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ABSTRACT 

This thesis was conducted at Luleå University of technology in cooperation with Swerea 

MEFOS during the spring of 2014. The purpose of this work was to develop a dynamic model 

for the hot stoves for the blast furnace which is to be used to further optimise the stove operation. 

To be able to investigate different operating scenarios outside of current operating practices, the 

model was derived from fundamental heat transfer equations. It was implemented using finite 

difference approximation of the energy balance in a spreadsheet-based environment. In order to 

validate the developed model, operational data for a stove at SSAB, Luleå was used and 

measurements carried out on the stove was compared with model outputs. 

The developed model showed a good prediction of the flue gas temperature but it did however 

deviate in the behaviour of the temperature in the heat storing material. This is most likely due to 

the use of constant properties in the solid material. 

To illustrate the application of the developed model, a flue gas recirculation scenario was 

investigated and compared with a reference scenario. The model showed that the flue gas 

recirculation scenario could sustain the same blast and flame temperature with a decreased total 

flow through the stove during on-gas. In addition to this the model showed a decrease in flue gas 

temperature and an increase in hot blast temperature. This increase in hot blast temperature could 

increase the blast temperature and possibly lower the coke consumption in the blast furnace.  

In conclusion, this thesis has provided a model which was able to predict the performance of a 

hot stove for the blast furnace. The model shows the possibility to investigate a new operating 

scenario currently untested. 

From the validation of the model there were however some deviations between measured and 

modelled temperatures. It is recommended to further validate the model on a hot stove where 

more measurements are carried out and develop the thermophysical properties of the solid 

materials with the temperature dependence. 
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NOMENCLATURE 

�̇� Heat [W] 

𝐴 Area [m2] 

ℎ Convective heat transfer coefficient [W/m2K] 

𝑇 Temperature [K] 

𝑁𝑢 Nusselt number 

𝑘 Thermal conductivity [W/mK] 

𝐿 Length [m] 

𝑓 Friction factor 

𝑅𝑒 Reynolds number 

𝑃𝑟 Prandtl number 

𝑑 Diameter [m] 

µ Dynamic viscosity [Pa s] 

𝑅𝑎 Rayleigh number 

𝑔 Temperature gradient 

𝛽 Expansion coefficient [K-1] 

𝜈 Kinematic viscosity [m2/s] 

𝛼 Thermal diffusivity [m2/s] / Absorptivity 

𝜖 Emissivity 

𝜎 Stefan-Boltzmann constant [W/m2K4] 

𝑅 Thermal resistance [m2K/W] 

𝑟 Radius [m] 

𝜌 Density [kg/m3] 

𝑐𝑝 Specific heat [J/kgK] 

𝑉 Volume [m3] 

𝑝 Pressure [Pa] / [atm] 

𝑢 Velocity [m/s] 

𝑦𝑖 Molar fraction 

�̇� Mass flow [kg/s] 

BFG Blast furnace gas 

COG Coke oven gas 

LPG Liquefied petroleum gas 

PCI Pulverised coal injection 

SOE Stove oxygen enrichment 

FGR Flue gas recirculation 
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1 INTRODUCTION 

In the last 20 years the crude steel production has doubled and reached in 2012 an all-time high 

[1]. Despite record production, demand has not followed the increase in production capacity. 

Utilisation rate of the world total installed steel production capacity has remained low since the 

financial crisis of 2009 and is currently 80 % [2]. 

According the International Energy Agency (IEA) the iron and steel industry is one of the largest 

energy users of all industrial sectors. It is also the largest industrial emitter of CO2. This is due to 

the large energy requirement in the production process which relies heavily on coal as the main 

energy carrier as well as a reducing agent [3]. The total emission of greenhouse gas from the iron 

and steel industry represents 30 % of the total from the manufacturing industries and 4 - 5 % of 

the world total emission [4]. 

There are two main processes to produce crude steel. The most common process which accounts 

for two-thirds of the total production is the use of coke oven - blast furnace (BF) - basic oxygen 

furnace (BOF) which relies on iron ore and scrap as a feedstock. Nearly all other crude steel is 

produced in an electric arc furnace which uses cast iron, scrap and directly reduced iron as a 

source. [3] 

In Figure 1, the steel production from the BF-BOF process is shown. Coke is produced in the 

coking plant, (a), from coal. Iron ore, coke and limestone are added to the blast furnace, (b), 

where the iron ore is converted into pig iron. The pig iron is tapped and treated to remove sulphur 

from the metal, (c). After sulphur removal, the hot metal is charged into a LD converter, (d), 

where it is converted into steel by removing carbon from the hot metal with oxygen. The steel 

chemical composition is then fine-tuned, and rolled into steel slabs in the continuous casting 

process, (e). [5]

 

Figure 1: The steel production process from the blast furnace 

The blast furnace uses coal, mainly in the form of coke, as a reducing agent and energy carrier to 

reduce iron ore to pig iron. This is an energy efficient process with less than 10 % heat loss. From 

the reduction progress 35 - 40 % of the energy added from coal can be extracted as blast furnace 

gas, BFG. Much of that gas is used in the hot stoves to preheat the air which is required in the 

reduction process in the blast furnace. The hot stoves require 10 - 20 % of the total energy used in 

an integrated steelwork and one third of the energy used in the blast furnace is to preheat the 

blast. [3] 

(b) (c) (d) (e) 

(a) 
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As the largest industrial emitter of CO2 there is a need to further increase the efficiency of the 

steelmaking process. Since one third of the energy used in the blast furnace is needed to preheat 

blast in the hot stove, energy efficiency improvements of the hot stove could lead to large total 

energy savings which can also lower the overall CO2 emission. 

The low utilisation of the installed steel production capacity also increases the incentive to further 

increase the efficiency of the steelmaking process. An increase in fuel efficiency on the hot 

stoves could lower the overall production cost and raise the margin on sold steel. 

1.1 BLAST FURNACE 
The blast furnace is a large vessel where iron ore is chemically converted to pig iron. Coal is 

added to the furnace from the top as coke or from the tuyeres as pulverised coal injection (PCI) as 

illustrated Figure 2. Coke and PCI are used in the blast furnace as both an energy carrier and 

reducing agent. The utilisation of coke is also to provide support for the large column of iron ore 

pellets and coke inside the furnace, which allows the molten metal to trickle down to the bottom 

of the furnace and gas from the reduction process to flow up. [5] 



  3  

 

 

Figure 2: Schematic view of the blast furnace [5] 

In iron pellets, oxygen is bound to the iron as hematite, Fe2O3, and the purpose of the blast 

furnace reduce and melt the iron ore. The iron ore pellets are charged to the top of the furnace 

where it is heated from ambient temperature to 1400 – 1450 °C [6]. During this heating the 

hematite is reduced with CO to magnetite at 800 – 900 °C with the following reaction: 

3𝐹𝑒2𝑂3 + 𝐶𝑂 → 𝐶𝑂2 + 2𝐹𝑒3𝑂4 

When the iron oxide reaches the temperature of 700 – 900 °C, it is reduced to wustite [6] as: 

𝐹𝑒3𝑂4 + 𝐶𝑂 → 𝐶𝑂2 + 3𝐹𝑒𝑂 

Near the bottom of the furnace where temperatures reach 1400 – 1450 °C [6] the reactions can 

be: 



  4  

 

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐶𝑂2 + 𝐹𝑒 

Or: 

𝐹𝑒𝑂 + 𝐶 → 𝐶𝑂 + 𝐹𝑒 

The molten reduced iron trickles down to the bottom of the furnace where it is tapped. The CO 

needed in the reduction process comes from reaction of O2 in the blast with coal in the blast 

furnace. 

