in the paths of the top heat loss was studied for three cases.  In the first case all 

surfaces were assumed to be black bodies (ε=1) to give the lowest resistance, and the resistance 

was increased gradually for the remaining cases.  This was performed by first decreasing the 

hood and superstructure emissivity to ε=0.8, corresponding to highly oxidised industrial metal 

surfaces, followed by decreasing the emissivity of the remaining surfaces to the standard 

emissivities used in the CFD model - anode cover ε=0.4, anode assembly ε=0.8, anode blocks 

ε=0.9, and bath ε=1.  From the results shown in Figure 6-31, it was found that the total resistance 

R increased by 6% with a decrease in surface emissivity from black to grey bodies.  This was due 

to an increase in the radiative surface resistance ( )εε A/)1( −  compared with the radiative 

resistance of a black body ( )1=ε  as explained in section B.2.1. 
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The 6% increase in R caused a favourable 6% decrease in the top heat loss to air under the 

hoods, as shown in Figure 6-32,  as a result of a decrease in the radiative exchange with the 

hoods/superstructure by 20%.  This resulted in a 5°C increase in duct gas temperature and a 

small maximum exergy increase of 0.04 kWh/kgAl. The decrease in top heat loss was balanced 

by an increase in the sidewall heat loss. Reduction in the surface emissivity of the hoods and 

superstructure alone from 1 to 0.8 caused the favourable decrease in the top heat loss. This 

highlighted the role of the surface finish of hoods and superstructure on the heat loss to the 

potroom as a result of an increase in radiative exchange with high emissivity due to oxidised 

surfaces. Good maintenance of the hoods and superstructure to maintain shiny surfaces will aid 

top heat recovery.  

In conclusion, the complex variation in surface emissivity in an aluminium smelting cell, 

excluding the hoods and superstructure, should cause no significant effect on the duct gas 

temperature or top heat loss.  Therefore, underestimation or overestimation to the surface 

emissivity should not cause significant error in the course of this study. Reducing the surface 

emissivity of the hoods and the superstructure on the other hand favourably reduces radiative 

heat losses to the potroom and indirectly contributes to the process of heat recovery. 
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Figure 6-31 Total resistance R in the paths of top heat loss at three different cases of emissivity  
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Figure 6-32 Equivalent energy (kWh/kgAl) of heat loss and maximum exergy of air under the hoods at three 
different cases of emissivity  

6.2.7 Bath Heat Source  

No significant influence was found on the duct gas temperature, heat content or top heat loss 

from two different bath heat sources (4.26 and 5.9 kWh/kgAl).  Assuming the bottom heat loss is 

constant at 8%, the main variation was directed to the sidewall and caused an 81% increase in the 

sidewall heat loss due to a 2°C increase in the bath average temperature from 960 to 962°C.  This 

is in good agreement with the literature (Bruggeman 1998), which indicates that a 2°C increase 

in the bath temperature will hugely increase the sidewall heat loss without significant effect on 

the top heat loss. It was also indicated (Taylor 1984; Béran et al. 2001; Biedler and Banta 2003) 

that the main impact of altered heat generation inside the bath is directed against the sidewalls 

and their protective frozen ledge. In this study the crust thickness was assumed to be constant 

however, which is a drawback of the 1/8 slice model, as the influence of variation in crust 

thickness with a change in bath temperature or internally generated heat could not be taken into 

account.   
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6.2.8 Draught Outcome  

The draught was studied with fixed standard thermal conductivities of cell components and 

anode cover as addressed in previous sections. The sustained consistency of the R-model 

(maximum 10% difference in Figure 6-33) supported its use to investigate the internal variations 

in the reduced main parallel resistances in the paths of top heat loss to air under the hoods.  

The influence of a wide range of cell draught on the total resistance R in the paths of top heat 

loss was limited, as can be seen in Figure 6-33.  This is due to multiple interacting factors, most 

importantly the resulting temperature of air under the hoods and thus the temperature driving 

force as shown in Figure 6-34, and the combined effects of radiative and convective resistances 

on the anode cover and anode assembly shown in Figure 6-35.  The temperature of air under the 

hoods is a result of a heat balance between the total top heat loss and the amount of cooling 

supplied by the draught at the exhaust duct, as defined by Equation 5-5.  The temperature and 

mean velocity of air under the hoods in turn determines the radiative and convective resistances 

and their combined effective resistance on the total resistance R, as demonstrated in sections B.1 

and B.2.    

The outcome on the top heat loss to air under the hoods is shown in Figure 6-36, which is similar 

to the trend of the temperature driving force between anode cover/anode assembly and air under 

the hoods.  This indicates that the effective resistances and the large temperature driving force 

between the bath and air under the hoods were restrained by the temperature driving force 

between the anode cover/anode assembly and air. The larger temperature driving force and 

surface area of the anode cover compared to the anode assembly increased the contribution of the 

anode cover in constraining the total resistance and top heat loss.  This highlighted the 

importance of the anode cover temperature and surface area on the top heat loss.   
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Figure 6-33 The total resistance (R) calculated by the CFD 1/8 slice model and the R-model at a wide range of 
cell draught  
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Figure 6-34 Temperature diving force between the bath/anode cover/anode assembly and air under the hoods 
at a wide range of cell draught  
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Figure 6-35 Effective resistances (1/Asheff) of anode cover and anode assembly (K/W) to air under the hoods at 
a wide range of cell draught 
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Figure 6-36 Equivalent energy (kWh/kgAl) of heat loss and maximum exergy of air under the hoods at a wide 
range of cell draught 
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The radiative heat loss to air under the hoods, and from hoods and superstructure to the 

potroom shown in Figure 6-36 all decreased with an increase in the draught, giving an 

increase in the heat content of the exhaust duct.  A steep reduction in potroom heat loss was 

found with an increase in draught up to 890 Nm3/h, below which the heat loss from 

hoods/superstructure to the potroom was larger than the total radiative exchange between the 

anode cover/assembly/exposed side surfaces and the hoods/superstructure. This was due to 

additional convective heating from the hot gases rising from the feeder holes. 

 

At 222 Nm3/h draught, the heat content of the exhaust duct (0.38 kW/kgAl) was close to the 

heat content of the hot fume gases (0.36 kWh/kgAl).  At draught of 2000 Nm3/h the heat 

content of the exhaust duct (1.45 kWh/kgAl) was similar to the heat loss to the potroom (1.42 

kWh/kgAl).  With draught increase above 2000 Nm3/h, the heat loss to the exhaust duct 

increased, and therefore became dominant. 

 

The increase in the heat content of the exhaust duct was opposed by a reduction in the 

resulting temperature of both the exhaust duct gas and the rods as shown in Figure 6-37.  

With 2000 Nm3/h draught, the duct gas temperature was 42°C above 150°C, which may 

accelerate damage in the scrubbing bags of the gas treatment unit, causing unwanted loss if 

additional cooling treatment to the duct gas stream was not applied. Reduction in the exhaust 

duct temperature is unfavourable regarding contribution to the top heat recovery from air 

under the hoods, while the opposite is true for the temperature of the rods.  The results of 

temperature, heat content, and maximum exergy of the exhaust duct at a draught range of 

600-2000 Nm3/h show high potential for top heat recovery and therefore will be further 

explored.   
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Figure 6-37 Temperatures (°C), heat loss, and maximum exergy (kW) at air under the hoods at a wide range 
of cell draught in 225kA cell 

 

The effect of both the temperature and heat content of the exhaust duct gas was seen on the 

maximum exergy of the exhaust duct and thus air under the hoods.  The peak exergy was at 

2000 Nm3/h (28.12 Nm3/kgAl) draught, as shown in Figure 6-38.  This indicated that the 

maximum contribution to top heat recovery from air under the hoods with present cell design 

was with a 57% reduction from the normal 66 Nm3/kgAl draught. The temperature of the 

available heat at this level of draught was only 192°C however, while a favourable 

temperature rise up to 200 and 300°C was found with 67% and 85.7% reduction in draught to 

1160 and 670 Nm3/h respectively, without large sacrifice in the maximum exergy. The 

drawback of this was the inefficient capture of the fume gases at low degree of hooding 

tightness (95.6%).  This was shown in Figure 6-39 at 77% reduction in normal cell draught.  
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Figure 6-38 Equivalent energy (kWh/kgAl) of maximum exergy of air under the hoods at a wide range of cell 
draught showing a maximum range of exergy (maximum work extraction) 

Leakage of 

fume gases

 

Figure 6-39 Present cell design at low degree of hooding tightness (95.6%) and 77% reduction in normal 
draught associated with leakage of fume gases  
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The R-model was used to study the internal variations in the reduced main parallel 

resistances at three draught settings of 2000, 4677, and 8900 Nm3/h.  The results in Figure 

6-40 show an overall reduction in the reduced main resistances due to an increase in the total 

effective heat transfer coefficient on the anode cover from 11 to 13 W/m2K and on the anode 

assembly from 16 to 23 W/m2K, as shown in Figure B-20 and Figure B-21 respectively.   
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Figure 6-40 Reduced main parallel resistances at three levels of cell draught using the R-model 

 

In conclusion, the influence of draught on the total resistance R, and thus on the top heat loss to 

air under the hoods was mainly restrained by the temperature driving force and effective 

resistance of the anode cover.  These constrained the effects of both the larger temperature 

driving force between the bath and air under the hoods, and larger effective resistance of the 

anode stub/yoke/rod.   
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Draught reduction by 85.7% and 57% to 670 and 2000 Nm3/h respectively from the present 

normal cell condition of 4677 Nm3/h draught rate (66 Nm3/kgAl) resulted in higher maximum 

work that can be extracted (exergy) and therefore potential for top heat recovery.  The 

temperature of the captured heat at the exhaust duct was raised to 200°C with 67% reduction in 

draught, but was associated with uncontrolled leakage of air and fume gases from the cell at a 

low degree of hooding tightness. Further investigation is required to explore this range of 

draught.   
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Chapter 7. Potential for Top Heat Recovery  

The CFD 1/8 slice model was used to assess the achievability of the objectives listed in Chapter 

3 for recovering top heat loss from air under the hoods.  Properties for conventional anode cover 

thermal conductivity of 0.52 W/mK and standard thermal conductivities of cell components as 

stated in Chapter 3 were used as a base case for this study.  Two main approaches were followed 

- the first based on draught reduction in the main exhaust duct without alteration to the 

ventilation system, and the second based on a devised system that includes both reduction in 

draught and placement of a hot fume capture ducting system at locations near the feeder holes. 

The second approach investigated the outcome of operating the devised system in addition to or 

replacement of the existing exhaust duct system. Assessment of the approaches was based on the 

potential savings in Nm3/kgAl draught reduction and kWh/kgAl energy saving.  Potential of 

practical and maximum amount of physical work that could be extracted from the captured heat 

was assessed based on practical and maximum exergy (as defined in Equation A-16, and A-19, 

respectively). Subsequent potential saving in cell voltage and percentage of alumina requirement 

(1.889 kg/kgAl) heated based on the extracted work was also found. 

7.1 Draught Reduction in the Main Exhaust Duct 

It was found in the draught study in section 6.2.8 that the maximum heat recovery from air under 

the hoods was achieved with a 57% reduction in the normal cell draught to 2000 Nm3/h draught, 

equivalent to 28 Nm3/kgAl. The temperature of the available heat at this level of draught was 

192°C.  A temperature increase to 200°C was achieved with 67% reduction in draught and a 

temperature rise up to 300°C was found with 86% reduction in draught to 670 Nm3/h (9.4 

Nm3/kgAl), without a large sacrifice in the maximum exergy. The negative pressure of air under 

the hoods is very low at this draught however, and the role of hooding tightness becomes 

decisive in controlling fugitive emissions as discussed in section 6.1.  In the cell design used in 

this investigation it is extremely difficult to control hooding tightness to less than 96.6%. 

Decreasing the draught even to 1000 Nm3/h (14 Nm3/kgAl) leads to uncontrolled increase in 

fugitive emissions and so concentrating the top heat in this approach is not recommended. 
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7.2 Devised System with Hot Gas Ducts  

The reduced draught range for maximum top heat recovery from air under the hoods, highlighted 

in section 6.2.8 of 600-2000 Nm3/h, was explored using a devised system that included the 

placement of an additional hot fume capture system (HGD) at locations near the feeder holes, as 

discussed in Section 3.7.  Two approaches were followed - the first with operation in addition to 

the existing exhaust duct, and the second with operation as a full replacement of the existing duct 

system. Assessment was based on the temperature and amount of heat captured at the HGD, the 

maximum and practical thermal efficiency (defined in section A.15), and the resulting maximum 

and practical exergy of the captured heat. Assessment at different hooding tightness was also 

performed for cell technologies with three- and four-point feeding system.   

7.2.1 Draught Reduction with the Aid of Additional Hot Gas Ducts 

The main driver for this approach was to investigate how far the draught can be increased 

without sacrificing the temperature of the heat captured at the HGD. It was therefore required to 

select an effective draught in both the exhaust duct and in the additional HGD.  This effective 

draught was used to assess different HGD locations, radius, and proximity to the feeder hole.   

7.2.2 Effective Draught  

The total cell draught, reduced below the normal 4677 Nm3/h (66 Nm3/kgAl), was balanced 

between the HGD and the exhaust duct as shown in Figure 7-1.  The temperature of the captured 

heat decreased below 200°C with an increase in draught at all studied ranges of draught, 

excluding six cases highlighted in Figure 7-1.  These were the fourth case at 891 Nm3/h HGD 

and two at 1114 Nm3/h HGD draught, balanced with 1559 and 1782 Nm3/h exhaust duct draught.  

The HGD draughts were equivalent to 12.56 and 15.7 Nm3/kgAl at 891 and 1114 Nm3/h 

respectively, and the exhaust duct draughts were 22 and 25 Nm3/kgAl at 1559 and 1782 Nm3/h, 

respectively.  The contribution to top heat recovery was assessed based on the resulting practical 

and maximum thermal efficiency at the HGD, defined in Equations A-17, and A-18, 

respectively.  

The theoretical Carnot maximum efficiency results shown in Figure 7-2 give a better indication 

of the maximum temperature of the captured heat, shown in Figure 7-3.  The maximum 
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efficiency was 34%, at 891 and 1559 Nm3/h HGD and exhaust duct draughts respectively, for a 

total cell draught of 2450 Nm3/h (34.5 Nm3/kgAl), which was 48% below the normal cell 

draught.  The practical thermal efficiency remained constant at 17%. because the maximum 

efficiency is directly related to the temperature of the available energy, as discussed in section 

A.15.  The equivalent gain in kWh/kgAl energy saving of the captured energy and maximum and 

practical exergy of the captured heat is shown in Figure 7-4.  The highest gain of maximum 

exergy was 0.3 kWh/kgAl at 1114 Nm3/ HGD draught, balanced with additional exhaust duct 

draught giving 2673 Nm3/h (38 Nm3/kgAl) total draught, which is 43% below the normal cell 

draught.  The temperature of the captured heat was 210 °C.   
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Figure 7-1 Additional draught at the exhaust duct balanced with a range of hot gas duct (HGD) draughts 
forming a range of cell total draught between 2450 and 3100 Nm3/h (52 to 66% the normal 4677 Nm3/h) cell 

draught) in 225kA cell 
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Figure 7-2  Maximum and practical thermal efficiencies at the HGD for a range of HGD draughts balanced 
with main exhaust duct draught as shown in Figure 7-1 
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Figure 7-3 Temperature (°C), heat flow (kW), maximum and practical exergy of the captured heat at the 
HGD for a range of HGD draughts balanced with additional exhaust duct draught as shown in Figure 7-1, in 

225kA cell  
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Figure 7-4 Equivalent gain in energy (kWh/kgAl) of the HGD heat capture, potential of maximum and 
practical exergy of the captured heat for a range of HGD draughts balanced with additional main exhaust 

duct draught as shown in Figure 7-1 

 

The results with 891 Nm3/h HGD draught were expanded to examine the outcome of the increase 

in the exhaust duct draught from 1559 to 2227 Nm3/h as shown in Figure 7-5.  No large variation 

was found in the temperature of the available energy at the HGD (217-212°C), while the 

temperature at the exhaust duct decreased by 15°C from 154 to 134°C.  The potential to reduce 

the total cell draught by 33% from the normal rate, sustaining 212°C temperature of the captured 

air, can be achieved without considerably sacrificing the contribution in top heat recovery.  