Gas from the reduction process flows upwards in the furnace and is extracted at the top. The 

extracted gas is called blast furnace gas (BFG). BFG contains a lot of CO, roughly 20 % [7], and 

can therefore be used as an energy source in the rest of the steelworks. A large portion of the 

BFG is used together with an enrichment gas in the hot stoves to heat the blast which is injected 

into the blast furnace. [5] 

1.2 HOT STOVES 
The hot stove is a thermal regenerator with the purpose to provide hot air, called blast, to the blast 

furnace at high temperature and constant flow. Operation of the hot stove is cyclic, divided into 

two periods, on-gas (or firing) and on-blast. During on-gas fuel gas is combusted to heat up a 

thermal storage and during on-blast air is heated by flowing through the thermal storage. [7] 

Figure 3 shows a schematic picture two different types of hot stoves, one with internal 

combustion chamber and one with external combustion chamber. In this thesis the hot stove is 

treated as the type with external combustion chamber unless otherwise stated.  

 

Figure 3: A cross-sectional view of two different types of hot stoves. Left: internal combustion chamber. 

Right: External combustion chamber. 

As can be seen in Figure 3 the hot stove consists of two chambers, combustion chamber and a 

chamber containing a thermal storage, called chequerwork [7]. The chequerwork consists of a 

large volume of aluminium and silica bricks with several thousand channels. This is to provide 

large heat storing volume as well as a large surface area for heat transfer. In Figure 4 a view of 

the channel layout in a chequerwork brick is shown. 

Chequerwork 
Chequerwork 

Combustion chamber 

Combustion chamber 
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Figure 4: Cross sectional view of a chequerwork brick 

After long-term operation the chequerwork brick might be damaged causing solid material to 

break off. This can cause blockage of flow through some channels which is referred to as 

clogging. Clogging causes higher pressure drops over the chequerwork and decreases the 

available area for heat transfer. [8] 

1.2.1 Hot stove operation 

Hot stoves are operated to provide a constant flow of blast to the blast furnace. There are 

commonly three to four stoves for a blast furnace which are operated in a serial mode. Figure 5 

shows a system of hot stoves providing blast to a blast furnace where two stoves are combusting 

fuel gas and one is providing blast. [7] 

 

Figure 5: Common system of hot stoves in connection with a blast furnace  
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During on-gas, fuel gas is combusted and the hot flue gas flows through the hot stove and 

increases the temperature of the solid material, mainly in the chequerwork. The fuel gas used in 

the hot stoves is BFG together with an enrichment gas. Enrichment gas is needed to increase the 

heating value of the fuel gas to be able to achieve higher blast temperatures.  Depending on 

availability on site, the enrichment gas can be coke oven gas, liquefied petroleum gas or natural 

gas. [7] 

After on-gas the hot stove is switched to on-blast. On-blast is the period when pressurised air, 

called cold blast, is heated by flowing through the hot stove and is injected into the blast furnace. 

The air flows through the hot stove from the bottom of the chequerwork, through the domes and a 

part of the combustion chamber. To produce blast of constant flow rate and temperature the hot 

air which exits the hot stove, called hot blast, is mixed with a certain amount of cold blast, as 

shown in Figure 5.  

The switch between on-blast and on-gas takes time and this period is referred to as changing 

time. Not only does it take time to pressurise and depressurise the hot stove but there is also a 

need to blow through air when switching from on-gas to on-blast. This is to remove any flue gas 

which would otherwise be blown into the blast furnace. Since the hot stoves operate in series, 

there is also a need to use the changing time to wait for other hot stoves to switch from on-blast 

to on-gas. 

1.2.2 Current research on stove optimisation 

Fuel gas is commonly burned together with air, but investigations to combust the fuel with pure 

oxygen have been made in order to increase the stove efficiency or reduce the use of enrichment 

gas. Other investigations to increase the efficiency have focused on the preheating of combustion 

air and fuel gas. Using stove oxygen enrichment (SOE) together with flue gas recirculation 

(FGR) has shown promising preliminary results. [7] 

The use of flue gas recirculation would utilise the sensible heat in the flue gas as well as the 

increase of CO2 concentration. It has been shown that there is a possibility to increase the CO2 

concentration during the firing from about 20 % to 40 %. This has the potential to increase 

radiative heat transfer in the stove and decrease the total gas flow rate through the stove. Lowered 

flow rate through the stove might lead to improved performance of a clogged stove. [7] 

With the concentration of CO2 up to 40 % the cost of introducing carbon capture and storage 

would decrease. This would make it interesting for further investigation to decrease the CO2 

emission from the steel production process. [7] 

1.3 PREVIOUS MODELS 
Currently, a model called Masmod is in use at Swerea MEFOS which is used to investigate the 

performance of the blast furnace and hot stoves. Masmod is a 1-D static mass- and energy-

balance model and it calculates the performance of the hot stoves depending on, among others, 

fuel gas availability, blast temperature and blast flow. It has been developed as a spreadsheet-

based model to be in a familiar environment to its users. [9] 
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Initially the model was used as an in house tool at SSAB, Luleå to investigate modifications to 

equipment and operating practices. It has later been adapted to investigate specific purposes such 

as top gas recirculation and coke oven gas injection [9]. However, the range of operating 

scenarios which is possible to investigate in the model is limited due to the static characteristics. 

To be able to investigate different operating techniques a semi-dynamic model of the hot stoves 

has been developed. The developed model relies on process data to find the performance of the 

hot stove. On one hand the model needs lots of process data. On the other hand it is difficult to 

predict the performance in operating scenarios radically different operating practises. Therefore, 

the model is limited by measurements done on site and to operating scenarios which have been 

tested. 

1.3.1 Hot stove modelling 

The earliest modelling of the thermal regenerator was carried out by Schofield, Butterfield and 

Young in 1961 as well as Hausen and Binder in 1962. In these models the heat transfer inside the 

regenerator was calculated by assuming constant physical properties and operating conditions, 

such as constant flow rates and constant temperatures during hot and cold blast [10]. Hausen and 

Binder used a mean radiation for the entire regenerator to find the radiative part of the heat 

transfer [11]. 

Later, Willmott [12] developed models to consider the gas flow rates and the temperature-

dependent heat transfer coefficient. In these models the radiation was treated as the method 

proposed by Hausen and Binder in 1962 [10]. 

In 1982 Martin and Hass developed a model for the hot stove in which a finite difference method 

was used to predict hot blast temperature. This study included the modelling of the combustion 

chamber and dome which had been neglected in previous studies and was implemented in 

FORTRAN. In this model the temperatures was calculated with respect to time and position in 

the regenerator. This allowed the calculation of gas and solid properties as a function of 

temperature for each step and was shown to accurately predict the performance of a hot stove. 

[13] 

In the model developed by Martin and Hass the heat loss from the gas in the dome part of the 

chequerwork was neglected. The model did however calculate flow in the dome to find the 

temperature of the solid material which is a common measurement on hot stoves. 

More recent work on the hot stoves has focused on developing a predictive controller which can 

be used in real time with the stove operation where the total radiation during the on-gas cycle was 

estimated using functions developed by Hottel in 1954 [10] [14]. In the model developed by 

Muske et al. the emissivity was obtained from the interpolation in the charts developed by Hottel 

[14]. For the model presented by Howse et al. the charts used for interpolation were obtained 

from the measurements by Tien in 1968 as well as by Sparrow and Chess in 1978 [10]. 

1.4 OBJECTIVE 
The aim of this thesis is to provide a dynamic model for the hot stove which is to be used as an 

investigative tool to optimise the hot stove operation.  
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To achieve this goal, the model is to be derived from fundamental heat transfer equations which 

will make it possible to estimate the performance of a hot stove using radically different 

operating techniques from today. Using fundamental correlations for the heat transfer also makes 

it possible to easily adjust the model to find the performance on several different hot stoves. The 

model will be validated using the production data from a hot stove at SSAB, Luleå. 