Compared to a 67% reduction in draught at the exhaust duct only from Figure 6-37, there should 

be no considerable effect on the total resistance in the paths of the top heat loss, as found in the 

draught study in section 6.2.8.  The decisive role of hooding tightness on fugitive emissions, duct 

gas temperature, and duct gas heat loss should also be manageable within the present operational 

practices as discussed in Sections 4.2.2, and 6.1.1.   
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Figure 7-5 Temperature of the available energy at the HGD and the exhaust duct at 33 and 38% reduction in 
cell draught balanced between 891 Nm3/h HGD draught and the main exhaust duct 

 

7.2.3 Effective HGD Location 

Two different HGD locations were evaluated, using application of 15.7 Nm3/kgAl HGD draught 

balanced with 25 Nm3/kgAl exhaust duct draught, giving a total 38% reduction in the normal cell 

draught.  The first location used was at 45° to the feeder hole, while the other was positioned 

around the feeder, directly above the feeder hole as shown in Figure 3-11.  It was found that 

capture of the hot fume gases from the feeder hole was the same in both locations. With the 

HGD at 45° to the feeder hole however, there were noticeable circulations in the flow of the hot 

fume gases as shown in Figure 7-6.  This was not found with the HGD directly above the feeder 

hole, as the natural vertical flow of the hot fume gases was maintained as shown in Figure 7-7. 

Additionally, placing the HGD around the feeder should not disrupt the daily operating practice 

for the cell, while the 45° HGD could interfere with the process of anode setting. Placing the 

HGD around the feeder directly above the feeder hole is an effective location to ensure efficient 

capture of the natural vertical flow of the fume gases, without disrupting cell operations.   
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Figure 7-6 Velocity vector and streamline with effective 38% reduction in normal draught showing air 
circulation in the segregated hot fume gases with HGD 45° to the feeder hole  
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Figure 7-7 Velocity vector and streamline with effective 38% reduction in normal draught showing the 
preferential segregation of the hot fume gases off the feeder hole with vertical HGD around the feeder 

 

7.2.4 Effective HGD Proximity to Feeder Hole 

With application of the same draughts, it was found that the most effective HGD height was the 

closest to the feeder hole (75mm height) at 38% reduction of normal draught.  The HGD 

temperature was 208°C, which was up to 24°C higher than the other locations, as shown in 

Figure 7-8.  However, this difference became less noticeable with an increase in exhaust duct 

draught from 1782 to 2004 Nm3/h, giving total cell draught 33% below normal rate. The 

contribution to top heat recovery was highest at 208°C. The equivalent gains in energy of the 

maximum and practical exergy of the captured heat were 0.29 and 0.15 kWh/kgAl respectively, 
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as shown in Figure 7-9.  The temperature at the extraction inlet of the exhaust duct was under 

150°C in all cases, showing there was sufficient cooling by the effective draughts. 
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Figure 7-8 Temperature of the captured heat (°C) at 33 to 38% reduction in normal draught formed from 
1114 Nm3/h HGD draught balanced with additional exhaust duct draught for four different HGD proximities 

to the feeder hole  
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Figure 7-9 Equivalent gain in energy of maximum and practical exergy of the captured heat at 33 to 38% 
reduction in normal rate formed from 1114 Nm3/h HGD balanced with additional exhaust duct draught for 

four different HGD proximities to the feeder hole  
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The velocity vector of the incoming potroom air and the streamlines of the fume gases were also 

compared between the four proximities of the HGD to the feeder hole, as shown in Figure 7-10.  

It was found that in the four locations the air was forced to flow above the anode cover, where 

maximum heat exchange is taking place, as found in section 6.2.1.  In cases where the hoods 

must be removed for anode setting or covering, the closest HGD to the feeder hole will provide 

an adequate shield against the influence of the velocity of the ambient air, and also reduce heat 

loss to the exhaust duct by an equivalent gain of 0.04 kW/kgAl energy saving, as shown in 

Figure 7-11. 

 

280 mm 225 mm

75 mm150 mm

Main exhaust ductHGD

 

Figure 7-10 The effect of HGD proximity to feeder hole on the incoming air velocity and capture of hot fume 
gases from the feeder hole at 38% reduction in normal draught rate 
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Figure 7-11 Velocity vectors at effective 38% reduction in normal draught rate with HGD at 75 mm 
proximity to feeder hole 

 

7.2.5 Effective HGD Radius 

Three different radii of 150, 200, and 275 mm were studied using the HGD closest to the feeder 

hole (75 mm proximity) with the effective 38% reduced draught (1114 Nm3/h at HGD and 1782 

Nm3/h at exhaust duct). The temperature of the captured heat shown in Figure 7-12 was highest 

(207°C) with 200mm HGD radius.  The equivalent gain in energy of maximum exergy at this 

condition was also the highest (0.29 kWh/kgAl), as shown Figure 7-13.  Therefore, the 200mm 

HGD radius was selected as most effective for the recovery of the top heat loss with the effective 

draughts.   
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Figure 7-12 The temperature of the captured heat at 38% effective reduction normal draught rate of three 
different HGD radii (0.15, 0.2, and 0.275 m) placed vertically around the feeder  
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Figure 7-13 Equivalent gain in energy (kWh/kgAl) of maximum and practical exergy of the captured energy 
at three different HGD radii (150, 200, and 280 mm) at 38% effective reduction in 66 Nm3/kgAl normal rate 
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7.2.6 Outcome of Hooding Tightness  

The use of the effective HGD design and 38% reduction in normal draught rate were evaluated 

for a range of hooding tightness based on the temperature of the captured heat at the HGD, as 

shown in Figure 7-14.  As expected, the temperature of the captured heat increased by 12°C, and 

the equivalent gain in energy of maximum and practical exergy, in Figure 7-15, increased by 

0.04, and 0.01 kWh/kgAl respectively with an increase in the degree of hooding tightness from 

97.6 to 99.5%.  This highlights the important role of hooding tightness to the top heat recovery.   
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Figure 7-14 Temperature of the captured heat at a range of hooding tightness and effective 38% reduction in 
normal draught rate 
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Figure 7-15 Equivalent gain in energy of maximum and practical exergy of the captured heat at a range of 
hooding tightness and effective 38% reduction in normal draught rate 

 

7.3 Draught Reduction in Full Replacement of the Exhaust Duct  

In this approach the HGD of 200mm radius at 75mm proximity to the feeder hole was tested to 

operate as full replacement of the main exhaust duct. Reduction of the draught between 54-92% 

of the normal rate (66 Nm3/kgAl) was explored, and the outcome on the resulting temperature 

and amount of captured heat was assessed based on the potential to extract maximum and 

practical physical work (exergy), as shown in Figure 7-16. 

The maximum temperature (432°C) was found at the lowest draught rate (92% reduction).  At 

this extremely low draught the temperatures of all cell components, in particular the anode 

assembly, increased significantly as displayed in Figure B-9. The maximum and practical work 

that could be extracted from the captured heat (exergy) were also the lowest at this draught. A 

steep increase in the captured heat at the HGD was seen with draught increase to 1300 Nm3/h, 

while a lesser increase was found in the maximum exergy with draught increase to 730 Nm3/h 

(10.3 Nm3/kgAl).  This is an 84.4% reduction in the normal 66 Nm3/kgAl cell draught, and 70 
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kW heat was captured at 324 °C at 45% maximum thermal efficiency, equivalent to 1 kWh/kgAl, 

without leakage of air out of the cell. The potential gains in maximum and practical work 

extraction were 0.45 and 0.17 kWh/kgAl respectively. With the increase in captured heat, the 

equivalent gain in energy and cell voltage (from Equation A-8) from the captured heat were also 

increased, as can be seen in Figure 7-17.  Furthermore, there was a linear increase in the annual 

gain of energy savings (in millions of US dollars) with an increase in the annual extracted work 

from the captured heat at 17% practical efficiency, as illustrated in Figure 7-18.  This was based 

on 697 cells operating at 225kA, and an average 0.06 US$/kWh retail price of electricity 

(Analysis 2010). There is also the potential to heat up to 100% of the normal requirement of 

1.889 kg alumina per kg Al from a 50°C ambient temperature to 500°C, with useful energy 

extraction of the captured heat at 17% thermal efficiency as shown in Figure 7-19.  The amount 

of alumina that can be heated using the practical exergy was calculated based on 1.046 kJ/kg°C 

specific heat at an average temperature of 227°C. 

These factors all need to be taken into account for their contribution to top heat recovery, and the 

compatibility of the studied range of reduced draughts on the temperature of stub/yoke/rods must 

be further examined in a plant application.  A cooling treatment of the anode yoke might be 

required.  This is because the resulting temperature (up to 320°C) as shown in Figure 7-20 are 

80°C lower than ultimate application temperature of 400°C for copper and aluminium rods 

which is set in aluminium reduction industry by corrosion and mechanical strength (Wilkening 

and Winkhaus 1989).   
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Figure 7-16 Temperature (°C), captured heat flow (kW), maximum and practical work could be extracted 
from the captured heat (kW) for a 225kA smelting cell at 4677 Nm3/h normal draught rate (66 Nm3/kgAl) 
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Figure 7-17 Equivalent saving in energy (kWh/kgAl) and voltage (V) of each cell could be recovered from 
captured heat flow (kW) at practical and maximum efficiencies (HGD draughts shown in Figure 7-16) 
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Figure 7-18 Annual equivalent energy cost saving at a range of equivalent energy (kWh/kgAl) could be 
practically extracted from captured heat per 697 operating 225kA smelting cells (based on average retail 0.06 

US$/kWh price  
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Figure 7-19 Percentage of alumina requirement (1.889 kg/kgAl) heated from 50 to 500 °C at a range of 
equivalent energy (kWh/kgAl) could be usefully recovered from the captured heat at 17% thermal efficiency 
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T 321 °C

 

Figure 7-20 Temperature contour of anode stub/yoke/rod at 85% reduction in draught normal 66 Nm3/kgAl  
rate 

The consequences of hooding tightness with 85% or 86-87% reduction in normal cell draught 

were demonstrated using the slice model and the exhaust duct model respectively.  The exhaust 

duct model was designed for cells using three or four feeding points and therefore with three or 

four HGD.  It was found that the negative pressure under the hoods was sustained with 99.45% 

hooding tightness, and therefore it was possible to operate without leakage of air out of the cell 

even at such low draught, as shown in Figure 7-21 and Figure 7-22.  At low hooding tightness of 

95.6% for cell technologies with three or four HGD, the efficient capture of the fume gases from 

the feeder holes was maintained even with 87% or 86% reduction in draught respectively, but 

associated with leakage of air. The negative pressure was partially lost at elevated positions with 

four HGD as illustrated in Figure 7-23, leading to leakage of air as shown in Figure 7-24.  With 

three HGD the negative pressure was lost completely but the difference in the leaked air was 

small because the draught was 1% lower as shown in Figure 7-25 and Figure 7-26.  

A difference was found in the temperature of the captured heat as expected, with the maximum 

temperature of 314°C found at 99.45% hooding tightness, with decreases of 13 or 27°C for three 

or four HGD at 95.6% hooding tightness respectively.  Although the hot fume gases are captured 

directly at the feeder holes, the increase in HF due to an increase in anode cover temperature 
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should also be taken into account.  When operating at a high degree of hooding tightness, it is 

essential to also reduce fugitive emissions to contribute to top heat recovery as explained in 

section 6.1. 

 

Figure 7-21 Pressure contour of new design operating as full replacement of the exhaust duct at 85% 
reduction in normal cell draught and high degree of hooding tightness (99.45%) 

10 Nm3/kgAl

 

Figure 7-22 Velocity streamlines of new design operating as full replacement of the exhaust duct with no 
leakage of air at 85% reduction in normal cell draught and high degree of hooding tightness ( 99.45%)  
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Figure 7-23 Pressure contour of new design operating as full replacement of the exhaust duct at low degree of 
hooding tightness (95.6%) and 87% reduction in normal cell draught with 4 HGD system  

Leakage of air

Direct capture of fume gases by

4 HGD

At 9 Nm3/kgAl (13.8% the normal 66 Nm3/kgAl rate)

(95.6% hooding tightness)  

Figure 7-24 New design operating as full replacement of the exhaust duct at low degree of hooding tightness 
and 87% reduction in normal draught rate with 4 HGD system 
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Figure 7-25 Pressure contour of new design operating as full replacement of the exhaust duct at low degree of 
hooding tightness (95.6%) and 87% reduction in normal cell draught with 3 HGD system  

Leakage of air

At 9 Nm3/kgAl (13.3% the normal 66 Nm3/kgAl rate)

(95.6% hooding tightness)

Direct capture of fume gases by

3 HGD

 

Figure 7-26 New design operating as full replacement of the exhaust duct at low degree of hooding tightness 
and 87% reduction in normal draught rate with 3 HGD system 
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7.4 The Benefits of the HGD 

There are several benefits that can be realised by placing the devised system of hot gas ducts 

(HGD) around the feeders, directly above the feeder hole. Operation can be achieved either in 

addition to the existing exhaust ducting system or as full replacement of the exhaust duct.  By 

operating in addition to the existing exhaust duct system, a draught reduction of 33% of the 

normal 66 Nm3/kgAl rate can be achieved without a lowering the temperature of the captured 

heat below 200°C, or risking overheating on the cell.  Additional benefits of operating as full 

replacement of the exhaust duct can be achieved at 85% reduction in draught, as follow:  

• By ensuring tighter cell conditions (99.5% hooding tightness), the cell draught can be 

efficiently reduced by 85%, with capture of the hot fume gases directly from the feeder 

holes, contributing to a huge saving in the cost of transporting the gas.  This can be 

achieved without leakage of air out of the cell, including HF emissions, leading to large 

improvement in the subsequent environmental impact. While efficient capture of the hot 

fume gases can still be maintained with lower tightness conditions, it will be associated 

with leakage of air.  Since the concentrated fume gases are efficiently captured at the 

feeder holes, the environmental consequences of the leaked air should be minimal 

•  38% of the top heat loss can be efficiently recovered at a temperature of 317°C with a 

potential application to provide an equivalent saving in energy by 0.45 and 0.17 

kWh/kgAl as shown in Figure 7-27, at maximum and practical thermal efficiencies of 

45% and 17%, respectively.   

• Based on 697 cells operating at 225kA at normal 66 Nm3/kgAl draught rate, the 

uncontrolled ongoing annual energy loss from air under the hoods, approximately equal 

to 1241 GWh, can be reduced by 43.4% to 702 GWh. Efficient capture of 429 GWh 

energy per year of the top heat loss from air under the hoods 

• For a reference smelter with 697 cells operating at 225kA, a potential of an annual saving 

in energy of 4.38 million US$ could be achieved from the extracted work of the captured 

heat at 17% practical thermal efficiency. 
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• Equivalent savings in cell voltage by 0.14V or 0.053V could be made with work 

extraction of the captured heat at maximum or practical thermal efficiencies of 45% or 

17% respectively. 

• Heating 68% of the daily alumina requirement could be accomplished with extracted 

energy of the captured heat at 17% practical thermal efficiency at such low draught.  

 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

E
q

u
iv

a
le

n
t 

e
n

e
rg

y
 (

k
W

h
/k

g
A

l)

Percentage of draught reduction of normal 66 Nm3/kgAl rate 

Internally generated heat flow  

Top heat flow to air under the hoods

Heat loss to potroom

maximum work extraction
Practical work extraction (17% efficiency)

HGD heat capture

in contribution to top heat recovery

 

Figure 7-27 Equivalent energy (kWh/kgAl) of internally generated heat, top heat loss to air under the hoods, 
HGD heat capture, heat loss to potroom, maximum and practical work extraction of the captured heat at 

percentages of draught reduction in 66 Nm3/kgAl normal rate 
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Chapter 8. Conclusions 

A 1/8 cell slice CFD model and a resistance ‘R-model’ were developed according to an analogue 

of Kirchhoff's law using the heat balance output of the CFD model.  The slice model was 

validated using data from a reference plant and with published data for comparable technologies.  

The combined level of convective and radiative resistances and therefore the heat loss from the 

anode cover and anode assembly (stub/yoke/rod) to air under the hoods was also validated based 

on theoretical correlations for Nusselt number and  radiative view factors.  Radiative view 

factors were used as input parameters to a radiative resistance R-model, developed to calculate 

the effective radiative areas of the interacting surfaces (anode cover, anode assembly, exposed 

anode side surfaces and the hoods/superstructure).  The combined radiative and convective heat 

transfer coefficient was used as an input parameter to the developed R-model.  A novel study of 

the mechanisms of top heat loss from an industrial aluminium smelting cell was conducted using 

both models. 