By developing the model in a spreadsheet-based environment it will be possible to easily 

integrate this model into the workflow with other spreadsheet-based models currently in use at 

Swerea MEFOS. This work will provide additional data for further energy optimisations for the 

entire blast furnace process and further energy savings in the hot stove. 
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2 THEORY 

In this section the correlations which are needed to calculate the heat transfer in a hot stove are 

presented. 

2.1 CONVECTION 
Convection for internal flow can be described by Newton's law of cooling [15]: 

 �̇�𝑐𝑜𝑛𝑣 = 𝐴𝑠ℎ(𝑇𝑠 − 𝑇𝑔) (1) 

where Ts and As are the surface temperature and area, respectively, h is the convective heat 

transfer coefficient, and Tg is the temperature of the fluid. 

The convective heat transfer coefficient, h, can be found from the Nusselt number: 

𝑁𝑢𝐿 =
ℎ𝐿

𝑘𝑓
 (2) 

where kf is the thermal conductivity of the fluid, NuL is the Nusselt number, and L is the 

characteristic length. 

2.1.1 Internal flow 

For the flow inside a cylindrical channel the characteristic length, L, is the diameter, and the 

Nusselt number can be calculated by the Dittus-Boelter equation. It has however been proven to 

have errors as large as 25 %. By using the correlation derived by Gnielinski this error can be 

reduced to less than 10 % [15]. The Gnielinski correlation assumes a smooth tube and the Nusselt 

number is found from: 

𝑁𝑢𝑑 =
(
𝑓
8)
(𝑅𝑒𝑑 − 1000)𝑃𝑟

1 + 12.7√
𝑓
8
(𝑃𝑟2/3 − 1)

 

 

(3) 

where f is the friction factor, Re is the Reynolds number, and Pr is the Prandtl number.  

The correlation of equation (3) is valid for the interval: 

0.5 ≤ Pr ≤ 2000 

3000 ≤ 𝑅𝑒𝑑 ≤ 5 ⋅ 10
6 

With equation (3) and the correlation for the fully developed laminar flow, the Nusselt number 

for the region of 2300 < Re < 3000 is undetermined. In this region Hausens correlation for the 

laminar extreme and fully turbulent extreme can be used which is valid for the interval of 2100 < 

Re < 10 000 [13]: 
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𝑁𝑢𝑑 = 0.116 (𝑅𝑒
2
3 − 125) 𝑃𝑟

1
3(1 + (

𝑑

2
)

2
3
)(

𝜇

𝜇𝑠
)
0.14

 (4) 

where d is the diameter of the tube, and µ is the dynamic viscosity evaluated at bulk and surface 

temperature. 

For the flow in a pipe the Reynolds number is calculated from: 

𝑅𝑒𝑑 =
𝑢𝜌𝑑

𝜇
 (5) 

where d is the diameter, u is the velocity, ρ the density, and µ the dynamic viscosity. 

The Prandtl number is calculated from: 

𝑃𝑟 =
𝑐𝑝𝜇

𝑘
 (6) 

where cp the specific heat capacity and k the thermal conductivity. 

2.1.2 Free convection 

For the free convection from a vertical plane the characteristic length, L, is the length in vertical 

direction. The following correlation for the Nusselt number has been recommended by Churchill 

and Chu [15]: 

𝑁𝑢𝐿 =  

(

 
 
0.825 +

0.387𝑅𝑎𝐿
1/6

( 1 + (
0.492
𝑃𝑟  )

9/16

)

8/27

)

 
 

2

 

 

(7) 

This can be applied for the entire range of RaL [15]. The Rayleigh number is found by: 

𝑅𝑎𝐿 =
𝑔 𝛽(𝑇𝑠 − 𝑇𝑔)𝐿

3

𝜈𝛼
 

 

(8) 

where Ts is the surface temperature, Tg is the fluid temperature, L is the characteristic length, ν is 

the kinematic viscosity, α is the thermal diffusivity, g is the dimensionless temperature gradient, 

and β is the expansion coefficient, which for a perfect gas is β = 1/T. All properties in the 

equation for RaL are evaluated at film temperature, i.e. (Ts + Tg)/2. A correlation for the 

temperature gradient is reported by Incropera et al. [15] with an error of 0.5 %: 

𝑔(Pr) =
0.75𝑃𝑟1/2

(0.609 + 1.221𝑃𝑟1/2 + 1.238Pr)1/2
 

 

(9) 
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2.2 RADIATION 
The radiation from a flue gas to a surface mostly depends on the content of CO2 and H2O [15]. 

Baehr and Stephan [16] described the radiation from a gas to a grey, opaque, diffuse surface with: 

�̇�𝑟𝑎𝑑 =
𝜖𝑠 𝜎 𝐴𝑠

1 − (1 − 𝛼𝑔)(1 − 𝜖𝑠)
(𝜖𝑔𝑇𝑔

4 − 𝛼𝑔𝑇𝑠
4) 

 

(10) 

where αg is the absorptivity of the gas, and εs and εg are the emissivities of surface and gas, 

respectively. 

The emissivity and absorptivity of the gas are dependent on the partial pressure of the radiating 

species, the mean beam length, Le, and the temperature. The mean beam length is a constant 

which is used to consider the geometry of the gas volume and can be found in tables [15]. For 

radiation inside an infinite long cylinder with diameter d, Le is equal to 0.95d. 

The emissivity of a radiating gas has traditionally been calculated by Hottel's gas emissivity 

charts [17]. These charts have been derived from experimental values and have a good reliability. 

In mathematical modelling these charts can be unsuitable to use because of computational 

requirement. Therefore, approximate calculations for the emissivity have been developed which 

is suitable for engineering calculations.  

Equation (10) is not a general function for the radiation between a gas and a grey surface. This 

expression is only valid for symmetrical gas geometries, infinite long cylinders and spheres. 

Also, the formula uses a uniform absorptivity which does not take into account that the radiation 

emitted from a grey surface includes fractions with different spectral distributions [16]. 

With the radiative heat transfer known the radiative heat transfer coefficient, hr, is found by: 

ℎ𝑟 =
�̇�𝑟𝑎𝑑

𝐴𝑠(𝑇𝑔 − 𝑇𝑠)
  

 

(11) 

2.3 CONDUCTION 
The conduction through a solid is reported by Incropera et al. [15] and the equation is: 

�̇�𝑐𝑜𝑛𝑑 =
𝑇1 − 𝑇2
∑𝑅

 

 

(12) 

where R is the thermal resistance. 

For the conduction through a cylindrical shell, R can be written as: 

𝑅 =
ln (
𝑟1
𝑟2
)

2𝜋𝐿𝑘
 

 

(13) 
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where r1 and r2 are inner and outer radius, L is the length in axial direction, and k is the thermal 

conductivity of the solid material. 

2.4 STORED ENERGY 
The equation which describes the energy stored or released from a material is described by 

Incropera et al. [15] as: 

�̇�𝑠𝑡 = 𝜌𝑐𝑝𝑉
𝑑𝑇

𝑑𝑡
 

 

(14) 

where V is the entire heat storing volume, cp is the specific heat capacity, ρ is the density, and 

dT/dt is the temperature change over time. 