The consistency of the R-model was verified by comparison with the slice model at similar 

temperature and air velocity conditions.  The total resistance (R) in the paths of top heat loss 

between the bath and air under the hoods was calculated.  The slice model was used to quantify 

the significance of each parameter influencing the resistances in the main paths of the top heat 

loss.  These parameters are the draught, thermal conductivity of cell components (anode cover, 

crust, anodes, anode stub, hoods and superstructure), emissivity, and heat sources in the bath.  

Good consistency between models enabled employment of the R-model to explore the effects of 

the studied parameters on the variations in the reduced parallel resistances in the paths of top 

heat loss.      

A novel in-depth study was also conducted on the consequences of hooding tightness on the 

variation in cell draught and fugitive emissions, and the associated reduction in air mean velocity 

for a wide draught range. The resulting effect on the mean velocity was determined, which 

directly influences the heat transfer coefficients and the overall heat transfer.   

A potential method for heat recovery from air under the hoods was devised, which also improves 

the capture of fume gases directly from the feeder hole.  This leads to an efficient segregation of 

fume gases from the bulk air under the hoods, and reduction of fugitive emissions.  Potential to 
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extract maximum and practical physical work out of the captured heat was assessed based on 

maximum and practical exergy. 

8.1 Consequences of Hooding Tightness  

Variation in the width of gaps between hoods leads to an induced change in the air mass flow 

rate through the gaps as a result of changes in the local static pressure. The total area of the gaps 

has a direct effect on the negative pressure under the hoods, similar to a correlation of flow 

through an orifice.  Larger gap area leads to a loss in the negative pressure under the hoods, and 

a negative pressure less than 1Pa leads to an increase in the fugitive emissions from gaps at 

elevated locations between the hoods, rods and the superstructure.  More air flows through wider 

gaps as a result of lower resistance to air flow, leading to considerable variation in the ventilation 

and associated heat transfer.  

Based on 39m2 total hooding coverage area, the exhaust duct model indicated that at normal 

draught rate (65 Nm3/kgAl), a decrease in hooding tightness from to 99.45% to 98% by an 

increase in the width of the gaps between the hoods from 4mm to 40mm, lead to a rapid decrease 

in the negative pressure under the hoods. At normal draught rate, the negative pressure under the 

hoods decreased from 44Pa to 4Pa, and with lower draught 52% below normal, the negative 

pressure reduced from 10 to 1 Pa.  A lesser reduction was found at lower degrees of hooding 

tightness (below 98%).   

The increase in the widths of the gaps decreases the frictional resistances to air flow, leading to 

an increase in the amount of the air drawn into the cell.  A combination of the additional air 

drawn into the cell and the resulting decrease in air temperature determines the increase in cell 

draught. The resulting increases with normal and 52% reduced draught were 9 and 8 Nm3/kgAl 

respectively, or 14.5% and 12.2% of the normal draught rate.  A smaller increase of 0.5 

Nm3/kgAl was found with 86% reduction in normal draught and a decrease in hooding tightness 

from 99.5% to 95.6%, however this was also associated with leakage of hot air from the cell. 

The maximum difference found in negative pressure of the air under the hoods and at the 

extraction inlets of the exhaust duct was 1 Pa, which decreased to 0.4 Pa with an increase in 

hooding tightness to 99.5%.   This difference is not significant, and therefore, the pressure in the 

extraction inlets of the exhaust duct can be reasonably estimated by measurement of pressure 
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under the hoods.  This estimation saves tremendous time and effort required to conduct pressure 

measurements at the extraction inlets of the exhaust duct. 

The consequences of hooding tightness on both the top heat loss and temperature of the air under 

the hoods were decisive with an extreme 76% reduction from normal draught rate.   The results 

of the 1/8 slice model indicated that there were drops in both the heat content and temperature of 

air under the hoods.  This is mainly caused by heat loss from air under the hoods due to the 

leakage of hot air out of the cell at cell tightness conditions lower than 98%.  In this case the gap 

width increased from 2 to 20mm, giving 0.13 kWh/kgAl energy loss from air under the hoods, 

which is 2% the 5.47 kWh/kgAl internally generated heat. This proportion increases with an 

increase in the leakage of the hot gases from the cell. Hooding tightness of no less than 99% is 

therefore critical for energy recovery and emission reduction from the cell. 

8.2 The Mechanism of the Top Heat Loss 

The top heat loss to the air under the hoods is the sum of radiative and convective heat losses 

from the surrounding surfaces (anode cover, anode assembly and exposed anode side surfaces), 

along with 0.36 kWh/kgAl hot fume gas heat source from the feeder.  The top heat loss may be 

described using a total thermal resistance R between the bath-metal interface of the cell and the 

air under the hoods.  This resistance is a combination of series and parallel interactions between 

resistances in the paths of top heat loss.  These resistances were reduced to four main parallel 

resistances (R1 - R4) in the paths of the top heat loss, derived from the R-model in an analogue 

of Kirchhoff’s law based on heat balance results obtained from the 1/8 slice model.  

These resistances are in the slots at the centre channel (R1), through anodes immersed in the bath 

(R2), between the anodes (R3), and at the side channel (R4). The significance of each of the four 

reduced resistances is influenced by the thickness of anode cover, which highlights the effects of 

variation in anode cover dressing in a real cell.  In this case, the thickness of anode cover in the 

centre channel and in the slots between anodes was three times thicker than at the side channel.  

For standard cell conditions with conventional crushed bath anode cover with 0.52 W/mK 

average thermal conductivity operating with normal draught rate of 66 Nm3/kgAl, and no holes 

in the crust, the total resistance through the anode assembly (R2) was the lowest of the four 

resistances. This is a result of multiple parallel interactions between the low resistances in anode 
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assembly and the high resistance of the anode cover, meaning the anodes effectively act as 

cooling fins inside the bath. Low resistance in parallel interaction causes an overall reduction in 

the total resistance, and thus decreases the effect of a high resistance in a lower conductivity 

anode cover.     

8.2.1 Thermal Conductivity Outcome 

The influence of the thermal conductivity of cell components on the resistances in the paths of 

the top heat loss was only significant for the anode cover, anode carbon blocks, and stubs.  This 

is a result of the parallel connection between the anode stubs and anode cover with the anode 

blocks, through which most of the heat generated in the bath is drawn to the air under the hoods. 

The important factors that determined the effect of anode cover thermal conductivity on the total 

resistance (R) and the top heat loss were the large surface area of the anode cover (3 times larger 

than the combined surface area of anode stubs, rod and yoke), the temperature driving force, and 

parallel connections with anode stubs.  An anode cover thermal conductivity less than 0.5 W/mK 

had a considerable influence on the total resistance in the paths of the top heat loss between the 

bath and air under the hoods, and therefore on the resulting duct gas temperature, temperature 

driving force, cell temperatures, and top heat loss.  The effect on the total resistance R decreased 

as anode cover thermal conductivity was increased to a higher range of 0.5-0.75 W/mK for 

crushed bath anode cover. 

Based on 4.27 kWh/kgAl heat generated in the bath, the percentage of the total heat drawn from 

the bath to the top of the cell through the anode blocks and crust increased from 35% to 55% 

with an increase in anode cover thermal conductivity from 0.2 to 0.75 W/mK.  The main increase 

in the heat flow was through the anode blocks immersed in the bath, with the remainder of the 

generated heat lost to the sides and bottom of the cell. Most cells in practice operate with 

conventional crushed bath anode covers with thermal conductivity equal to or higher than 0.52 

W/mK.  In this case the top heat loss is about 50 - 55% of the bath heat source. Heat drawn by 

the anode blocks from the bath and gas cavity was lost to the anode cover with an increase in 

thermal conductivity from 0.2 to 0.75 W/mK, causing an increase in anode cover average 

temperature by 98°C. 
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The increase in heat drawn by the anode cover was five times greater than the decrease in heat 

drawn by the anode stub.  A steep increase was found in both the heat drawn by and lost from the 

anode cover with an increase in thermal conductivity up to 0.5 W/mK, followed by lesser 

increase at the high range of thermal conductivity.  This was constrained mainly by the 

temperature driving force between the anode cover and air under the hoods, which increased 

steeply by 60°C with an increase in thermal conductivity up to 0.52 W/mK, followed by smaller 

increase of 16°C with an increase in thermal conductivity to 0.75 W/mK.  The driving force at 

the anode assembly remained constant  as there was no influence on the average temperature of  

the anode assembly. 

There was an increase in heat loss to the potroom by radiative transfer from the hoods with an 

increase in anode cover thermal conductivity as an outcome of the large increase in anode cover 

surface temperature. The equivalent energy of top heat loss to air under the hoods increased from 

0.81 kWh/kgAl up to 2.3 kWh/kgAl, giving a 56% increase in heat loss to the potroom, from 0.7 

to 1.2 kWh/kgAl.  The radiative heat loss from the anode cover increased by up to 0.74 

kWh/kgAl, while the increase in convective heat loss was much smaller at 0.23 kWh/kgAl.  This 

was due to a large decrease in anode cover radiative resistance with an increase in temperature 

higher than the anode assembly, as a result of an increase in both the radiative heat transfer 

coefficient and the radiative effective area.  Covering the exposed side surfaces of anodes, 

equivalent to 4.6% of the surface area of anode cover, lead to a contribution in top heat recovery 

by 0.06 kWh/kgAl from maximum work extraction (exergy) of the available heat at air under the 

hoods, as a result of a decrease in radiative exchange with the hoods. 

The increase in thermal conductivity over 0.4 W/mK led to an increase in anode cover 

temperature to a level higher than the temperature of anode assembly.  This caused a decrease in 

the radiative effective area of anode assembly and therefore a reduction in radiative heat loss of 

anode assembly, while the convective heat loss remained nearly the same. At 0.2 W/mK thermal 

conductivity the effective heat transfer coefficients of anode cover and anode assembly are 9 and 

23 W/m2K respectively. Increasing anode cover thermal conductivity to 0.6 W/mK caused a 

gradual change to 12 and 19 W/m2K respectively, while no significant variation was found with 

an increase in thermal conductivity up to 0.75 W/mK.   
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The consequences of the studied range of anode cover thermal conductivity of 0.2-0.75 W/mK 

were the same on both R2 and R.  The low resistance of the anode blocks and assembly and their 

parallel interaction with larger resistances dominate the influence of anode carbon blocks and 

assembly on the heat drawn from the bath to air under the hoods.  It was found that R2 was small 

enough to ensure the loss of the top heat from the bath, making the anodes acting as cooling fins.  

A large reduction in the reduced main parallel resistances (R1, R3, and R4) was found with an 

increase in anode cover thermal conductivity from 0.2 to 0.52 W/mK.  A lesser reduction was 

found with an increase in thermal conductivity over 0.75 W/mK, where the variation between the 

resistances became dependent on anode cover thickness (0.15m at centre channel and slots 

between anodes, and 0.05m at side channel). This led to variation in the local heat flux, and 

explains the differences in the reported values of anode cover.  For this reason, estimations of 

anode cover thermal conductivity and thickness must be conducted with care when modelling or 

comparing industrial measurements for temperature and top heat loss. Moreover, the associated 

temperature increase in the hoods and superstructure and potroom heat loss must be taken into 

account when designing or changing anode cover material.   

These factors are reflected by up to 20°C increase of the duct gas temperature, and the 

contribution to increasing the maximum exergy was 0.18 kWh/kgAl (from 0.3 kW/kgAl  at 0.2 

W/mK thermal conductivity). The increase in the top heat loss was balanced by a reduction in 

the sidewall heat loss as a result of parallel connections with the bath.   

In regard to anode carbon blocks, an increase in anode carbon thermal conductivity from 4.6 to 6 

W/mK caused an 8% reduction in the total resistance in the paths of the top heat loss. This 

reduction led to an increase in the top heat loss to the air under the hoods by an equivalence of 

0.25 kWh/kgAl (from 2.86 kWh/kgAl) with an equivalent reduction in the sidewall heat loss.  

The increase in the top heat loss was mainly drawn from surfaces of anode blocks immersed in 

the bath.  The effect on the duct gas temperature and heat content was small (6°C and 0.14 

kWh/kgAl increase from 1.88 kWh/kgAl respectively), and therefore the increase in maximum 

exergy was also small (0.05 kWh/kgAl increase from 0.37 kWh/kgAl).  This was because a third 

of the drawn heat was lost to the potroom by radiative exchange between the exposed anode side 

surfaces and the hoods as a result of a 30°C increase in the average surface temperature of these 

surfaces. The rest of the heat contributed to an overall increase in the surface temperature of  the 
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anode cover and anode assembly by 13 and 21°C respectively, leading to a 0.14 kWh/kgAl 

increase in the heat loss to the potroom through the hoods and superstructure.   

For anode stub, changes in the anode stub thermal conductivity within the normal steel range had 

no noticeable effect on the duct gas temperature or the top heat loss, however an increase to the 

thermal conductivity of copper increased the duct gas temperature by 10°C, and the top heat loss 

to air under the hoods from 2.83 to 3 kWh/kgAl without a considerable increase in the heat loss 

to the potroom.  There was a large temperature increase in the anode assembly, resulting in a 

47°C increase in the temperature driving force between the anode assembly and air under the 

hoods.  The increase in maximum exergy of air under the hoods was 0.09 kWh/kgAl at 22% 

maximum thermal efficiency.  This was an outcome of maintaining the temperature of anode 

cover and anode exposed side surfaces nearly constant, where the combined effects of radiative 

and convective resistances remained the same.  This highlighted the effect of the large anode 

cover surface area and temperature on radiative exchange with the hoods/superstructure and thus 

on heat loss to the potroom. 

The increase in heat drawn through anode stubs with very high thermal conductivity was three 

times greater than the reduction in the heat drawn through the anode cover.  The increase in heat 

drawn through the anode stub is favoured in terms of top heat recovery as it reduces the 

unfavourable heat loss to the potroom by radiative exchange with the hoods and superstructure. 

Further examination is required to examine the compatibility of very high thermal conductivity 

at very low draught. 

8.2.2 Effect of Emissivity  

Variation in the surface emissivity of bodies other than the hoods and superstructure did not 

cause a noticeable effect on the duct gas temperature or the top heat loss.   

The total resistance, R, in the paths of the top heat loss increased by 6% with a decrease in 

surface emissivity from black to grey bodies as a result of an increase in the resulting radiative 

resistance, which is comprised of radiative emissivity resistance and view factor resistance 

connected in series. 
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The 6% increase in R by reduction of the emissivity of hoods and superstructure from 1 to 0.8 

caused a favourable decrease in radiative exchange with the hoods/superstructure by 20%, giving 

an increase in the duct gas temperature by 5°C, and a small increase in maximum exergy 

equivalent to  0.04 kWh/kgAl. The decrease in top heat loss was balanced by an increase in the 

sidewall heat loss. This highlighted the role of the condition of hoods and superstructure, where 

oxidisation of surfaces gives an unfavourable increase in the heat loss to the potroom by 

increased radiative exchange. Good maintenance of the hoods and superstructure will aid in top 

heat recovery by preventing oxidation and having shiny surfaces with low emissivity.  

In conclusion, the complex variation in emissivity of surfaces excluding the hoods and 

superstructure does not effect the duct gas temperature or top heat loss.  Reducing the surface 

emissivity of the hoods and superstructure favourably reduces radiative heat losses to the 

potroom and indirectly contributes to the process of heat recovery. 

8.2.3 Bath Internally Generated Heat 

The major effect of the altered heat generation inside the bath (4.26 and 5.9 kWh/kgAl) was 

directed against the sidewalls, and bath average temperature increased from 960 to 962°C. In this 

study, the crust thickness was assumed constant.  This is a drawback of the 1/8 slice model, as 

the influence of variation in crust thickness with a change in bath temperature or bath internally 

generated heat load could not be taken into account. 

8.2.4 Impact of Draught 

The influence of wide variation of the cell draught on the total resistance R in the paths of top 

heat loss was limited.  This is caused by multiple interacting factors, most importantly the 

resulting temperature of air under the hoods and thus the temperature driving force, and the 

combined effects of radiative and convective resistances of the anode cover and anode assembly.  