2.5 PRESSURE LOSSES 
For fully developed turbulent flow the friction factor depends on the surface roughness and the 

Reynolds number. The correlations can be simplified for a smooth surface with correlation 

developed by Petukhov [15], which is valid for 3000 ≤ Re ≤ 5∙106: 

𝑓 = (0.790 ln(𝑅𝑒𝑑) − 1.34)
−2 

 
(15) 

For a laminar flow with Red  ≤ 2300, the friction factor is defined as: 

𝑓 =
64

𝑅𝑒𝑑
 

 

(16) 

With known friction factor the pressure drop between two points in the flow direction, x1 and x2, 

can be calculated as reported in Incropera et al. [15] by: 

Δ𝑝 = 𝑓
𝜌 𝑢𝑚
2𝑑

(𝑥2 − 𝑥1) (17) 

where um is the velocity of the fluid, ρ is the density, and d is the diameter of the tube. 

2.6 GAS PROPERTIES 
The heat transfer from a gas depends on the thermophysical properties which are mostly 

dependent on gas composition, temperature and pressure. If each individual species in a gas 

mixture is treated as a perfect gas, the specific heat capacity of a known gas mixture is found in 

Kjällström et al. [18] as: 

𝑐𝑝,𝑚𝑖𝑥 =∑𝑦𝑖𝑐𝑝,𝑖 

 
(18) 

where yi is the volumetric fraction of component i and cp,i is the specific heat capacity of pure 

component i. 

The temperature-dependent functions for the properties of each individual component can be 

found in Appendix A. 
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2.6.1 Emissivity and absorptivity 

The emissivity of a flue gas can be calculated by the method developed by Modak with an 

average discrepancy of 7.2 % [19]. The function to calculate the individual emissivity of CO2 and 

H2O developed by Modak [20] is: 

ln(𝜖) =∑𝑇𝑖(𝑥)(∑𝑇𝑗(𝑦)(∑𝑐𝑖𝑗𝑘𝑇𝑘(𝑧)

3

𝑘=0

)

3

𝑗=0

)

2

𝑖=0

 

 

(19) 

0.0011 ≤ 𝑝 ≤ 1.0 𝑎𝑡𝑚 

𝐿𝑒 ≤ 5.989 𝑎𝑡𝑚 ⋅ 𝑚 

300 ≤ 𝑇 ≤ 2000 𝐾  

 

where x, y and z are functions of the partial pressure, temperature and mean beam length, Tn are 

the Chebychev polynomials, and cijk are tabulated constants. The functions and constants needed 

in equation (19) are found in Appendix B. 

Total emissivity of a gas mixture is calculated by: 

𝜖𝑔 = 𝜖𝐶𝑂2 + 𝜖𝐻2𝑂 − Δ𝜖 

 
(20) 

where Δε is the overlap correction found in Appendix B. The absorptivity is calculated from: 

𝛼𝑔   = 𝜖𝑔  (
𝑇

𝑇𝑠
 )
0.65−0.2 𝜁 

 (21) 

where T and Ts are the temperature of gas and surface in kelvins, respectively, εg is calculated by 

(20), and ζ is described in Appendix B.  

2.6.2 Gas conductivity and viscosity 

The method developed by Mason and Saxena can be used to find the thermal conductivity of a 

gas mixture with errors of 3 – 4 % [21]. This method is dependent on the composition of the gas 

mixture and the conductivity of the individual species:  

𝑘𝑚 =∑
𝑦𝑖𝑘𝑖

∑ 0.85𝑦𝑖Φ𝑖.𝑗
𝑛
𝑗=1

𝑛

𝑖=1

 

 

(22) 

where ki is the thermal conductivity of pure component i that can be found in Appendix A, yi is 

the molar fraction of component i, and φi,j is the interaction parameter found by: 

Φ𝑖,𝑗 =

(1 + (
µ𝑖
µ𝑗
)

1
2
(
𝑀𝑗
𝑀𝑖
)

1
4
)

2

√8 (1 +
𝑀𝑖
𝑀𝑗
)

 

 

(23) 
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where Mi is the molar weight of component i, and µi is the viscosity of pure component i that can 

be found Appendix A.  

Wilke [21] developed a method to find the dynamic viscosity:  

µ𝑚 =∑
𝑦𝑖µ𝑖

∑ 𝑦𝑖Φ𝑖.𝑗
𝑛
𝑗=1

𝑛

𝑖=1

 

 

(24) 

where φi,j is the interaction parameter calculated by (23). 

Wike reported that this method had errors of 1 % compared to empirical data [22]. However, the 

method has, for some mixtures, been shown to produce errors as large as 12 % [21].   
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3 SSAB EMEA, LULEÅ 

The steel plant in Luleå has a coking plant, blast furnace and steelworks which produce steel 

slabs as shown in Figure 6. In Luleå there is no rolling mill which instead is located in Borlänge 

to where a majority of the steel slabs are transported by train [7]. 

 

Figure 6: Schematic picture of the production site at SSAB, Luleå 

Blast is provided to the blast furnace by four hot stoves, three with external combustion chamber 

and one with internal. The four stoves operate in series with about 80 minutes on-gas, 10 minutes 

changing time and 30 minutes on-blast.  

The stoves are mainly insulated with silica, except for the part closest to the burners. In the 

chequerwork the top layers are of a silica brick while the lower layers contain bricks of an 

aluminium oxide and silica oxide mixture.  

The stoves are fired with BFG, and COG is used as an enrichment gas. During operation, the fuel 

gas composition can vary with time. For the sake of simplification, in this work the gas analysis 

is considered to be a constant and listed below in Table 1. 

Table 1: Fuel gas composition, %(vol.) [7] 

Species COG BFG 

CH4  21.5 0  

C2.5H5  2.6  0  

H2 60.4  3.7 

 CO  5.7  19.8  

CO2  1.5  23.4  

N2 5.9  45.9  

O2 0.2  0  

H2O  2.3  7.3  
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4 METHOD 

The model is developed using finite difference approximation for the heat transfer inside the hot 

stove, which provides a straightforward modelling practice with a simple solver. Below is the 

equation for the heat balance from which the finite difference approximation is formulated. 

�̇�𝑠𝑡 = �̇�𝑐𝑜𝑛𝑣 + �̇�𝑟𝑎𝑑 + �̇�𝑐𝑜𝑛𝑑 
 

(25) 

In modelling, the hot stove is divided into three parts - combustion chamber, dome and 

chequerwork as illustrated in Figure 7. These parts studied separately because of the difference in 

the physical structure inside the hot stove. 

 

Figure 7: The three different parts covered in the model 

As shown in Figure 7 the combustion chamber and chequerwork are vertical cylinders. The dome 

does however have a more complex geometry which consists of two domes and a connecting 

channel. 

Each part in the hot stove is divided into several sections along the flow direction, called physical 

step-size. The properties and heat balance equation, equation (25), are calculated for each section 
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for each discrete time step. This division in physical steps and discrete time-steps gives a grid in 

which all equations are solved in each point as shown in Figure 8. 

 

Figure 8: Calculation grid constructed from physical steps and time steps 

In Figure 8 the nomenclature for each time-step and physical is annotated, p and j, which will be 

used to describe the discretised version of equation (25): 

𝜌𝑐𝑝𝑉𝑗
𝑇𝑗
𝑝+1 − 𝑇𝑗

𝑝

Δ𝑡
= �̇�𝑐𝑜𝑛𝑣 + �̇�𝑟𝑎𝑑 − �̇�𝑐𝑜𝑛𝑑 

 

(26) 

where p+1 annotates the next time step and j notes the solid element. The equations for 

convection, radiation and conduction are described by (1), (10) and (12), respectively. 

The gas temperature is assumed to be a constant for each physical step and the temperature of the 

gas for the following step, j+1, is solved for the energy transferred from or to the surface as: 

�̇�𝑔𝑐𝑝 (𝑇𝑗+1
𝑝 − 𝑇𝑗

𝑝) = �̇�𝑐𝑜𝑛𝑣 + �̇�𝑟𝑎𝑑 (27) 

4.1 CHEQUERWORK 
The layout of the channels inside the chequerwork is shown in Figure 9. 

 

Figure 9: Layout of the channels in the chequerwork 

Unit: mm 

35 26
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To reduce computational time and to simplify the model the calculation for each step is only 

made for one channel. Flow through the channels is assumed to be uniformly distributed. This 

gives the flow through a single channel as: 

�̇�𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
�̇�𝑡𝑜𝑡
𝑁𝑐

 

 

(28) 

where Nc is the number of channels inside the chequerwork. 

The channel is approximated as a thick walled circular tube as illustrated in Figure 10. 

 

Figure 10: The layout of a single channel and the simplification for which the equations are solved, points 

g, s and i annotate gas, surface and inside 

In Figure 10 the simplification of a physical step in the chequerwork is shown. The points 

annotated in the figure are, gas (g), surface (s), and inner (i). Between these points the heat 

transfer is calculated. The heat transfer calculated includes convective and radiative heat transfer 

from gas to surface, point g to s, conductive heat transfer from surface to inside, point s to i and 

heat loss from point i.  

The outer radius, ro in Figure 10, is calculated from the total volume of the chequerwork, Vcheq. 

This is to ensure that the model has the same heat storing volume as the modelled stove. Below is 

the equation which is used to determine the outer radius of the thick walled tube:  

𝑟𝑜 = √𝑟𝑠2 +
𝑉𝑐ℎ𝑒𝑞

𝜋𝑁𝑐𝐻
 

 

(29) 

where rs is the inner radius to the surface, Nc is the number of channels in the chequerwork, and 

H is the height of the chequerwork. 

4.1.1 Heat loss 

The heat loss from the chequerwork must be simplified since the calculations for the heat 

transfers are only carried out for one channel. In this work it is assumed that the total heat loss 

from the channels inside the chequerwork can be approximated as the heat loss from a thick 

walled tube with the inner cross-sectional area as the sum of all cross-sectional area of the 
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channels in the chequerwork. This gives the total solid volume of the thick walled tube to be 

equal of that of the chequerwork. 

The heat loss is calculated as conduction through this thick walled tube and then conduction 

through the outer material which covers the hot stove. Heat loss is calculated from natural 

convection and radiation to the surrounding air temperature for each physical step. Since the heat 

transfer in the chequerwork is only calculated for a single channel, heat is not stored due to the 

conduction through the thick-walled tube to the outer surface of the stove. 

4.2 COMBUSTION CHAMBER 
The combustion chamber is treated as a thick walled circular tube with the adiabatic flame 

temperature as inlet temperature. It is divided into steps in the flow direction and each step has 

several calculation points, see Figure 11. 

 

Figure 11: Calculation points inside the combustion chamber 

Each section contains four calculation points where the properties are considered to be constants 

for each section. The points, as can be seen in Figure 11, are gas, inner and outer surface and 

surrounding air. Surrounding air is considered to be of constant properties for the entire length of 

the combustion chamber and no change with time. 

The heat balance on the inner and outer surfaces is described by equation (26), and the gas 

temperature for the next physical step is described by equation (27). Convective and radiative 

heat transfer is calculated by equations (1) and (10). Conduction between inner and outer surface 

and the stored heat is calculated from equations (12) and (14). The heat loss from the outer 

surface is calculated by natural convection. 

4.3 DOME 
The outer area for the dome is much smaller than the outer areas for the structure containing the 

combustion chamber and chequerwork which will lead to significant lower heat losses. Since the 

g                 si        so          y

ti to
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cross section of the dome is not uniform, the calculations for the heat loss from the gas are made 

from measurements of the temperature on the outside and the total area of the dome. Heat loss is 

calculated from radiation and natural convection to the surrounding temperature, and the heat 

stored in the solid material is neglected. 

4.4 MODEL 
The model requires inputs in order to carry out the calculations for the hot stove. Inputs which are 

required by the model are presented below in Table 2. 

Table 2: Data input required by the model 

On-gas 

Flue gas composition [%(vol.)] 

Adiabatic flame temperature [°C] 

Flue gas flow[ kNm3/h] 

 

On-blast 

Blast flow [kNm3/h] 

Blast temperature [°C] 

Cold blast temperature [°C] 

Blast gas composition [%(vol.)] 

Blast pressure [bar(a)] 

 

Other 

On-gas time [min] 

On-blast time [min] 

Changing time [min] 

Outside temperature [°C] 

 

The model has been divided into several worksheets in the spreadsheet-environment to make the 

interaction between the user and model easier. In Figure 12 the layout of the model is shown. 
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Figure 12: Layout of the model in the spreadsheet-based environment  

The model calculates the flue gas temperature as well as the hot blast temperature from the hot 

stove. To produce the desired blast temperature and flow rate for the entire on-blast period, the 

model will calculate the hot blast flow rate through the stove as well as the flow rate of cold blast 

needed for mixing. If the desired blast temperature for the stove operation is higher than the stove 

is able to sustain during the entire on-blast period, the blast temperature will be lower than set by 

the user in the end of the period. In Figure 13 the relation between hot blast temperature and blast 

temperature is shown. 

 

Figure 13: Hot blast and blast temperature relation 

To the left in the figure the stove is operating normally and to the right the energy provided to the 

hot stove during on-gas is too low in order to sustain the blast temperature for the entire on-blast 

period. 
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4.4.1 Solver 

The model calculates what happens during stove operation for one cycle. It uses an iterative 

solver which calculates the hot stove to thermal balance. This ensures that the stove will be able 

to perform identically the next cycle as the simulated with identical operating parameters. 

The user can set maximum number of iterations as well as convergence criteria for the model to 

prevent long calculation times. The convergence criteria are compared with the summation of 

errors of the initial guess of the solid temperatures, calculated from: 

𝑒𝑟𝑟 =∑
|𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑛𝑑|

𝑇𝑠𝑡𝑎𝑟𝑡
 

 

(30) 

In Figure 14 a schematic figure of the solver is shown. 

 

Figure 14: Schematic figure of the solver 

The solver uses the user inputs presented in Table 2 to find the performance of the hot stove. An 

initial guess of the temperatures of each solid element in the model is provided to the solver. 

From the provided temperature the model calculates the temperatures of each solid element after 

a complete cycle. If the summation of differences between initial and final temperature, 

calculated by equation (30), is larger than the convergence criteria, the solver uses the final 

temperatures as a new initial guess and performs the calculations again. 

4.5 MODEL ASSUMPTIONS 
It is assumed that flow rate and heat transfer in the chequerwork are uniform and that the 

channels can be simplified as thick walled tubes. This has previously been shown to be a valid 

assumption [10] [13] [14]. 

A list with model assumptions is shown below: 

Chequerwork 

 Channels inside the chequerwork are approximated as thick walled tubes 
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 Heat loss has been assumed to be uniform from all channels inside the chequerwork 

 Heat loss from the chequerwork has been approximated as the conduction through a thick 

walled tube of the same volume as the heat storing material and the outer diameter of the 

chamber containing the chequerwork 

 The flow rate inside the chequerwork is uniformly distributed 

 Channels inside the chequerwork is assumed to be of uniform width 

 The chequerwork is of equal height across the entire cross section 

Combustion chamber 

 All products can be considered to be fully combusted at the bottom of the combustion 

chamber and of adiabatic flame temperature 

Dome 

 The flow rate through the domes and bridge does not contribute to pressure loss 

 Heat stored in the solid material in the dome and bridge is negligible 

 Domes and bridge can be considered to only contribute to heat loss 

 Convective heat transfer coefficient for heat loss is of the same order as for the 

combustion chamber 

 Outer wall temperature of the domes is constant in time and across the entire domes and 

bridge 

General model 

 For each calculation node all properties are constant 

 Heat loss from the outer surface can be calculated from radiation to an infinitely large 

surrounding and natural convection 

Properties 

 All species in gas mixtures behaves like perfect gases for calculation of gas mixture 

properties 

 Properties of blast can be calculated as a mixture of air, water vapour and O2 

 Variations of gas properties can be neglected in direction perpendicular to the flow 

direction 

The assumptions made for specific correlations and methods to calculate properties are presented 

in Table 3 together with the error of the correlations. 