The temperature of air under the hoods is a result of a heat balance between the top heat loss to 

air under the hoods and the amount of cooling supplied by the draught.  The temperature and 

mean velocity of air flow under the hoods in turn determined the level of radiative and 

convective resistances and their effect on the total resistance R.    

The effect of the resistances and the large temperature driving force between the bath and air 

were all restrained by the temperature driving force of anode cover/anode assembly and air.  The 
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temperature driving force increased to a maximum level with a decrease in draught to 57% 

below the normal draught rate, however, the larger temperature driving force and surface area of 

anode cover compared to the anode assembly constrained the total resistance and thus the top 

heat loss.  This highlights the importance of anode cover temperature and surface area on the top 

heat loss.   

Radiative heat transfer to air under the hoods, and therefore heat loss from hoods and 

superstructure to the potroom all decreased with an increase in draught, coupled with an increase 

in the heat content of the exhaust duct.  A steep increase in potroom heat loss was found with 

reduction in normal draught rate over 70%.  The hoods/superstructure heat loss to the potroom 

was larger than the total radiative exchange between anode cover/assembly/exposed side 

surfaces and the hoods/superstructure with 95% reduction in draught. This was due to additional 

convective heating caused by the preheated air and hot gases rising up from the feeder holes 

under the hoods.  At 95% reduction in draught, the heat content of the exhaust duct (0.38 

kW/kgAl) was close to the heat content of the hot fume gases (0.36 kWh/kgAl).  At 57% 

reduction in draught the heat content of the exhaust duct (1.45 kWh/kgAl) was comparable to the 

heat loss to the potroom (1.42 kWh/kgAl).  With draught increase above this level, the extent of 

heat loss to the exhaust duct increased and the heat loss to the exhaust duct became dominant. 

The increase in heat content of the exhaust duct was coupled with a reduction in temperature of 

the exhaust duct gas and anode rods.  With 57% reduction in draught, the duct gas temperature 

was 42°C above 150°C, which may accelerate damage in the scrubbing bags of the gas treatment 

unit, causing unwanted loss if additional cooling to the duct gas stream was not applied.  

Reduction in the exhaust duct temperature is unfavourable regarding top heat recovery from air 

under the hoods, while the opposite is true regarding the rod temperature.  

There is high potential for top heat recovery with 57-85% reduction in normal draught rate.   The 

maximum contribution in top heat recovery from air under the hoods with present cell design 

was found with 57% reduction in normal draught rate (28 Nm3/kgAl). The temperature of the 

available heat at this draught was 192°C. A favourable temperature rise up to 200 and 300°C was 

found with 67% and 86% reduction in normal draught rate without considerable sacrifice of the 

contribution to top heat recovery. 
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Draught reduction by 86% and 57% of normal draught rate resulted in higher maximum exergy 

and therefore potential for top heat recovery.  The temperature of the captured heat at the exhaust 

duct was raised to 200°C with 67% reduction in draught, but was associated with uncontrolled 

leakage of air and fume gases at low degrees of hooding tightness.   

The R-model was used to study the internal variation in the reduced main parallel resistances at 

three selected draught settings including normal draught, 57% reduction, and 90% increase.  

There was an overall reduction in the reduced main resistances in the paths of top heat loss, 

caused by an increase in the total effective heat transfer coefficient on the anode cover (from 11 

to 13 W/m2K) and anode assembly (from 16 to 23 W/m2K). 

8.3 Potential for Heat Recovery from the Air under the Hoods 

A reduction in the main exhaust duct draught without alteration to the ventilation system is not 

recommended.  In the studied cell design (225 kA), an increase in the duct gas temperature to 

200°C can only be achieved by an extreme reduction (66%) in normal cell draught (66 

Nm3/kgAl). This also causes a significant loss in negative pressure from 49Pa to 6Pa, despite 

operating at greater hooding tightness (99.5%).  Decreasing the draught to this level leads to an 

uncontrolled increase in fugitive emissions. For this reason, concentrating the top heat loss by 

reduction in cell draught is not recommended. 

A system was devised that includes both reduction in draught and placement of a hot fume 

capture ducting system at locations near the feeder holes.  Operation using the devised system in 

addition to or replacement of the existing exhaust duct system is projected.    

8.3.1 Draught Reduction with the Aid of Additional Ducts 

An HGD of 200mm radius at 75mm distance to the feeder hole was the most effective of 

different designs tested.  The studied draught range was 54-92% reduction of the normal 66 

Nm3/kgAl rate, with conventional crushed bath anode cover and commercial steel anode stubs.  

The maximum temperature of 432°C was found at the lowest draught rate (92% reduction). At 

this extremely low draught, the maximum and practical exergy were the lowest, however there 

was steep increase in the captured heat at the HGD with a decrease to 70% draught reduction.  

With 85% reduction in normal draught the duct gas heat content was 1 kWh/kgAl at 324°C and 
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45% maximum thermal efficiency, without leakage of air out of the cell.  The equivalent gains in 

maximum and practical work extraction were 0.45 and 0.17 kWh/kgAl respectively.  With the 

increase in captured heat, the equivalent gain in energy and cell voltage of the maximum and 

practical work extraction of the captured energy were also increased. 

Furthermore, there was a linear increase in annual energy savings (in millions of US$) with an 

increase in practical work extraction. This was based on 697 cells operating at 225kA, and an 

average 0.06 US$/kWh retail price of electricity. There is also potential to heat up to 100% of the 

normal requirement of 1.889 kg alumina per kg Al from 50°C ambient temperature to 500°C 

with practical work extraction of the captured heat at 17% thermal efficiency.   

These factors all need to be taken into account for their contribution to top heat recovery, and the 

compatibility of the studied range of reduced draughts on the temperature of anode assemblies 

must be further examined in a plant application.  A cooling treatment of the anode yoke may be 

required because the temperatures found at locations near the anode stub were close to the 

ultimate application temperature of 400°C for copper and aluminium rods, which is fixed by 

corrosion and mechanical strength.   

With an 87% reduction in normal cell draught and 99.5% hooding tightness, it was possible to 

operate without leakage of air out of the cavity under the hoods.  Air leakage was problematic at 

a low degree (95.6%) of hooding tightness for cell technologies with four or three feeding points. 

Although the hot fume gases are captured directly at the feeder holes, the increase in HF due to 

an increase in anode cover temperature should also be taken into account.  When operating at a 

high degree of hooding tightness, it is essential to reduce fugitive emissions at the same time to 

contribute to top heat recovery. 

Additional benefits of operating as a full replacement of the exhaust duct can be achieved by 

85% reduction in draught, compared to 697 cells operating at 225kA with normal 66 Nm3/kgAl 

draught rate as follows:  

• The cell draught can be efficiently reduced by 85%, with capture of the hot fume gases 

directly from the feeder holes contributing to a huge saving in the cost of transporting the 

gas.  Since the concentrated fume gases are efficiently captured at the feeder holes, the 

environmental consequences of any leaked air are minimal. 
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•  38% of the top heat loss could be efficiently recovered at a temperature of 317°C, with 

an equivalent saving in energy by 0.45 and 0.17 kWh/kgAl, at maximum or practical 

thermal efficiencies of 45% or 17% respectively.   

• The 1241 GWh per year in uncontrolled ongoing top heat loss from air under the hoods 

can be reduced by 43.4%. 

• An annual saving in energy of practical work extraction of US$4.38 million can be 

achieved. 

• An equivalent saving in cell voltage of 0.14V and 0.053V could be made with the 

application of the captured heat at maximum or practical thermal efficiencies of 45% or 

17% respectively. 

• A gain in heating 68% of the daily alumina requirement can be accomplished with 

practical application of the captured heat at 17% thermal efficiency. 

8.4 Recommendations for Future Work 

8.4.1 Improvement of the CFD Exhaust duct and Slice Models 

A drawback of the exhaust duct model is the simplified presentation of the heat flux on the anode 

cover and anode assembly, based on an effective heat transfer coefficient from a fixed heat 

source outside the boundary of the model. This may be improved by including a total resistance 

between the bath and air under the hoods, reduced in an analogue of Kirchhoff law as derived in 

the R-model in section 5.3.  The internally generated heat can then be applied as a heat source in 

the included resistance. 

The cell 1/8 slice model could be improved by incorporating a better representation of melting 

and freezing of the crust with changes in the thermal load as a result of a change in draught or 

bath heat generation.  This may be incorporated either by simply developing a function of 

temperature dependent thermal conductivity that takes into account the effect of melting and 

freezing on the increase and decrease in the top heat loss, or by a much more complex dynamic 

model of crust melting and freezing.  

The temperature of hoods and superstructure is not uniform as a result of radiative interactions 

with cell components such as the anode covers, anode assemblies and exposed surfaces, and the 
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variation of air velocity near the gaps in the superstructure has a direct effect on their 

temperature. This variation must be taken into account in measurements of temperature and heat 

flux on these surfaces, and thermal images must be used to get a good indication of their 

temperature distribution. The anode cover thermal conductivity and thickness must be taken into 

account when modelling or comparing industrial measurements of temperatures and top heat 

loss, and the effect on the temperatures and heat losses must be considered when changing anode 

cover material 

8.4.2 Further Study of Fugitive Emissions  

A further detailed study could be conducted using the exhaust duct model to identify the paths of 

different fugitive emissions (HF, CO2) from the source boundaries (anode cover and feeder 

holes) to the outflow boundaries of the model.  The outcome of an extreme 87% reduction in 

normal draught rate on these emissions could also be studied. 

8.4.3 Improvement and Application to the R-model 

The R-model may be utilized as a predictive tool to study the impacts of thermal conductivity 

and heat transfer coefficients on the total resistance and the four main resistances in the paths of 

the top heat loss.   

All inputs to the R-model could be obtained without a dependency on a CFD model from plant 

measurements of average temperature and mean velocity of air under the hoods, and average 

temperatures of anode cover, anode assembly and hoods to calculate the effective heat transfer 

coefficients including convection and radiation.  The consequences of hooding tightness will be 

reflected on the mean velocity of air under the hoods and the degree of recirculation.  This 

requires further investigation by plant measurements to correlate the degree of air recirculation 

and the resulting mean velocity of air under the hoods with the air velocity at the inflow 

boundaries (gaps) to support the CFD findings shown in section B.1.1. 

Further development of the R-model may be required to include the temperature variation of the 

associated surfaces, taking into account heat generation in the bath and anode assembly.  This 

will allow use of the R-model without the need for plant measurement of temperature of air 

under the hoods, which is an outcome of the heat balance between heat sources and heat losses, 
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and the bath temperature which is also a result of heat balance between bath internally generated 

heat and the side/bottom and top heat losses.    

8.4.4 Plant Applications for Heat Recovery 

Application of the devised HGD system to a real cell is required to validate the system for heat 

recovery from the air under the hoods.  The significance of the variation in fume gases at each 

feeder hole and the consequences of hooding tightness on the efficient capture of fume gases 

should be evaluated. The compatibility of the proposed 85% reduction from normal 66 

Nm3/kgAl cell draught on the temperature of anode assembly, radiative impact on the working 

area, and fugitive emissions must be verified in practice.   

8.4.5 New Design of the HGD 

The proposed design of the HGD is a simple cylinder. This may be redesigned to increase the 

residence time inside the HGD, which would provide an additional temperature rise in the 

captured air.  Issues regarding accumulation of particulates of anode cover or bath volatile 

components should to be taken into account in terms of efficient operation without blockages and 

easy maintenance.  
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Appendix A 

A.1 CFD Research Procedure 

The main steps in CFD analysis are geometry construction, meshing, physics definition, solver 

calculation, followed by post processing the results, as shown in Figure A-1.  Each of these steps 

are discussed briefly in the following sections.    

 

Figure A-1 Main steps in CFD analysis 

 

 



Appendix A 

181 

A.1.1 Geometry  

• Geometry used in ANSYS CFX can be built using ANSYS-Workbench DesignModeler or 

may be imported from other programs such as CAD, ProENGENEER, Unigraphics, 

SolidWorks, Inventor, Solid Edge, Mechanical Desktop, Parasolid, or OneSpace Designer. 

• Fluid and solid domains should be indicated in the drawings. 

• The geometry should be simplified in complicated regions to simplify meshing and avoid 

unnecessary detail that increases the size of the model.. 

A.1.2 Meshing  

The meshing process is fully automatic in ANSYS CFX, however some important points should 

be considered to generate a good mesh.  The most important point is to apply a fine mesh at 

locations where the temperature or the velocity gradient is expected to be high.  For example, 

when there is a wall heat flux, it is important to use a fine mesh near the wall by adding at least 5 

inflated layers.  The first layer should be at a distance within the boundary layer of the fluid but 

outside the viscous sub-layer.   

A.1.2.1 Estimating Thickness of Wall Boundary Layer and First Node to the Wall 

The boundary layers (BL) near the hot surfaces (rod, yoke, anode cover, hoods, and the 

superstructure) are calculated from a correlation between the estimated Reynolds number (Re) 

and characteristic length (Lcharacteristic) of the surface (BL=0.035 x L x Re -1/7).  It is essential to 

locate the first node from the wall outside the viscous sub layer of the wall boundary layer.  The 

viscous sub layer is about 25% of the wall boundary layer thickness.  This is to efficiently apply 

the wall scale method implemented in the ANSYS code.  By this method, the conventional 

requirement of 12-15 nodes in the boundary layer for wall heat flux treatment is significantly 

reduced to only two nodes, one outside the viscous sub-layer and the other at the boundary. 

The distance calculated between the first node and the wall is shown in Table A-1.  Air dynamic 

viscosity (µ) is constant at 1.83 x 10-5 kg/m s.  The density of the air was calculated based on the 

estimated temperature near the wall.  It was found that the first node distance varied from 0.45 to 

2.4 mm, and therefore a fixed value of 1 mm for the first node to the wall was selected.   
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Table A-1 Estimation of the boundary layer thickness and the first node to the wall 

Location 
L 

(m) 

Density 

(ρ) 

(kg/m3) 

Velocity 

(V) 

(m/s) 

Re =   

L . V . 

ρ/µ 

BL=0.03

5 x L x 

Re-1/7 

BL 

(mm) 

First node at 0.25 the 

boundary layer 

thickness (mm) 

Rods 0.3 1.185 12 2.33E+05 1.80E-03 1.8 0.5 

Rods 0.3 1.185 1 1.94E+04 2.56E-03 2.6 0.6 

Rod 0.6 1 6 1.97E+05 3.68E-03 3.7 0.9 

Yoke 0.9 1 3 1.43E+05 5.59E-03 5.6 1.4 

Anode 

cover 
2 1 3 3.28E+05 1.14E-02 11.4 2.9 

Anode 

cover 
0.3 1 1 1.64E+04 2.62E-03 2.6 0.7 

Hoods 1.6 1 2 1.75E+05 9.98E-03 10 2.5 

Superstruct

ure top-

wall 

1.3 1 1 7.10E+04 9.23E-03 9.2 2.3 

 

An example of the resulting mesh is shown in Figure A-2, where an unstructured mesh was used 

with the dimensions for maximum mesh scale of 50 mm, minimum mesh scale of 1 mm, and 

mesh expansion factor of 1.2.  This resulted in 686890 nodes and 2,768,862 elements.     
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Figure A-2 A sample of the applied mesh.  A fine mesh (15-20 mm) was applied at regions above the feeder 
hole and at the duct inlet  

 

A.1.2.2 Mesh Refinement Study 

A mesh refinement study is usually conducted to identify the numerical error. It is conventional 

to study three considerably different mesh sizes, where the difference in mesh size should be 

greater than 30%.  In the complex geometry of the 1/8 slice model, this was not possible due to 

very small regions such as the 2-6mm gaps that required small mesh size.  It was possible to 

generate different meshes but with a different maximum mesh scale.  The assessment was based 

on the temperature at the outflow boundaries (extraction inlets of the exhaust duct and the outlet 

of the HGD).   The effect of these meshes on the results was studied.  Meshes with different 

maximum length scales (200, 150, 100, 50, and 20 mm) and 1 mm distance of the first node from 

the wall were generated.  The influence of the distance of the first node to the wall was also 

studied by comparing the result of the fine mesh (maximum length scale 20 mm) in three 

different distances of the first node from the wall (0.1, 1, and 3 mm).   
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It was found as shown in Table A-2 that the maximum mesh scale had a relatively small effect 

on the temperature of the duct gas (146 ± 6°C) or the HGD (201 ± 4°C).  In contrast, the first 

node distance from the wall influences the results significantly.  A mesh with 0.1 mm first node 

distance resulted in a considerable difference in temperature of up to 48°C higher than with 1 or 

3 mm, while the maximum difference in temperature between meshes with 1 and 3mm was 7°C.   

This 48°C difference signals a considerable numerical error resulting with 0.1mm first node 

distance, as the first node is located inside the viscous sub layer of the wall boundary layer.  An 

additional 15 nodes inside the viscous sub layer are required for the code to conduct accurate 

calculations in this case when including the viscous sub layer.  This is not included in the 

generated mesh because the additional 15 nodes increases the size of the mesh significantly, and 

is larger than the available computer memory capacity to solve the problem. 

As a result, the key factor in improving the accuracy of the numerical calculations is to apply a 

fine mesh at regions where large variation is expected in the variable under study such as the 

pressure, temperature, and velocity.  This is aside from the wall boundary layer as only two 

nodes are required for wall boundary layer treatment, as discussed in the previous section.  

Table A-2 Mesh refinement results 

Distance of first node from the 
wall 

3 1 1 1 0.1 3 

Maximum length scale (mm) 150 10 50 20 20 20 

Number of Elements 
5,695,29

1 
5,915,50

7 
2,238,59

4 
9,640,32

0 
10,026,09

8 
9,081,77

9 

Number of nodes 
1,343,62

5 
1,385,44

2 
534,693 

2,094,39
2 

2,163,069 
1,986,04

5 

Temperature at the duct gas (°C) 146 140 146 144 177 147 

Temperature at the HGD (°C) 200 202 202 207 248 200 
 

A.1.3 CFX-Pre 

At this stage all physics and boundary conditions should be applied to the model. In order to run 

either steady or transient simulations, the dominant factors should be studied, such as the heat 

sources, heat losses and operating conditions. The material properties such as emissivity and 

thermal conductivity must also be specified.  There are a number of default material properties 

which have been implemented in the software library, but new ones can be added. 
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Solver controls should also be applied to determine the required convergence, number and size 

of time steps and the advection scheme.  The default values are often acceptable for simple cases, 

but there are many other choices for advance simulations. 

For radiation modelling, the robust Discrete Transfer Model should be selected to treat complex 

models. This model traces multiple rays between the bounding surfaces of the domain and 

requires less CPU time than the Monte Carlo Method. It gives a high level of accuracy, as 

indicated in the literature (Kamal et al., 2005). 

For turbulent flow and near-wall treatment, the k-ω based SST (shear stress transport) model 

should be employed. This model accounts for transportation of the turbulent shear stress and 

gives highly accurate predictions of the onset and amount of flow separation under adverse 

pressure gradients.  As a wall scale equation is also solved in the model, additional CPU memory 

is required in comparison to the other models. 

The two-equation SST turbulence model developed by Menter (Menter 1994) and used by 

NASA was chosen for its accuracy and robustness to model separation flows such as those 

around solid obstructions.  This model applies a high Reynolds number turbulence model (the 

standard κ-ε model) in the bulk of the fluid and a low Reynolds number model (the ω-model) at 

regions near the wall.  The two models are blended together by the use of a factor (from 0-1).  In 

this model, an automatic method for wall treatment is implemented in CFX-PRE for the 

prediction of the wall shear boundary layer.  The only obligation for this is to have one node 

sited anywhere in the wall boundary layer but outside the viscous sub layer.  Using this 

condition, the dependency of the numerical results on the mesh density decreases significantly.  

Not requiring a fine mesh in the viscous sub layer considerably decreases the size of the model 

and therefore the cost of solving the problem.   

A.1.4 Solver 

Computational fluid dynamic (CFD) is based on the basic principles of conservation of mass and 

momentum.  A set of equations are formed that conserve mass (Equation A-1) and momentum 

(Equation A-2) (the Navier-Stokes equations) in this case for the steady state situation.  A 

conservation of energy equation (Equation A-3) is added to the mass and momentum expressions 

when fluid flow is coupled with heat transfer.  For turbulent flows, special turbulent equations 
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are also included.  A turbulent model introduced by Menter (1994), known as the Baseline (BSL) 

ω−k , for the prediction of turbulence kinetic energy (Equation A-4) and turbulence frequency 

(Equation A-5).  This is based on blending the basic free stream model ( )ε−k  with the boundary 

layer model ( )ω−k  by a blending factor ( )1F .  The Shear Stress Transport (SST) model is a 

modified version of the Baseline (BSL) ω−k  model introduced by Menter by adding a limiter 

to the turbulent viscosity:   
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Where ui, and uj are the  instantaneous velocity components with respect to a Cartesian 

coordinate system (x1, x2, x3) are (u1, u2, u3). In Equations (A-1) and (A-2), ρ is mean density, p 

is mean pressure, µ is the molecular viscosity, δij is Kronecker delta (δij = 1 if i=j, δij = 0 if i≠j), 

and ''

ji
uuρ−  is the Reynolds stresses. In Equation (A-3), k is thermal conductivity, µT is the 

turbulent (or eddy) viscosity, and σT is turbulent Prandtl number.  In Equation A-4 and A-5, k is 

turbulent kinetic energy, Pk is turbulent production term, ω is the turbulent eddy frequency, and 

βk, β3, σk3, σω3, σω2, α3, are constants.   

The governing equations for turbulent airflow and heat transfer by conduction, convection and 

radiation are used to solve the model simultaneously. Computational fluid dynamic (CFD) 

software solves the governing equations using a technique generally called discretization where 

the governing differential equations are written in an algebraic form.  The results are given at 
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discrete locations in the domain.  Most engineering problems are solved in the range of 100-150 

iterations.  The CPU time is problem dependent, determined by the size of the mesh and the 

conditions imposed.      

A.1.5 Post processing results 

The result can be presented using contour, vector or streamline plots and graphs, or can be 

animated for transient simulations, while for steady state simulations a number of calculations 

can be applied to study the changes in the studied variables such as velocity, temperature, 

pressure or radiation intensity.   

A.1.6 CFD Resources 

The resources required for CFD analysis include: 

• Application of the relevant physics, which requires a good literature review of the thermal 

profile and heat sources of the aluminium smelting cell and the main airflow in the potroom.  

Measurements of temperatures and air velocity and flow are required to validate the CFD 

results. 

• The examination of real smelting operations can be of great importance to gain a good 

understanding of the complex smelting process.   

• Depending on the number of the elements in the mesh, a computer of 1 - 8 GB ram is 

required to solve the problem - simulation of 1 million elements requires 1 GB ram.      

• A licence for CFD commercial codes. The one used in this research is the ANSYS-CFX 

package, which is licensed at The University of Auckland. Under this licence an unlimited 

number of elements can be employed. The limiting factor is the amount of computer ram 

available, as mentioned previously. Another package called FLUENT has also been 

employed by other researchers to model turbulent flow and has shown good results.  It 

requires a separate licence.   

• All the main steps for CFD analysis (Figure A-1) from building the geometry to post 

processing the results can be applied in the ANSYS-CFX package.  Microsoft Office-Excel 

was employed for data analysis. 
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• Training manuals for use of the software are available with the ANSYS-CFX  package. 

Considerable time should be employed in learning the available tutorials in order to gain 

fluency. Additional training courses may also be required for full integration of skills. 

• If high work loads are required in a limited time, considering that each model requires a CPU 

time from 3 to 12 hrs, then more than one computer will be required, while will also lead to 

the use of more than one licence.   

A.2  Calculation of Hooding Tightness of the Exhaust Duct Model 

Hooding tightness was calculated for four different widths of gaps between the hoods (listed in 

Table A-3), for gaps expected to be opened for a long time, as follows: 

if the total area of the hoods, the superstructure, and the gaps (m2) = Atotal 

and the total area of the gaps (m2) = Agaps 

Hooding tightness (HT%) = 100 x (1 - Agaps /  Atotal) 

Example of the calculations for 99.45% HT in the modelled 225 kA cell: 

Atotal = 26.864 + 0.138 + 0.077 + 12.163 = 39.24 m2 

Agaps = 0.138 + 0.077 = 0.215 m2 

HT% = 100 x (1- 0.215/ 39.24)  = 99.45%  

The total area and gaps area with 99.5 and 98.66% hooding tightness (HT%), were similar to 

reported values measured on a similar cell technology (230 kA) (Karlsen et al. 1998).     
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Table A-3 Hooding tightness calculations of the exhaust duct model per cell  

Width of the gaps between the 

hoods (m) 
0.004 0.008 0.02 0.04 0.08 

Area of the hoods (m2) 26.86 26.79 26.56 26.17 25.40 

Area of the top gaps (m2) 0.14 0.14 0.14 0.14 0.14 

Area of the gaps between the 

hoods (m2) 
0.08 0.15 0.38 0.75 1.53 

Area of superstructure top wall 

(m2) 
12.16 12.16 12.16 12.16 12.16 

Total area of gaps and coverage 

(m2) 
39.24 39.24 39.24 39.24 39.24 

Total area of the gaps 0.22 0.29 0.52 0.90 1.67 

HT% 99.45% 99.26% 98.67% 97.70% 95.74% 

 

A.3 Hooding Tightness of the 1/8 Slice Model 

Similar to the exhaust duct model, hooding tightness was decreased by an increase in the width 

of the gaps between the hoods only, as listed in Table A-4, and illustrated in Figure A-3.  Similar 

to the exhaust duct model, the total area and gaps area at 99.5 and 98.66% hooding tightness 

(HT%) also agreed with values reported by (Karlsen et al. 1998).   
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Table A-4 Cell hooding tightness based on the 1/8 slice model multiplied by 8 

Gaps width (mm) 

Total gap area per cell 

(m2) 

 

Total 

area 

(m2) 

Factor gap area increased by HT% 

2 0.22 39  99.45% 

10 0.52 39 0.52/0.22 = 2.4 98.66% 

20 0.91 39 0.91/0.22 = 4.2 97.67% 

 

2 mm gap width, HT 

99.45% 

10 mm gap width, HT 

98.66%  

20 mm gap width,  HT 

97.67%

 

Figure A-3 Gap width between the hoods (listed in Table A-4) based on the 1/8 slice model  

 

A.4 Forced and Free Flow Characterisation 

The Richardson number (Ri = Gr / Re2) was calculated near the hot surfaces, as listed in Table 

A-5, from crude estimations of the possible air velocity, temperature differences between the hot 

wall and the core air.  For values much higher than one, the flow was considered to be natural 

(free convection), and for values much less than one, the flow was considered to be forced 

convection. The results show that the flow is mixed, and therefore both natural and forced 

convection had to be included in the model. Forced convection was included in ANSYS-CFX-

Pre by choosing the air as an ideal gas (variable density), rather than the default of air at 25°C 

with constant density.  Free convection was activated by selecting buoyant flow.      
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Table A-5 Characterization of forced or free flow near the hot surfaces  

Location L (m) ∆T (°C) µβρ /3TLgGr ∆=  V (m/s) µρ /Re vL=  

Ri 

= 

Gr/Re2 

 

Rods 0.3 130 4.840E+08 12 232987 0.01 Forced 

Steel cover 0.3 150 5.585E+08 7 135909 0.03 Forced 

yokes 0.6 175 5.212E+09 3 116494 0.4 Forced 

Anode cover 0.3 225 8.377E+08 1.2 23299 1.5 Free 

Hoods 1.3 125 3.787E+10 0.6 50481 14.9 Free 

side wall 0.1 300 4.137E+07 1 6472 1 mixed 

Rods 1 130 1.793E+10 12 776625 0.03 Forced 

 

A.5 Coefficient of Friction at the Gaps 

The closest approximation for the coefficient of friction at the gaps between the hoods was based 

on a reported correlations for sharp-edged orifices shown in Figure A-4, taken from the literature 

(Foust et al. 1980; Perry and W.Green 1984).  These correlations use the Reynolds number of the 

flow through the orifice and the ratio of the diameter of the orifice to the pipe.  The ratio of the 

orifice diameter to the pipe diameter corresponds to the ratio of the gap width to the surrounding 

width of the potroom air and the air under the hoods.  As the latter ratio is always less than 1/10 

in the studied range of hooding tightness, a value of 0.2 was used as the maximum limit.  From 

the calculated Reynolds number through the gaps, shown in Table A-6, and the curve of diameter 

ratio of 0.2 (shown in Figure A-4), the closest approximation for coefficient of friction through 

the gap was 0.6 - 0.62, and so a fixed value of 0.6 was used. 
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Table A-6 Reynolds number in one gap between the hoods for different hooding tightness 

HT% 99.45% 99.26% 98.67% 97.70% 95.74% 

CFD output (kg/s) through 8 gaps 

between the hoods 
0.285 0.458 0.652 0.762 0.841 

Air mass flow rate (kg/s) through 

one gap between the hoods  

0.285/8= 

0.036 

0.458/8= 

0.057 

0.652/8= 

0.082 

0.762/8= 

0.095 

0.841/8= 

0.105 

Density in the gaps at 50 °C 

(kg/m3) 
1.09 1.09 1.09 1.09 1.09 

Area of one gap between the 

hoods (m2) 
0.005 0.01 0.024 0.048 0.096 

Velocity in the gaps (m/s)= 

(kg/s)/(A (m2) x ρ (kg/m3)) 

0.036 /(0.0048 x 

1.093)= 

 

6.8 

0.057/ 

(0.0096 x 

1.093)= 

5.5 

0.085/ 

(0.0239 x 

1.093)= 

3.1 

0.082/ 

(0.0479 x 

1.093)= 

1.8 

0.105/ 

(0.0958 x 

1.093)= 

1.0 

Gap width (m) (characteristic 

length) 
0.004 0.008 0.02 0.04 0.08 

(width/length) aspect ratio (length 

= 1 m) 
0.004 0.008 0.02 0.04 0.08 

Reynolds number in the gaps  

6.8x0.004 x 

1.093/1.83x10-5        

= 

1625 

2612 3720 4347 4798 

Note; there could be a minor variation in the results if the calculations are reproduced.  This is because the 
listed numbers were copied from an Excel sheet where only 3 decimal numbers are shown, while, the actual 

decimals are more than 3 
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Range under 
study

 

Figure A-4 Loss coefficient for sharp-edged orifices (Foust et al. 1980; Perry and W.Green 1984) 

 

A.6 Effective Heat Transfer Coefficient on Anode Cover and Anode 

Assembly in the Exhaust Duct Model 

To ensure the transfer of heat from the anode cover and anode assembly to air under the hoods 

through the studied range of draught from the normal rate (4500 Nm3/h) to 85% reduced rate, it 

was essential to select a heat source located outside the boundary of the model, of a temperature 

higher than the resulting temperature of the air under the hoods.  The anode cover temperature of 

700°C at the layer facing the crust, and the anode assembly temperature of 400°C were adequate 

to ensure the transfer of heat within the studied range of draught, giving air temperatures of 

130°C and 320°C, at normal and 85% reduced draught respectively, taken from provisional 

results of the 1/8 slice model. 
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Different effective convective heat transfer coefficients were tested on the anode cover (listed in 

Table A-7) and anode assembly (listed in Table A-8).  Some were based on a series of 

conductive and convective resistances ( )kLhRh airsurfaceairtosurfaceeff //1/1 +== −−− , roughly 

calculated for anode cover and anode assembly.  The convective heat transfer coefficients on the 

anode cover and anode assembly were taken from Figure B-6 and Figure B-7 respectively.  The 

influence of a 0.1 m thickness of anode cover was also tested. Other values were directly based 

on higher effective heat transfer coefficients (including convection and radiation) for conditions 

with anode cover thermal conductivity of 0.52 W/mK (taken from Figure B-20 and Figure B-21).  

If the resistances were roughly calculated, the maximum possible variations in the effective heat 

transfer coefficient on the anode cover and anode assembly were about 6 W/m2K and 24 W/m2K, 

respectively. 

The selection of the heat transfer coefficient was based on a comparison of the resulting duct gas 

temperature with a reported value of 130°C (Nagem et al. 2006), at conditions similar to the case 

under study.  The studied conditions were at normal draught setting (4500 Nm3/h) and 

conventional anode cover thermal conductivity of 0.52 W/mK with no holes in the crust.  It was 

found that the temperature of the duct gas increased to 130°C with effective heat transfer 

coefficients of 15 and 50 W/m2K on the anode cover and assembly respectively.  These were 

used as inputs to the exhaust duct model. Provisional results of the 1/8 slice model were then 

used to compare the exhaust duct gas temperature at different draughts.  The exhaust duct model 

consistently resulted in similar values of duct gas temperature.  Therefore these values will be 

used as boundary inputs to the exhaust duct model for the main objectives to examine the level 

of draught variation at different degrees of hooding tightness and detection of fugitive emissions. 