Table 3: Methods and correlations used in the model 

Parameter Correlation/method Error [%] Assumptions Applied 

Nu Gnielinski < 10 % Smooth tube 

Turbulent, fully 

developed flow 

Internal flow 

Re>3000 

Nu Hausens correlation 

for the laminar 

  Internal flow 

2100<Re<3000 
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extreme and fully 

turbulent extreme 

Nu Laminar, 3.66  Fully developed 

laminar flow 

Internal flow 

Re<2100 

Nu Churchill and Chu 

(free convection) 

 Isothermal plate Free convection 

g(Pr) Temperature 

gradient free 

convection 

0.5 %  Free convection 

f* Petukhov  Smooth surface 3000<Re<5∙106 

Cp Perfect gas  All individual 

components in 

gas mixture can 

be treated as 

perfect gases 

 

ε Modak 7.2 % Only CO2 and 

H2O contribute 

to radiation 

On-gas period 

k Mason and Saxena 3 - 4 %   

µ Wilke 1 - 12 %   

*this correlation is used for 2300 < Re 

4.6 MODEL VALIDATION 
In order to find how well the developed model represents a real stove, the model is calibrated 

against a stove in operation. In this thesis the model is compared with the stove C23 at SSAB, 

Luleå. Inputs into the model will be operational data for one cycle and the model outputs are 

compared with the measurements on the stove. 

The model uses the same physical characteristics as a real stove, however, the performance of a 

stove will change after long-time operation. Since the model is derived from fundamental 

equations and not from measurements on the performance of a stove, a number of calibration 

parameters are introduced. 

To compensate for the effects from clogging, when some channels inside the chequerwork are 

blocked due to breakage, a clogging parameter has been introduced. The clogging parameter is 

introduced in such way that it reduces the number of channels that are available in the 

chequerwork for flow. This will increase the flow rate in each individual channel, decrease the 

total area for heat transfer and decrease the available heat storing volume. The use of this 

parameter neglects the heat transfer between channels with and without flow. 

Another parameter is introduced to increase the heat loss by convection from the outside of the 

hot stove. This parameter is to compensate for the effects of wind and should also compensate for 

damages to the insulating material. Since the model relates to the natural convection for heat loss, 

the heat loss by convection will be underestimated with wind. 
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To compensate for uncertainties of the properties of the solid material inside the stove, additional 

parameters to adjust the specific heat and thermal conductivity of the solid material has been set. 

This is to make it user-friendly to calibrate the model for older stoves that can have high 

uncertainties of materials used in the stove. 

These parameters provide the user with the ability to easily adjust the model to fit each individual 

stove. The model is calibrated by comparing with measured data depending on what 

measurements are done on each stove.  

4.7 STOVE OXYGEN ENRICHMENT WITH FLUE GAS RECIRCULATION 
To illustrate the utilisation of the model a case which covers combustion of fuel gas with pure 

oxygen, called stove oxygen enrichment (SOE), together with flue gas recirculation (FGR) is 

simulated in the model. This operation technique, SOE-FGR, removes the need for enrichment 

gas to increase the flame temperature by combusting BFG together with pure oxygen. 

Additionally, by recirculating flue gas back into the hot stove the sensible heat of the flue gas will 

be utilised and the CO2-concentration will be increased [7]. Since this type of operation is outside 

of current operating practises, it is appropriate to use a dynamic model to investigate the impact 

on the performance on the hot stove. 

In Figure 15 a common stove operation is shown together with SOE-FGR. 

 

Figure 15: Stove operating scenarios. Left: Common stove operation. Right: SOE-FGR 

To find how the flue gas recirculation would perform in practice, the scenarios will be 

investigated using the model calibrated as in section 4.6. The flue gas recirculation will be 

compared against a reference scenario which represents normal stove operation. Input parameters 

are shown in Table 4. 
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Table 4: Input parameters for the investigation of flue gas recirculation 

 
Reference 
Case Case 1 

Blast-/Gas-/Changing-time 
[min] 30/79/11 30/79/11 

Flame temperature [°C] 1393.5 1393.5 

Blast temperature [°C] 1104.0 1104.0 

Total blast flow [kNm3/h] 255.0 255.0 

Cold blast temperature [°C] 166.4 166.4 

   

Total flue gas flow [kNm3/h] 74.7 67.4 

   

Flue gas properties   

CO2 [%(vol.)] 22.8 43.3 

N2 [%(vol.)] 64.7 46.1 

O2 [%(vol.)] 1.0 1.0 

H2O [%(vol.)] 11.6 9.6 
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5 RESULTS 

It was found that it was suitable to use time-steps of the size 0.2 minutes. For the flows inside the 

combustion chamber and chequerwork different physical step sizes were used. In the combustion 

chamber the step size was set to 1 meter and inside the chequerwork 0.5 meter. Depending on the 

initial guess model needed between 10 – 50 iterations to give a solution to the scenario 

investigated and each iteration took roughly 35 seconds to calculate on a PC with Intel Core i5 

3570 K.  

5.1 MODEL VALIDATION 
Two measurements were carried out on stove C23 which have been used as calibration targets. 

The measurements were the flue gas temperature leaving the hot stove and a measurement carried 

out inside the chequerwork which was placed between two different layers of chequerwork brick 

9.7 m from the top layer. 

The thermophysical properties for the chequerwork brick were unknown and some initial 

properties were used and adjusted to validate the model. In Table 5 the properties used for the 

chequerwork are listed. 

Table 5: Thermophysical properties used for the chequerwork 

Layer nr Specific heat [J/kg∙K] Thermal conductivity [W/m∙K] density [kg/m3] 

1 1173 2.4 1883 

2 1149 2.52 2559 

3 1119 3.6 2556 

4 1030 3.65 2530 

5 1030 3.65 2530 

 

The calibration parameters for clogging and heat loss were set to 0.95 and 150. In Figure 16 the 

calibrated model and measured values of flue gas temperature leaving the hot stove are presented. 
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Figure 16: Flue gas temperature leaving the hot stove 

Measurement of the chequerwork temperature was done 9.7 m from the top layer. Since the 

physical step was set to 0.5 m, the step closest to 9.7 m was used for comparison with the 

measured value. The measured and modelled chequerwork temperatures for a full cycle are 

presented in Figure 17. 

 

Figure 17: Measured and modelled chequerwork temperatures for a full cycle 

There is a large difference between the modelled and measure chequerwork temperatures. The 

main part of the difference is in the rapid increase of the measured temperature in the beginning 
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of the on-gas period where the modelled temperature instead shows a constant increase for the 

entire period.  

For a more detailed view on the behaviour of the chequerwork, the modelled and measured 

chequerwork temperatures are plotted together with modelled gas temperature at the same level 

in Figure 18. 

 

Figure 18: Measured and modelled chequerwork temperatures for on-gas compared with modelled gas 

temperature 

As shown in Figure 18  the temperature rise of modelled and measured chequerwork temperature 

is roughly equal, except for the first 15 minutes of heating. What can be noted is also that the 

modelled gas temperature is also lower than measured chequerwork temperature. This will result 

in that the modelled gas temperature is lower than the actual gas temperature at the level of the 

measurement.  