 

 

 

 

 

 



Appendix A 

195 

Table A-7 Effective heat transfer coefficient on anode cover  

hcover-air (W/m2K) 
Lcover (m) 

thickness of anode cover 
k (W/mK) R cover-air heff-cover (W/m2K) 

1 0.05 0.52 1.10 1 

5.5 0.05 0.52 0.28 4 

8 0.05 0.52 0.22 5 

10 0.05 0.52 0.20 5 

12 0.05 0.52 0.18 6 

13  0.05 0.52 0.17 6 

14  0.05 0.52 0.17 6 

14  0.10 0.52 0.26 4 

12, 14 and 15    12, 14, and 15 

 

Table A-8 Effective heat transfer coefficient on anode assembly  

hassembly-air (W/m2K) 
Lassembly(m) 

Radius of anode assembly 
k (W/mK) Rassembly-air heff- assembly (W/m2K) 

3 0.05 400 0.33 3 

5.5 0.05 400 0.18 5.5 

10 0.05 400 0.10 10 

15 0.05 400 0.07 15 

18 0.05 400 0.06 18 

20 0.05 400 0.05 20 

24 0.05 400 0.04 24 

50    50 

 

A.7 Effective Convective Heat Transfer Coefficients at the Top of the 

Rods and the Feeders 

Heat transfer coefficients on the top boundaries of the rods and feeder were roughly estimated to 

be 100 W/m2K. This value is considerably lower however than the estimated equivalence of the 

total resistance of the surfaces extending above these boundaries which are not included in the 

model, as estimated in Table A-9.  The effect of extremely high values at the top boundaries of 
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rods and feeders of 3000 and 1000 W/m2K respectively were studied.  A considerable increase 

was found in the heat losses of the rod top boundaries, but contributed to only 7% of the top heat 

loss.  This should not add a considerable error on the main objectives in the course of this study.   

Table A-9 Effective heat transfer coefficients at the external areas of the rods and the feeder 

h (W/m2K) to potroom 10   

Total length of rods (m) 1.76   

length inside the cell (m) 0.55   

Feeder diameter (m) 0.15   

Rod dimension (m) 0.076 x 0.076   

k copper rod (w/mK) 400   

k feeder (anode cover) (W/mK) 0.5   

  Rod Feeder 

Cross-sectional area (m2) (A1) 0.006 0.018 

length outside the cell (m) 1.21 1.21 

Surface area of the extended parts (not modelled) 

(m2) (A2) 0.37 0.59 

1/Reffective = 1/(L/kA1) + 1/(1/hA2) 5.64 5.87 

Reffective 0.18 0.17 

h = 1/ReffectiveA1 976 332 
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A.8 Ohmic Heat Generation in the Anodes and Anode Assemblies 

The electrical resistivity was selected based on an average estimated temperature in real 

operating conditions. The estimated ohmic heat generation in each component was compared 

with the bath heat source (taken from section A.9) and showed that the bath heat source is 

dominant (82% ).  This is in good agreement with the literature  (Grjotheim and Kvande 1986; 

Grjothem and Welch 1988). 

Table A-10 Ohmic heat sources in the rods, stubs, anodes, and the bath for a cell line current of 225 kA and 
voltage drop of 4.5V 

Material Ohm.m R (Ohm) 
(W)=

I2xR 

V 

(m3) 

per 

1/8 

slice  

kW/

m3 

Total 

(kW) 

per 

cell 

% 

heat 

sources 

Copper rode 1 3.0E-08 2.8E-06 251 
3.0E

-04 
79 6 1.6% 

Copper rods extended model 3.0E-08 3.3E-06 296 
3.0E

-04 
79 7 1.9% 

Copper yoke 3.0E-08 1.1E-06 25 
1.0E

-04 
20 1.2 0.3% 

Steel stubs 3.0E-07 4.2E-06 93 
6.0E

-04 
15 4.5 1.2% 

Anodes 5.0E-05 2.2E-5 1985 0.55 4 48 12.9% 

Bath heat source (from 

separate ANSYS model) 
     303 82% 
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A.9 Bath Heat Source 

Bath heat generation was calculated as reported in the literature (Chen et al. 1992), which takes 

into account the back-reaction that contributes to the loss in current efficiency (x) in Equation A-

6:    

          

CO
x

CO
x

AlC
x

OAl 





−+





−+→+ 1

1

2

31
2

4

3

4

3

2

1
232           Equation A-6 

 

To calculate current efficiency, the actual production of molten aluminium from the cell under 

study (225 kA) was interpolated from data gathered for the same cell at two different line 

currents (222 and 230 kA), as listed in Table A-11. 

The current efficiency (CE) was calculated as in Equation A-7, and listed for three different cell 

line currents: 

 oductionlTheoretica

oductionActual
CE

Pr

Pr
=            Equation A-7 

Where the theoretical production for molten aluminium for 100% current efficiency is calculated 

according to Faradays law (Equation A-8) per one cell: 

2.124

)(
/

kACurrent
dayTonnesAl =               Equation A-8 

 

Table A-11 Current efficiency for three line current for the reference cell under study  

Line current 
(kA) 

Theoretical 
tonnes of 
Al made 

per day per 
cell 

Theoretical 
kg Al/ day 

kg Al/day actual per 
cell 

CE 

222 1.7872 1787 1675 0.937 

225 1.8113 1811 1703 0.940 

230 1.8516 1852 1750 0.945 
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From Table A-11, the CE for line current of 225 kA is 0.94.  To obtain the net moles of the 

reactant and the products, this CE is substituted in Equation A-6, as follows: 

COCOAlCOAl 





−+





−+→+ 1

94.0

1

2

3

94.0

1
2

4

3

)94.0(4

3

2

1
232             Equation A-9 

COCOAlCOAl 095.0702.0798.05.0 232 ++→+         Equation A-10 

 

Equation A-10 was then used to calculate the energy requirement for this reaction, based on the 

assumption that the reaction was occurring at the reference temperature (25 °C), and the products 

then heated to the reaction temperature (about 970 °C).  Therefore, the total enthalpy ( )o

totalH∆  

for the reaction is the summation of the heat of formation at the reference temperature 

( )o

fH 25∆ and the summation of the difference between the heat at the reaction temperature and the 

reference temperature of the product, as follows: 

)( 2597025

o

product

oo

f

o

total HHHH −+∆=∆ ∑                    Equation A-11 

∑∑ −=∆
treac

o

fproduct

o

f

o

f HHH
tan 252525           Equation A-12 

Applying the data given in Table A-12 gives: 

)69.1675(5.0)541.110(095.0)505.393(702.025 −−−+−=∆ o

fH  

moleAlkJH o

f /93.55025 =∆  

)911.29(095.0)94.46(702.0(688.38)( 25970 ++=−∑ o

product

o HH  

moleAlkJHH o

product

o /51.74)( 25970 =−∑  

o

totalH∆  = 550.93 + 74.51  

 = 625.44 kJ/mole Al 

kWh/kg Al = 625.44 x 1000 / (26.98 g/mole x 3600) 
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kWh/kg Al = 6.439 

Table A-12 Moles and enthalpies for      Equation A-10 

CE 0.940     

 
mole/mole 

Al 

Reactant ∆Ho
f at 25 

(kJ/mole) 

Product 

Ho
 25  

(kJ/mole) 

Product 

Ho
 970  

(kJ/mole) 

Product ∆Ho
970-25 

(kJ/mole) 

Al2

O3 
0.50 -1675.690    

C 0.798 0    

Al 1  0 38.688 38.688 

CO2 0.702  -393.505 -346.565 46.940 

CO 0.095  -110.541 -80.630 29.911 

 

 

Equation A-13 was used to calculate the voltage of the reaction in the bath: 

          CE

V
kgAlkWh

×
=

298.0
/                         Equation A-13 

6.439  = 0.298 x V / 0.94 

V = 2.032 Volts for the reaction 

 V ohmic generation in the bath = VEMF + VIRbath- Vreaction                                              Equation A-14 

 

Applying the data given in Table A-13 gives: 

V ohmic generation in the bath = 1.608 + (1.75 - 2.032) = 1.326 V 

Surplus heat generation in the bath = IV = 1.326 x 225 = 298.29 kW 
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Table A-13 Reaction and bath voltage for the cell of CE 0.94    

  cell 225kA 

CE 0.94 

Cell EMF = E(0) + Reaction overvoltage 1.75 

Reaction voltage E(0) (V) 1.25 

Reaction overvoltage (V) 0.5 

Total bath voltage (V)  = IRbath 1.608 

E(Al) for reaction (V) (Equation A-8) 2.032 

 

Heat generation from both air burn and the boudard reaction is calculated as follows: 

From the literature (Grjotheim and Kvande 1986), the net carbon consumption in the electrolysis 

process is 0.38-0.46 kgC/kgAl.  About 0.74-0.91 mass% of the consumed carbon forms CO2 gas.  

By assuming that only CO2 gas is formed according to the following reaction (Equation A-15), 

the moles of CO2 formed are equal the moles of C consumed in this reaction: 

  22 COOC →+               Equation A-15 

  From Faradays law, mole of Al produced: 

964853

94.0225000
/

×

×
=sMolesAl  = 0.731 

Moles of C/s consumed (from Equation A-10) = 0.731 x 0.798 = 0.583 

Converting these moles/s into kg/s gives: 

355.0=
kgAl

kgC
 consumed in the electrolysis process 

By subtracting this value (0.355) from a 0.46 kgC/kgAl, a value of 0.064 kgC/kgAl is consumed 

to form CO2 gas.  As can be noted, a maximum value of kgC/kgAl is chosen to prevent 

underestimation of the gas mass flow rate source.     

By converting this 0.064 kgC/kgAl into moles gives: 

143.0
98.26/10001

12/1000064.0
=

×

×
=

MolesAl

MolesC
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Thus 143.02 =
MolesAl

MolesCO  in the air burn 

To prevent underestimation of the heat generation of the reaction in Equation A-15, a maximum 

expected temperature of 970°C and reference temperature of 25°C were chosen.  This gives a 

value of 46.94 kJ/mole CO2 produced (From Table A-12): 

Assuming air burn is mainly taking place below the crust with good anode cover setting, heat 

generation from air burn is calculated at 970 °C, as follows: 

92.473.0143.094.46 2

2

=××=
s

MoleAl

MolesAl

MolesCO

moleCO

kJ
tAirburnhea  kW 

For simplicity, the air burn heat generation is added to the bath heat generation to be used as one 

source of heat: 

The total heat generation in the bath = the bath surplus heat generation + air burn heat generation 

The total heat generation in the bath = 298.29 + 4.92 = 303 kW 

Heat generation in the bath kWh/kgAl = 303 kW x 24 h / 1703 kgAl = 4.27  

A.10 Mass Flow Rate and Temperature of the Hot Gas Source 

The total mass flow rate of the hot gas source is the summation of the mass flow rate of the waste 

gases from the electrolysis reaction (in Equation A-10), and the mass flow rate of the air burn in 

Equation A-15.  The total gas source is the summation of the three gases produced (calculated in 

Table A-14), at bath temperature (960 °C) which gives: 

Total hot gas source/cell = 0.023 + 0.002 +0.005 = 0.029 kg/s all assumed at bath temperature 

for simplicity 
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Table A-14 Calculations of mass flow rates of hot fume gases  

CE = 0.94 Al CO2 CO CO2 air burn 

mole/mole Al 1 0.702 0.095 0.143 

Mole produced/s = moles x mole Al/s 0.731 0.513 0.070 0.105 

kg/s = mole/s x MW / 1000 0.020 0.023 0.002 0.005 

 

The gas source is applied in CFX-PRE as a mass flux (kg/m2s). It is therefore required to divide 

the calculated gas mass flow (kg/s) by the surface area of the specified source, such as the bath 

surface facing the gas cavity in the slice model or the feeder hole surfaces in the exhaust duct 

model.  Care must be taken in using the gas mass flow rate for the slice model, as it must be 

divided by the number of the slices.  
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A.11 Thermal Conductivity as a Function of Temperature 

Table A-15 Thermal conductivity of highly conductive and conventional anode cover as a function of 
temperature (taken from Shen 2003 up to 600 °C), the rest assumed crust, taken from (Liu et al. 1992) 

 Highly conductive anode cover  
Conventional anode 

cover 

T 

(°C) 

Thermal conductivity (W/mK) 

(Crushed bath contain about 40% fine particles of 

minus 200 µm) 

 (0.348 void fraction) 

T 

(°C) 

Thermal conductivity 

(W/mK) 

(40% alumina - crushed 

bath) 

(Void fraction 0.626) 

150 0.42 150 0.3 

280 0.52 300 0.4 

400 0.62 450 0.5 

460 0.7 600 0.6 

590 0.8 800 1 (crust) 

800 1 (assumed crust formation) 900 1 (crust) 

900 1 (assumed crust formation)   



Appendix A 

205 

 
 Table A-16 Steel thermal conductivity as a function of temperature 

T (°C) Thermal conductivity (W/mK) 

25 65.2 

100 60.2 

200 54.2 

400 45.2 

600 36.3 

800 28.4 

1000 27.3 

1200 27.3 

 

 

 Table A-17 Hoods and superstructure thermal conductivities.  Values for Al and Al alloy at temperatures up 
to 527 °C taken from (MatWeb). Lower values were assumed for Al alloy with scale formation.  

T (°C) k (W/mK) for Al T (°C) k (W/mK) for  Al alloy T (°C) k (W/mK) for Al alloy with scale 

27 237 -100 114 -100 76 

77 240 0 144 0 96 

127 240 100 165 100 110 

200 175 200 175 200 116 

227 236 300 175 300 116 

327 231 400 175 400 116 

527 218     

 



Appendix A 

206 

 

A.12 Emissivity Study 

 Table A-18 Surface emissivity of the studied surfaces   

 Emissivity Comments Reference 

Hoods and superstructure inside superstructure 0.5 Oxidised Al 

(Perry and 
W.Green 1984) 

 0.8 
oxidised rough 
industrial metal 

surfaces  

 1 
Black body 
(maximum 
radiation) 

Hoods and superstructure outside 0.5 
Oxidised 

smooth metal  
surface 

 0.8 
Oxidised rough 
industrial metal 

surface 

 1 Black body 

Anode assembly 0.5 
Oxidised 

smooth metal 
surface 

 0.8 
Oxidised rough 
metal surface  

 1 Black body 

Anode cover 0.4 
Measured in 

literature 
(Rye et al. 

1995) 

 0.8 Assumed  

 1 
Assumed 
maximum 
radiation 

 

    

Crust 0.3 
Measured in 

literature 
(Rye et al. 

1995) 

 0.8 Assumed   

 1 Assumed  

    

Anode 0.4 

Assumed 
covered with a 

thin layer of 
anode cover 

 

 0.9 
Carbon  (Perry and 

W.Green 1984) 

 1 Black body  

    

Bath surface 0.8 High radiation (Rye et al. 
1995)  1 Black body 
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A.13 Draught Calculations  

The conventional draught in Nm3/h was calculated from the output of the models based on the air 

mass flow and temperature at the outlet boundaries, as follows: 

V1/slice of the model = air volume flow rate (m3/s)/slice of the model = air mass flow rat (kg/s) / 

air density at the resulted T1 (kg/m3) 

Air density is calculated as follows from the ideal gas law: 

)()/)./((

)(
)/( 3

KTMWKkmoleJR

PaP
mkg

×
=ρ           Equation A-16 

Air density (kg/m3) = 101325 (Pa) / (8314.472/28.96) 

           = 101325 (Pa) / (287.1 (J/kg K) x T1 (K))      

and V2 /slice of the model= air volume flow rate (Nm3/s) = V1 x T2 / T1  

where T2 is the temperature of the air at 273 °K, and T1 in °K 

Then for a cell, V2 is multiplied by the number of the model slices in the cell: 

The draught (air volume flow rate) (Nm3/h) / cell = V2 (Nm3/s)/slice of the model x 3600 (s/h) x 

slices of the model/cell 

A.14 Energy Calculations  

A total heat balance of convective and radiative heat fluxes was taken from the results of the 

model.  The air heat flow at the outflow boundaries is calculated as follows: 

With reference temperature (T0) of 50 °C, and temperature results at each duct outlet (T), from 

the 1/8 slice model, air heat flow per 1/8 slice model and per cell is calculated as follows: 

       )()/()/(8/8/1/)( 0TTKkgJcpskgmcellWQ −×°×=                      Equation A-17 

( ) 1000/88/1/)(/)( ×= cellWQcellkWQ  

Where m is the air mass flow rate per cell at the extraction ducts  
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Radiative heat flux is calculated from the model: 

Radiative heat flux in the ducts per cell (kW) = Radiative heat flux per 1/8 slice cell model (W) x 

8/1000 

The total heat flux for radiation and convection at the ducts = convective heat flux + radiative 

heat flux 

From the surface to air:   conductive heat flux = convective heat flux + radiative heat flux 

The calculated energy in kW/225kA cell then converted into kWh/kgAl as follows: 

kWh/kgAl = kW/cell x 1h x 24 h per day / kg Al per day  

kgAl/day = 0.731 mole/s x 26.98 kg/kgmole x 3600 x 24 / 1000 = 1703 at 94% current efficiency 

(see section A.9) 

A.15 Exergy  

Exergy is defined as the mechanical work that could be extracted from the available heat at a 

steady state point in the system, relative to a reference state such as the surrounding environment 

(Ahern 1980).  Exergy is important when measuring the thermal efficiency of an energy 

conversion process.  By doing an exergy evaluation, it is possible to estimate how much energy 

may be usefully recovered from an available energy.  The loss of mass or thermal energy from a 

system to the surrounding environment is a direct loss of exergy in the system. Exergy analysis 

provides vital information in the design of a new system to better select the component designs 

and operating procedures such as operating cost, plant,  energy conservation, fuel versatility and 

pollution (Ahern 1980). 

Exergy calculations were based on the general form of specific exergy in flow conditions with 

relatively small potential, and kinetic energy is calculated based on the increase in the 

unavailable energy or the lost work ( ))( 0SST Tambient −  per unit mass between the hot and low 

temperature limits (Holman 1980), as follows: 

   )()( 0SSTHHe TambientoTT −−−=         Equation A-18 

Where eT is specific exergy at the calculated temperature T at the HGD outlet (kJ/kg) 
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 HT is air enthalpy at T (kJ/kg) 

 H0 is air enthalpy at reference temperature (50 °C +273K)= 323.175 kJ/kg 

 Tambient is the ambient temperature (50 + 273) (K) 

 ST is air entropy at the temperature T  (kJ/kgK) 

 S0 is air entropy at reference temperature (50°C +273K) = 1.78 kJ/kgK 

Enthalpy and entropy values were extrapolated from (Cengel and Boles 2006), as follows: 

2807.3)273(0107.1)/( −+×= TkgkJH T            Equation A-19 

2807.3)273(0026.0)/( −+×= TkgKkJST             Equation A-20 

The power of exergy is calculated by multiplying the specific exergy by the air mass flow rate at 

the temperature of the available energy at the outflow boundaries, as follows: 

)/()/()( skgmkgkJEkWExergy T ×=          Equation A-21 

The calculations were based first on 1/8 slice model results.  For the whole cell, this value was 

multiplied by 8.  A sample of the calculation is shown in Table A-19. 

Thermal energy cannot be completely converted to work. To measure the thermal efficiency of a 

system, the loss of work by entropy generation is taken into account.  This is from the ratio of 

exergy output divided by the energy input, as defined in Equation A-22.  This indicates that the 

available work increases with a decrease in the lost work (due to entropy generation): 

 
rkAvailblewo

lostworkrkAvailblewo

rkAvailblewo

Usefulwork −
==η                        Equation A-22 

The theoretical maximal exergy content of heat, or maximum possible conversion of heat to 

work, depends on the temperature at which heat is available and the temperature at which heat is 

rejected, which is the temperature of the ambient air. The maximum limit for conversion is 

known as the Carnot efficiency, defined in Equation A-23 (Holman 1980).  For a reversible heat 

engine which operates between two reservoirs and exchanges heat only with these two reservoirs 

from a high temperature (Thot) to a low temperature (Tambient), where both are absolute 

temperatures, the maximum thermal efficiency is defined as follows:  
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hot

ambient

T

T
−= 1maxη            Equation A-23 

Therefore, the maximum exergy with Carnot theoretical efficiency is: 

 available

hot

ambient Q
T

T
Exergy ×








−= 1max                        Equation A-24 

Table A-19 Exergy of the captured heat based on the 1/8 slice model with reference 50°C (323 K)  

kg/s HGD per 1/8 slice model 0.05 

kg/s main duct per 1/8 slice model 0.08 

T HGD (°C) 207.6 

H at T (kJ/kg) (Equation A-19) 
482.5 

S at T (kJ/kg.K) (Equation A-20) 
2.2 

H0 (kJ/kg) table (50°C) 
323.2 

H-Ho (kJ/kg) per 1/8 slice model  
159.3 

Available power (kW) per 225kA cell = (H-H0)kJ/kg x kg/s x 8 
159.27 x 0.05 kg/s x 8  = 60.7 

S0 (kJ/kg.K) ) table (50°C) 1.78 

S-So  (kJ/kg.K) per 1/8 slice model 0.41 

eT (kJ/kg)/ 1/8 slice model=dH-TodS 
159.27 - 323 x 0.409 = 

27.2 

Practical exergy (kW)/ 1/8 slice model (Equation A-21) 

27.163kJ/kg x 0.05 kg/s = 
1.4 

Practical exergy (kW) per 225 kA cell = (exergy /1/8 slice 
model) x 8 

1.347 x 8 =11 

Equivalent energy of practical exergy (kWh/kgAl 10.865 x 24 h / 1703 = 0.153 

Thermal efficiency with losses due to entropy generation 
(Equation A-22) 

10.865/60.7 = 0.18 

Maximum thermal efficiency (from Equation A-23) 
=1-(50+273/(207.58+273) = 

0.33 

Exergy at maximum thermal efficiency (from Equation A-24) 
60.7 x 0.33 

=20 kW 

Equivalent energy of maximum exergy (kWh/kgAl) 20 x 24 h / 1703 kgAl =0.28 
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Appendix B 

 

B.1 Study of the Convective Heat Transfer Coefficient at Different 

Flow Field of Air under the Hoods  

The flow field of air under the hoods is not linear and has strong recirculation induced by 

multiple jet inflows from the gaps between the hoods/rods and the superstructure.  This 

recirculation influences the convective heat transfer coefficient when compared with a linear 

flow.  The significance of the recirculation is rather complex, as it depends on a combination of 

different aspects including the geometrical configuration and the degree of recirculation in the 

flow, as described in literature (Oullette and Bajan 1980; Sloan et al. 1986).  Therefore, the effect 

of the calculated velocity on the resulting convective heat transfer coefficient of linear flow and 

flow with recirculation are discussed first.  The CFD results from the 1/8 slice model were used 

to aid the characterisation of the mean velocity of air flow under the hoods with recirculation. 

B.1.1 Mean Velocity of Air under the Hoods 

The mean velocity of air under the hoods for linear flow and flow with recirculation were 

compared at different draught settings.  For linear flow, the mean velocity was calculated based 

on a simplified characterisation, shown in Figure B-1, for one inflow and one outflow boundary.  

To characterise a mean velocity for flow with recirculation, it is necessary to estimate the degree 

of recirculation in the flow.  This was conducted by comparing the average length of 1000 

streamlines generated by the 1/8 slice CFD model of a maximum (2.292 m) length.  The 

streamlines were initiated from the gaps between the hoods/rods and the superstructure, 

terminating at the extraction inlet of the duct, as shown in Figure B-2.  The length and duration 

of the average streamline for all draught settings are plotted as shown in Figure B-3.  By 

excluding the reduction in the average length at low draught rates, where leakage of fume gases 

occurred, it was found that the average streamline length was 7 to 13 m.  This was longer than 

the maximum length of the 1/8 slice model by an average of 4 times throughout the studied range 
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of draught, indicating an average of four times recirculation in the flow.  It is essential to indicate 

that the mean velocity of air under the hoods is influenced by the associated degree of hooding 

tightness (see section 4.2.2):  there was a 40% reduction in the average velocity of air under the 

hoods with a reduction in the degree of hooding tightness from 99.45% to 95.7%.  This is related 

to a reduction in the air velocity at the inflow boundaries (gaps) with an increase in the gap 

width, which led to a reduction in the recirculation in the air flow.   

V = (m/8)/ρTavgA

Tavg = (Tin + Tduct)/2

A = 0.8 m2

 

Figure B-1 Linear air flow characterisation based on the rate of cell air mass flow (m) per 1/8 slice model 
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Figure B-2 Flow field of air under the hoods at normal draught (66 Nm3/kgAl) for one (top) and 1000 
streamlines 
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Figure B-3 Time and average length scale of one streamline (based on 1000), based on the CFD 1/8 slice 
model  

 

The average velocities of the streamlines and the velocity at the extraction inlet of the duct were 

compared with the calculated mean velocity of linear flow.  The results in Figure B-4 show that 

the average velocity of the streamlines calculated by the CFD model above 2000 Nm3/h draught 

(less than 57% reduction in normal 66 Nm3/kgAl rate) are in good agreement with the roughly 

characterised mean flow velocity with recirculation.  At draught rates under 1000 Nm3/h the 

difference becomes noticeable.  The results also show that the mean flow velocity with 

recirculation is close to the average velocity in the extraction inlet of the duct.  The difference 

between the air under the hoods and the extraction inlet of the duct was proportional to 

ρ/2 P∆ .  This indicates that the average velocity at the extraction inlet of the duct has an effect 

on the mean velocity under the hoods.   
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Figure B-4 Characteristic velocity of air under the hoods for linear and circulated flow at different draught 
and high degree of hooding tightness (99.5%) 

 

B.1.2 Convective Heat Transfer Coefficients on Anode Cover and Anode Assembly 

The influence of air velocity under the hoods on the convective heat transfer coefficients on the 

anode cover and anode assembly was studied.  The convective heat transfer coefficient, hc, was 

calculated on the anode cover and anode assembly based on correlations of Nusselt number for 

turbulent flow above a heated plate and flow perpendicular to a cylinder, as follows: 

  
3/12/1 PrRe68.0 LLNu ×=   turbulent flow along a heated plate (Mills 1992) 

38.062.0 PrRe21.0 LLNu ×=   flow past a cylinder (1000 < Re < 200,000)  (Haberman and John 

1989) 

Where  µρ /Re havgTavgL DV=  

 Pr = 0.71  

µ = 1.83 x 10 -5 kg/m s dynamic viscosity of the air 
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 Dh  = 0.5 for anode cover (calculated in Figure B-5)  

Dh  = Diameter of anode assembly = 0.1 m  

Vavg calculated in the previous section 

As a sensitivity test, the calculated convective heat transfer coefficients for linear flow and flow 

with recirculation were compared with the calculated convective heat transfer coefficient from 

the CFD model.  It was found that taking the recirculation in the flow into account gave better 

agreement with the CFD results compared to linear flow characterisation.  It was also found that 

flow with recirculation resulted in up to double the convective heat transfer coefficient than with 

linear flow.  This is shown in Figure B-6 and Figure B-7 for the anode cover and anode assembly 

respectively. 

Hoods

0.15 m

0.437 m

1.65 m

0.75 m

Cross sectional area of 
the air region = 0.8 m2

L 1.5 m0.24 m

0.3 m

0.13 m

0.15 m

0.1 m

Anode cover

0.5 m

Extraction inlet 

of the duct

S
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tr
y

Wetted perimeter = 

1.65 - 2 x 0.1

+0.15+0.437+1.5+0.75

+ (0.15+0.3+0.24+0.13) x 2

+ 0.5

= 6.427 m

Dh = 4 x 0.8 / 6.427

= 0.498 m 

Anode 

Anode assembly 

 

Figure B-5 Effective hydraulic diameter of the 1/8 slice model 
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Figure B-6 Convective heat transfer coefficient on anode cover with different draughts with linear flow and 
flow with recirculation 
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Figure B-7 Convective heat transfer coefficient on anode assembly (stub/yoke/rod) with different draughts 
with linear flow and flow with recirculation 
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B.2 Equivalent Radiative Resistance of Anode Cover and Anode 

Assembly 

In a gray system (surface emissivity is less than one), radiative heat transfer is proportional to the 

fourth power of the absolute temperature, the surface emissivity, and the fraction of the 

interacted areas (view factor (F)).  Since the aim of this study is to have a common driving force 

(Ts-Tair) from a surface area (As) for both convection and radiation, a combination of  the 

radiative (Rr=1/Arhr) and convective resistances (Rc=1/Ashc) into a total effective resistance 

(1/Asheff) is required.  This is used to calculate the total heat transfer ( ))( airseffsT TThAQ −=  to air 

under the hoods including convection and radiation from the surface under study (anode cover, 

anodes, and anode assembly).  However, radiative exchange in this study is between surfaces and 

therefore based on the connections of two types of radiative resistances, surface and air 

resistances, as will be discussed in the next section. Therefore, it was essential to calculate an 

equivalent radiative heat transfer coefficient from the surface under study to the 

air ( ))(/)( airsshoodssrreqr TTATThAh −−=− . 

B.2.1 Radiative Effective Area from Radiative Resistance R-Model 

Estimation of a radiative resistance (Rr=1/Arhr) requires estimation of an effective radiative area, 

Ar, which combines the influence of the surface emissivity and the view factor.  This was 

estimated based on an analogue of Kirchhoff's law (Mills 1992), following a simplified approach 

for furnace design that neglects heat loss from the refractory.  In this case, the refractory was 

assumed to be a secondary surface that exchanges heat by radiation with the 

hoods/superstructure. Hence there will be a series interaction between the resistances of the 

surfaces due to emissivity ( )εε A/)1( − , and parallel interaction with radiation resistance in air 

due to the view factor ( )AF/1 , with any other interacted surface as shown below. 

By neglecting radiative losses through the gaps and exhaust duct and assessing the temperatures 

of the interacting surfaces shown in Figure B-8 and Figure B-9, the geometry configuration 

proposed in Figure B-10 illustrates the possible radiative exchange between surfaces.  The three 

main radiating surfaces are the exposed side surfaces of the anodes, the anode cover, and the 

anode assembly. Heat radiated to the feeder was neglected as it comprised less than 8% of the 
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area of the hoods and superstructure where most of the radiation is received.  Similarly, radiative 

exchange was also neglected for areas equal or less than 3% of the anode cover area.  In contrast, 

the exposed side surfaces of the anodes were included as one of the three main proposed 

locations of radiative exchange with the hoods/superstructure, despite having a relatively small 

area of only 5% of the anode cover area.  This was included due to the high temperature of the 

anodes, which directly influence the radiative heat transfer coefficient.  This compensates for the 

impact of this small effective area (Ar) on the radiation resistance ( )rrr hAR /1=  of the anodes.   
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Figure B-8 Temperatures of cell components with anode cover thermal conductivity of 0.2 W/mK at different 
draught  
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Figure B-9 Temperatures of cell components with an average anode cover thermal conductivity of 0.52 
W/mK  
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Figure B-10 Main radiative exchange between anodes exposed side surfaces (notation 1), anode cover 
(notation 2), and anode assembly stub/yoke/rod (notation 3), with the hoods/superstructure (notation 4) 
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Using the notations shown in Figure B-10 for the three main locations and the 

hoods/superstructure, the following was proposed regarding the radiative heat exchange: 

• The exposed anode side surfaces always exchange heat with the hoods and the anode cover 

in parallel interaction, due to their high temperature. 

• The radiative heat exchange from the anode cover depends on its thermal conductivity. A 

low anode cover thermal conductivity (0.2 W/mK) increases the resistance to heat flow 

through the anode cover, leading to an increase in heat flow through parallel paths with lower 

resistance, such as through the anode assembly.  This leads to an increase in the resulting 

temperature of anode assembly compared to anode cover.   

• The anode assembly radiative exchange occurs by the same process as the anode cover, as 

shown in the following text.  