5.2 FLUE GAS RECIRCULATION 
The stove oxygen enrichment with flue gas recirculation, SOE-FGR, scenario together with the 

reference case was run with the calibrated model described in previous section. The temperature 

of the flue gas leaving the hot stove is presented in Figure 19 for both cases.  
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Figure 19: Flue gas temperature for reference and flue gas recirculation cases 

As shown in Figure 19, the flue gas temperature calculated by the model is a few degrees lower 

than the reference case for the entire on-gas period. Average flue gas temperature for reference 

case and SOE-FGR case was 279.8 and 276.3 °C, respectively.  

The temperature of the hot blast is also of importance. Since both cases are set to deliver the same 

blast temperature to the blast furnace, an increase in the hot blast temperature before mixing 

indicates that it is possible to increase blast temperature. In Figure 20 the hot blast temperature 

during the on-blast period is shown. 

 

Figure 20: Hot blast temperature before mixing for reference and flue gas recirculation cases  
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The figure shows an increase in the hot blast temperature for the entire period compared to the 

reference case. The average hot blast temperature increased from 1176.9 to 1180.2 °C for the flue 

gas recirculation scenario. 

The lowered flue gas temperature indicates a change in where in the chequerwork the heat is 

stored. In Figure 21 the chequerwork temperature for the top layer is shown. 

 

Figure 21: Temperature profile for the top chequerwork layer for a full cycle 

In the figure it is clearly visible that the SOE-FGR scenario has a faster heating of the solid 

material in the upper part of the chequerwork. Figure 22 shows the temperature profile for the 
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Figure 22: Temperature profile for the top chequerwork layer for a full cycle 

It can be clearly seen that the temperature of the bottom layer decreases for the SOE-FGR 

scenario.  This shows that the temperature distribution inside the chequerwork changes between 

reference stove operation and SOE-FGR where SOE-FGR stores more heat in the upper part of 

the chequerwork. 

To find how the radiative part of the heat transfer has been affected by the SOE-FGR operation, 

the radiative heat transfer coefficient in the chequerwork is plotted in Figure 23 for the first and 

last minute of on-gas. 

 

Figure 23: Radiative heat transfer coefficient in the chequerwork 
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In Figure 23 it is shown that the radiative heat transfer coefficient increases significantly for the 

SOE-FGR case compared to reference. It is also of interest to note how the radiative heat transfer 

coefficient compares with the convective heat transfer coefficient. The average convective heat 

transfer coefficient in the chequerwork is presented in Table 6. 

Table 6: Average convective heat transfer coefficient (W/m2∙K) 

Time [min] Reference case SOE-FGR case 

0 12.53 12.61 

79 12.41 12.55 

 

The average convective heat transfer coefficient has no large difference between reference and 

SOE-FGR case which shows that the total heat transfer coefficient for the chequerwork has 

increased. 
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6 DISCUSSION AND CONCLUSION 

In this work a dynamic model for the hot stove has been developed. The model was validated by 

calibration against a stove at SSAB, Luleå where a measurement of the chequerwork temperature 

and flue gas temperature were used as calibration targets. From this validation the model showed 

a good ability to predict the performance of a hot stove. However, the model did slightly 

overestimate the flue gas temperature and underestimated the chequerwork temperature. 

Additionally, the behaviour of the chequerwork temperature during heating and cooling deviated 

from the measurement.  

For the measurement of the chequerwork temperature the model did predict roughly the same 

start temperature as measured during on-gas. But it did not predict as rapid increase of the 

temperature as measured in the beginning of the period. Instead, the model showed a steady 

increase of the temperature for the entire on-gas period. It is of interest to note that the 

temperature rise per minute roughly correlated between model and measurement except during 

the first 15 minutes. 

The modelled gas temperature was also lower that measured chequerwork temperature. That 

leads to the conclusion that the modelled gas temperature at the level of the measurement is also 

lower than the actual gas temperature. The measurement of flue gas temperature in the model was 

slightly overestimated, indicating that the heat loss from the flue gas when flowing through the 

chequerwork is lower than the actual heat loss. 

The model was implemented in a spreadsheet-based environment to make it easy to integrate into 

the workflow with other models for the blast furnace and hot stoves. Not only does it make 

interaction between other spreadsheet-based models easier, but it also provides a familiar 

environment for researchers and engineers to use and further develop the model. 

The model structure is one of several matrixes where each property and correlation is printed 

with respect to time and physical step in the flow direction. This was done in order to reduce 

calculation time by preventing the model from performing the same calculation several times in 

each iteration. This does however lead to a large model and it could be that the model calculation 

time is increased by updating the results in each cell rather than the computational time for 

calculating those values. 

In addition to a very large model, the model structure makes it time-consuming to change the 

height of the stove. To change the height the user must increase or decrease the height of each 

individual matrix which is very time-consuming. 

For easier calibration it is desirable to validate against the flue gas and hot blast temperatures. 

However no measurements on the hot blast temperature at the site are available. Validation 

against hot blast temperature will give a better calibration for the heat transfer for the entire hot 

stove since it is of more interest to find what exits the hot stove. That will however not give a 
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validation on the temperature distribution inside the hot stove. Ideally as many measurements as 

possible should be used in the calibration procedure. 

Use of natural convection in the model to find the convective part of the heat loss should 

introduce an error in the model. In fact, a stove that is placed on a windy location will have 

higher heat losses than the model would be able to predict. The heat loss problem can however be 

compensated with the introduction of a heat loss factor. 

The heat loss factor is to be used when calibrating the model for each individual stove. Total heat 

loss from the hot stove is also small compared with the total energy added to the stove. This leads 

to the conclusion that the calibration of the heat loss factor is more important than what 

correlation has been used to find the heat loss coefficient. 

As have been done in previous modelling by others the model has assumed a uniform distribution 

of flow and heat transfer between all the channels inside the chequerwork. This gives a simple 

way to calculate the total heat transfer for the chequerwork, but it will also decrease the accuracy 

of the heat loss from the chequerwork. With the introduction of a heat loss factor the heat loss can 

be corrected, however, it might be difficult to draw any conclusions from investigations of 

operating scenarios without any calibration against a real stove. 

The flue gas recirculation scenario shows good initial results with a lowered flue gas temperature 

and an increase in hot blast temperature. Operating condition between reference and flue gas 

recirculation cases were identical except difference in flue gas composition and a lowered flow 

rate through the hot stove during on-gas. 

The model showed an increase in hot blast temperature which leaves room for increases in blast 

temperature. This increase in blast temperature could be used to lower coke usage in the blast 

furnace which would save CO2 emissions for the steel production process. Also the removal of 

COG in the combustion process leaves more COG available to sell to the nearby combined heat 

and power plant and could increase revenue from by-products.  

The temperature distribution inside the chequerwork changed from the reference scenario. 

Changes in flue gas composition redistributed the stored heat from lower to upper parts of the 

chequerwork. However, it was not investigated how this change in where the heat is stored could 

be exploited.  
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7 FUTURE WORK 

For the hot stove system at SSAB in Luleå, there is one stove with internal combustion chamber. 

Therefore, it is of large necessity to adapt this model for the type of hot stove with internal 

combustion chamber in order to evaluate the performance on the entire hot stove system. It is also 

necessary to do this to be able to use the model at different blast furnaces where only hot stoves 

with internal combustion chamber are used. 

The dome of the hot stove has been simplified where a constant heat flux has been used. To be 

able to find better solutions it is of necessity to further develop the dome section of the model. 

This will also give an additional point for calibration since it is common to measure the dome 

temperature on the hot stove.  

From the calibration there is some difference between modelled and measured solid temperatures, 

which requires further investigations. One possible reason for the deviation could be that constant 

properties have been used for the solid. 

More investigations on the flue gas recirculation scenario must be carried out to draw any further 

conclusions. For instance, the flue gas properties and their impacts on the heat transfer need to be 

evaluated.  