As a result, the following radiative effective areas were defined based on radiative surface and 

air resistances, with the notations shown in Figure B-11: 

Anode exposed side surfaces 

to air under the hoods

Anode cover

Anode assembly

Hoods

Direction 

based on 
temperature 

gradient

Convection 

internal 
resistance 

3

R1

2

R12

R4

4

4

R14

R4

R24

R2

1

2

R3

R4

R4

R34

R24

R2

4

 

Figure B-11 Sub notations of radiative resistances between anode exposed surfaces, anode cover, anode 
assembly, and hoods/superstructure 

 

1

241214

4114

11
/1

−

− 








+
+++=

RRR
RRAr  



Appendix B 

222 

Where 
11

1
1

1

ε

ε

A
R

−
= , and 

44

4
4

1

ε

ε

A
R

−
=  are radiative surface resistances due to the surface 

 emissivity and area at the anode exposed side surfaces (sub notation 1) and the 

 hoods/superstructure  (sub notation 4). 

 
141

14

1

FA
R = , 

121

12

1

FA
R = , and 

242

24

1

FA
R =  are radiative resistances in air due to the 

view factor and area between the exposed side surfaces of anodes and the hoods (sub notation 

14), or the anode cover and the hoods (sub notation 24) 

244224/1 RRRAr ++=−     if T2 < T3 (sub notation 3 of anode     

    assembly, and sub notation 2 of anode cover) 

Where  
22

2
2

1

ε

ε

A
R

−
=   

1

342324

4224

11
/1

−

− 








+
+++=

RRR
RRAr

  
 if T2 > T3  

Where
232

23

1

FA
R = , 

343

34

1

FA
R =  

1

243234

4334

11
/1

−

− 








+
+++=

RRR
RRAr

  
 if T3 > T2  

344334/1 RRRAr ++=−         if T3 < T2 

To calculate these resistances, estimation of the radiative view factors between the interacting 

surfaces is required.  Consulting the geometry configuration and dimensions shown in Figure 

B-12, the view factors were calculated based on correlations in closest approximation to the 

conditions under study, as follows: 

The view factor between anode cover at the side channel and the exposed side surfaces of the 

anodes was approximated as F21=0.1 based on a correlation between two adjacent surfaces 

shown in Figure B-13.  Making use of the view factor reciprocal rule, where 112221 AFAF = , 
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F12=0.47 was calculated from anode cover at the side channel with the exposed surfaces of the 

anodes.  Since these exposed side surfaces only radiate heat to the anode cover and the 

hoods/superstructure, the rest of the radiation fraction (1-F12 = 0.53 = F14) is the view factor with 

the hoods/superstructure.  Applying the reciprocal rule, 441114 AFAF = ,  the view factor between 

the hoods and the exposed surfaces of the anode of F41=0.02 was calculated,  as listed in Table 

B-1.      

Anode exposed surfaces to 

the air under the hoods

Anode cover

Anode assembly

Hoods

1
2

3

4

4
0.1 m

0.437 m

2

F32 =F34 =0.5
1.65 m

0.58 m

0.75 m

2 m

Cross sectional area 
of the air region = 

0.95 m2

L 1.5 m

0.24 m

0.3 m

0.1 m

 

Figure B-12 Dimensions and geometry configuration to estimate radiative view factor  

h= 0.1 m 

w = 0.437 m 

F from cover at side channel to anode = 0.5(1+0.23 – (1+0.232)0.5 )= 0.1

H = h/w =0.1/0.437 = 0.23

 

Figure B-13 View factor configuration between two long plates (Siegel and Howell 2001) 
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The view factor between the anode assembly and the hoods/superstructure was approximated as 

F34=0.5 based on a correlation between a cylindrical surface facing a large wall (Perry and 

W.Green 1984; Mills 1992).  Similarly, the anode assembly was assumed to mainly exchange 

heat with the hoods/superstructure and the anode cover, and therefore the remaining radiation 

will all be exchanged with the anode cover (1-F34 = 0.5 = F32).  Using the view factor reciprocal 

rule 443334 AFAF = , F43=0.145 was calculated as listed in Table B-1. 

The view factors between the hoods, superstructure and anode cover were estimated as a 

maximum of F42=0.5 based on reported configurations (Hottel 1931; Buschman and Pittman 

1961) illustrated in Figure B-14 and Figure B-15.  The anode cover was assumed to mainly 

exchange heat with the hoods and superstructure.  Using the reciprocal rule, 442224 AFAF = , the 

view factor between anode cover and the hoods was calculated as F24=0.52.  

The radiation surface and air resistances between the hoods and anode cover, anode assembly, 

and exposed side surfaces of anodes were calculated based on the view factors above, as listed in 

Table B-1.    

1;2/121 ==− RF where R=r/a 
 

Figure B-14 View factor configuration from section of interior of hemisphere to disk on base (Buschman and 
Pittman 1961)  
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H = h/w =0.58/0.75 = 0.77 
h= 0.58 m 

w = 0.75 m 

F between area of top wall to parallel area of cover = (1+0.772)0.5 - 0.77 = 0.49

 

Figure B-15 View factor configuration between two infinite parallel plates of same width (Hottel 1931) 

 

Table B-1 Radiative surface and air resistances of anode exposed side surfaces, anode cover, assembly and 
hoods/superstructure 

 From surface  i to 

surface j F ε 

Ai 

 (m
2
) 

Surface 

resistance 

 Ri 

(1/m
2
) 

((1-ε)/Aϵ) 

Air 

resistance 

 R ij 

(1/m
2
) 

(1/AF) 

 

Assembly-hoods 

( sub notation 34) 
0.50 

0.8 
1.41 0.18 1.42 

Assembly- cover 

 (sub notation 32) 
0.50 

0.8 
1.41 0.18 1.42 

Anode-cover  

(sub notation 12) 
0.47 

0.9 
0.21 0.52 10 

 Anode-hoods  

(sub notation 14) 
0.53 

0.9 
0.21 0.52 8.7 

Cover - anode  

(sub notation 21) 
0.10 

0.4 
0.98 1.53 10 

Cover-hoods  

(sub notation 24) 
0.53 

0.4 
4.61 0.33 0.41 

Cover - assembly 

(sub notation 23) 
0.15 

0.4 
4.61 0.33 1.42 

Hoods- cover  

(sub notation 42) 
0.50 

0.8 
4.85 0.05 0.41 

 Hoods -assembly 

(sub notation 43) 
0.15 

0.8 
4.85 0.05 1.42 

Hoods - anodes 

(sub notation 41) 
0.02 

0.8 
4.85 0.05 8.7 
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The total effective radiative resistance of each surface was calculated as listed below and shown 

in Figure B-16.  The calculated total radiative effective areas, shown in Figure B-17, of the three 

main surfaces were then compared.  

3.5
412.010

1

73.8

1
052.0519.0/1

1

14 =






+
+++=

−

−rA  

2

14 188.0 mAr =−    the effective radiative area between the exposed side surfaces of the  

   anodes and the hoods 

With anode cover thermal conductivity of 0.2 W/mK, the effective radiative area of the anode 

cover was based on series connections of two surface resistances (the anode cover and the 

hoods/superstructure) and the air resistance between the anode cover and the 

hoods/superstructure:   

79.0052.0412.0325.0/1 24 =++=−rA   as T2 < T3 

2

24 267.1 mAr =−  the effective radiative area between the anode cover and the 

hoods/superstructure with anode cover thermal conductivity of 0.2 W/mK.  

With anode cover thermal conductivity of 0.52 W/mK the effective radiative area of anode cover 

was based on the same series connections of two surface resistances, but with parallel and series 

resistances in the air between the anode cover, anode assembly and hoods/superstructure:   

737.0
419.1419.1

1

412.0

1
052.0325.0/1

1

24 =






+
+++=

−

−rA  

2

24 357.1 mAr =−   the effective radiation area between the anode cover and the   

  hoods/superstructure with an average anode cover thermal conductivity   

  of 0.52 W/mK. 

The same calculations were applied on the anode assembly: 

03.1
412.0419.1

1

419.1

1
052.0177.0/1

1

34 =






+
+++=

−

−rA    as  T3 > T2
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 2

34 97.0 mAr =−  the effective radiation area between the anode assembly and the 

hoods/superstructure with anode cover thermal conductivity of 0.2 W/mK 

648.1052.0419.1177.0/1 34 =++=−rA
    

as  T3 > T2 

2

34 97.0 mAr =−  the effective radiation area between the anode assembly and the 

hoods/superstructure with an average anode cover thermal conductivity of 0.52 W/mK 

Anode exposed side surfaces 

to air under the hoods

Anode cover

Anode assembly 3

2

1

2

R3 effective (1/m2) = 1.03  if T3 > T2

= 1.65 if T3 < T2

R2

effective

4

R1

effective =5.4 
1/m2

R2 effective (1/m2) = 0.737  if T2 > T3

= 0.79     if T2 < T3

 

Figure B-16 Effective resistance of radiative areas between anode exposed side surfaces, anode cover, and 
anode assembly with hoods/superstructure 
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Figure B-17  Radiative effective area (m2) of exposed anode side surfaces, anode assembly, and anode cover 
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As a result, it was found that the effective radiative area of the anode cover was the largest in 

spite of its low surface emissivity, as shown in Figure B-17.  This is due to the consequences of 

both the surface area and the surface emissivity along with radiative exchange between the 

surfaces.  In regard to the exposed side surfaces of the anodes, the effect of the small area (5% of 

the anode cover) was compensated by the influence of both the high emissivity (0.9) and the 

additional parallel interaction with the anode cover.  For the anode cover, the impact of the large 

surface area (95% of the hoods/superstructure) compensated for the influence of the low surface 

emissivity (0.4) and the additional parallel interaction with the anode assembly.  Anode assembly 

surface area (30% of the hood/superstructure), high surface emissivity (0.8), and additional 

parallel interaction with anode cover at 0.2 W/mK thermal conductivity decreased the fraction of 

anode cover effective area to anode assembly from 2.2 to 1.3. 

B.2.2 Radiative Heat Transfer Coefficient Between the Surfaces 

The radiative heat transfer coefficient, hr, is strongly dependant on surface temperature.   The 

surface temperature is influenced by the anode cover thermal conductivity (see section B.2.1) 

and the cell draught.  Anode cover thermal conductivity influences the transfer of heat through 

the parallel and series paths of the top heat loss (as discussed in sections 5.3 and 6.2.1).  A 

decrease in anode cover thermal conductivity increases the total resistance to heat flow from the 

bath to air under the hoods through the anode cover.  In consequence, more heat will flow 

through paths with lower resistance such as through the anodes, which is in parallel connection 

with the paths at the side and centre channels that are directly influenced by the anode cover.  

Therefore, the effect of two thermal conductivities of anode cover and different draught rates 

were included in the radiative heat transfer coefficients. 

The calculated radiative heat transfer coefficients between the cell surfaces and the 

hoods/superstructure are shown in Figure B-18.  It can be seen that the highest values were at the 

exposed side surfaces of the anodes as a result of having the highest temperature.  With a draught 

increase over 3000 Nm3/h there was a linear reduction in the radiative heat transfer coefficient as 

a result of the temperature decrease.  The inverse was seen with a draught decrease below 2000 

Nm3/h.  The nonlinear increase in hr was influenced by the anode cover thermal conductivity, 

where as expected the increase was gradual with thermal conductivity of 0.52 W/mK compared 

to the step increase with 0.2 W/mK.   
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The actual effect of these radiative heat transfer coefficients is controlled by the effective area, 

which takes into account the surface emissivity and radiative view factor between the surfaces.      
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Figure B-18 Radiative heat transfer coefficient (hr) between surfaces (anode cover, anode assembly, and 
exposed side surfaces of anodes) and hoods/superstructure  

 

B.2.3 The Equivalent Radiative Heat Transfer Coefficient  

As indicated in section B.2, an equivalent radiative heat transfer coefficient (hr-eq) was calculated 

to have a common driving force (Ts - Tair) from a surface area (As) for both convection and 

radiation. This was conducted based on the calculated hr and Ar, 

( ))(/)( airsshoodssrreqr TTATThAh −−=− .  The results are shown in Figure B-19.  An overall rapid 

increase in hr-eq with draught reduction under 2000 Nm3/h was seen due to the rapid increase in 

temperature of cell components at low draught. 

The equivalent radiative heat transfer coefficient on the anode assembly was higher with low 

anode cover thermal conductivity (0.2 W/mK) than with high conductivity cover (0.52 W/mK).  
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This is because the resistance to the heat flow through the anode cover is increased, leading to an 

increase in heat flow in the parallel path through the anode assembly, causing an increase in 

assembly temperature as discussed in section 5.3.  The inverse was seen with higher anode cover 

thermal conductivity, which lead to an increase in anode cover temperature compared to the 

anode assembly.    
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Figure B-19 Equivalent radiative heat transfer coefficient between the interacted surfaces and the air under 
the hoods at different draught  

 

B.2.4 Combining Convective and Radiative Heat Transfer Coefficients 

Having a common driving force and surface area for both convective and radiative heat transfer 

calculations means it is possible to combine the resistances. The calculated convective resistance 

(1/Ashc) (as discussed in section B.1.2) and the equivalent radiative resistance (1/Ashr-eq) (as 

discussed in section B.2.3) of the anode cover and assembly are combined in parallel 

( )eqrscseffs hAhAhA −+= /1/1/1 . This leads to an effective heat transfer coefficient 

( )eqrceff hhh −+=  which includes the effects of both convective and radiative heat transfer. The 



Appendix B 

231 

calculated heff were compared with the CFD model heff-CFD ( ))(/ airssTCFDeff TTAQh −=−  for two 

thermal conductivities of anode cover (0.2 and 0.52 W/mK) at different draughts.  The results 

were in good agreements for both anode cover and anode assembly, as shown in Figure B-20 and 

Figure B-21 respectively.  At the normal draught setting (4677 Nm3/h), the effective heat transfer 

coefficients on the anode cover were 9-12 W/m2K, similar to the reported 9-11 W/m2K range 

with 0.2 W/mK anode cover thermal conductivity (Eggen et al. 1992; Shen 2003), and lower 

than a reported value of 14 W/m2K with 0.8 W/mK anode cover thermal conductivity (Taylor 

2007).  As discussed in section B.2.2, the equivalent radiative heat transfer coefficient was 

influenced indirectly by the anode cover thermal conductivity as a result of an increase in surface 

temperature, as shown in Figure B-22.  This influence is clearly shown in Figure B-23, assuming 

that the convective heat transfer coefficients on the anode cover and assembly were 5.5 and 10.5 

W/m2K respectively, as calculated in section B.1.2 for air flow with recirculation at the normal 

draught setting (4377 Nm3/h). 
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Figure B-20 Effective heat transfer coefficient on anode cover with two thermal conductivities (avg 0.52 and 
0.2 W/mK) at different draughts 
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Figure B-21 Effective heat transfer coefficients on anode assembly with two anode cover thermal 
conductivities (0.2, and avg 0.52 W/mK) at different draughts 
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Figure B-22 Temperature and temperature driving force of anode assembly (stub/yoke) and anode cover at 
0.2-0.75 W/mK range of anode cover thermal conductivity and normal draught of 4677 Nm3/h 
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Figure B-23 Calculated effective heat transfer coefficients on anode cover and anode assembly at different 
anode cover thermal conductivities and normal draught (4677 Nm3/h) 
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Appendix C Publications 

In the course of this study the research was presented in one conference proceedings and several 

poster competitions, as follows: 

Conference Proceedings: 

"The Impact of Cell Ventilation on the Top Heat Losses and Fugitive Emissions in an 

Aluminium Smelting Cell", H. Abbas, M. Taylor, M. Farid, and J. Chen, Light Metals 2009, 

TMS pp 551 -556 

 

Poster competitions: 

1- BECA Poster Competition (2006) “Modelling of Heat Transfer and Air Flow between 

Surfaces”, won the departmental prize. 

2- VECTOR Postgraduate Poster Competition (2007) “Simulating the Thermal Profile and 

Air Flow inside Aluminium Smelting Cell”. 

3- Engineering Postgraduate Society poster competition 2008.  The poster “Modelling the 

Impact of Draught on the Top Heat Losses from an Aluminium Smelting Cell” was 

selected to represent the faculty of engineering at the ‘Exposure’ competition as one of 20 

posters. 

4- 2009 Postgraduate Poster Competition, “The Mechanism of the Top Heat Loss in an 

Aluminium Smelting Cell” poster was selected as one of 20 posters for entry into the 

‘Exposure’ 2009 poster competition. 
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