For further validation of the model it is of interest to calibrate it against a stove with 

measurements on the flue gas and hot blast temperatures. If the model can accurately predict flue 

gas temperature and hot blast temperature it will show that the model shows the performance of 

the entire hot stove. This will be able to calculate what leaves the hot stove depending on what 

enters. However, if the calibration is just made from there two measurements and not from any 

measurements inside the stove, there might be differences in the temperature distribution inside 

the stove. 

Correlations for the Nusselt number as well as models used to calculate viscosity, conductivity 

and emissivity of the gas will introduce errors. More investigations are required to identify 

impacts on the solution for each of these properties for better correlations.  

Investigation of the resolution of the model has been omitted in this thesis, which needs a further 

improvement to find an optimal resolution depending on calculation time and error of the 

solution. By investigating the grid convergence index it is possible to find the solution of a 

scenario with an “infinitely fine” grid. To be able to investigate different resolutions the model 

needs to be adapted to be easier to change the resolution. The structure of the model is currently 

one of many matrixes which contain all properties and correlations to calculate the heat transfer. 

To change the resolution of the model all matrixes must be manually changed. This structure 

makes it time-consuming to change the resolution and it also gives a very large file size. 
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Appendix A  POLYNOMIALS FOR GAS PROPERTIES 

To find the properties for the gas at different temperatures and compositions the individual 

properties for each component in the gas was used. Tabulated data was used to find the fitted 

curve polynomials for each individual component. 

In the table below the fitted curve polynomials for the specific heat capacity are presented.  

Temperatures in functions are inserted in kelvins. 

Table A1: The fitted curve functions for specific heat capacity (kJ/kmol∙K) of each pure component 

 Polynomial Source 

CO2 

 
−2.34195 ⋅ 10−19T6 + 2.69908 ⋅ 10−15T5 − 1.331858 ⋅ 10−11T4 + 3.753867

⋅ 10−8T3 − 6.678246 ⋅ 10−5T2 + 7.397397 ⋅ 10−2T +  20.44229 

300-1100 K 

NIST [23] 

 

900-3000 C 

Kjällström 

[18] 

N2  

1.738574 ⋅ 10−19 𝑇6  −  3.421514 ⋅ 10−15 𝑇5  +  1.890669 ⋅ 10−11𝑇4 − 4.663711
⋅ 10−8𝑇3 + 5.505471 ⋅ 10−5𝑇2 − 2.392943 ⋅ 10−2T + 32.55086 

 

300-2000 K 

NIST [23] 

O2 

 
4.062268 ⋅ 10−19𝑇6 − 4.391720 ⋅ 10−15𝑇5 + 1.810703 ⋅ 10−11𝑇4 − 3.482057

⋅ 10−8𝑇3 + 2.882807 ⋅ 10−5𝑇2 − 9.746809 ⋅ 10−4T+ 27.78288 
 

300-1000 K 

NIST [23] 

 

800-3000 C 

Kjällström 

[18] 

H2O 

 

1.216995 ⋅ 10−18𝑡6 − 1.416316 ⋅ 10−14𝑇5 + 6.555617 ⋅ 10−11𝑇4 − 1.532533
⋅ 10−7𝑇3 + 1.865624 ⋅ 10−4T2 − 9.881868 ⋅ 10−2T + 54.24358 

 

300-1260 K 

NIST 

 

1100-3000 C 

Kjällström 

[18] 

Dry 

air 

 

7.926115 ⋅ 10−19T6 − 7.504664 ⋅ 10−15T5 + 2.892714 ⋅ 10−11T4 − 5.700302
⋅ 10−8T3 + 5.734203 ⋅ 10−5T2 − 2.106389 ⋅ 10−2T + 31.58591 

 

0-2000 C 

Kjällström 

[18] 

 

In Table A2 the polynomials for the dynamic viscosity are presented. 

Table A2: The fitted curve functions for dynamic viscosity (Pa⋅s) of each pure component 

 Polynomial Source 

CO2 4.489033E − 24 ⋅ T6 − 2.239108E − 20 ⋅ T5 + 4.425976E − 17 ⋅ T4

− 3.846162E − 14 ⋅ T3 − 1.958072E − 12 ⋅ T2

+ 5.629214E − 08 ⋅ T − 9.683212E − 07 

300-1100 K 

NIST [23] 

 



 

 

 

N2 2.648376E − 15 ⋅ T3 − 1.426279E − 11 ⋅ T2 + 4.788639E − 08 ⋅ T
+ 5.361414 − 06 

 

300-2000 K 

NIST [23] 

O2 3.883066E − 07 ⋅ 𝑇0.701617 
 

300-1000 K 

NIST [23] 

 

H2O −1.588906E − 20 ⋅ T5 + 7.577196E − 17 ⋅ T4 − 1.442803E − 13
⋅ T3 + 1.317680E − 10 ⋅ T2 − 1.585481E − 08 ⋅ T
+ 6.066958E − 06 

300-1260 K 

NIST [23] 

 

Dry 

air 
−2.249452E − 24 ⋅ T6 + 1.676658E − 20 ⋅ T5 − 5.191350E − 17

⋅ T4 + 8.786961E − 14 ⋅ T3 − 9.291821E − 11 ⋅ T2

+ 8.449510E − 08 ⋅ T − 5.235042E − 07 

175-1900 K 

Engineering 

toolbox [24] 

 

In Table A3 the polynomials for the fitted curve for the thermal conductivity are presented. 

Table A3: The fitted curve functions for thermal conductivity (W/m∙K) of each pure component 

 Polynomial Source 

CO2 2.194639E − 20 ⋅ T6 − 1.048816E − 16 ⋅ T5 + 2.085923E − 13 ⋅ T4

− 2.201364E − 10 ⋅ T3 + 1.132998E − 07 ⋅ T2

+ 0.000058 ⋅ T − 0.006591 
 

300-1100 K 

NIST [23] 

 

N2 −1.432105763E − 21 ⋅ T6 + 9.798422E − 18 ⋅ T5 − 2.513823E
− 14 ⋅ T4 + 2.987467E − 11 ⋅ T3 − 2.275699E − 08
⋅ T2 + 0.000069 ⋅ T + 0.007102 

300-2000 K 

NIST [23] 

O2 −3.756882E − 20 ⋅ T6 + 1.498853E − 16 ⋅ T5 − 2.224563E − 13
⋅ T4 + 1.346780E − 10 ⋅ T3 − 2.421736E − 08 ⋅ T2

+ 0.000075 ⋅ T + 0.004189 
 

300-1000 K 

NIST [23] 

 

H2O 4.143100E − 20 ⋅ T6 − 2.227280E − 16 ⋅ T5 + 5.002103E − 13 ⋅ T4

− 6.184705E − 10 ⋅ T3 + 4.819193E − 07 ⋅ T2

− 0.000106 ⋅ T + 0.020247 
 

300-1260 K 

NIST [23] 

 

Dry 

air 
1.708688E − 22 ⋅ T6 + 2.436318E − 19 ⋅ T5 − 7.308957E − 15 ⋅ T4

+ 2.901736E − 11 ⋅ T3 − 6.009297E − 08 ⋅ T2

+ 1.065561E − 04 ⋅ T − 1.036816E − 03 
 

175-1900 K 

Engineering 

toolbox [24] 

 

 



 

 

Appendix B  EMISSIVITY 

The functions used in (19) to find the emissivity of each radiating component in the gas are: 

𝑥 = 1 +
ln(𝑝)

3.45
 

 

(B1) 

𝑦 =
2.555 + ln(𝑝 𝐿𝑒)

4.345
 

 

(B2) 

𝑧 =
𝑇 − 1150

850
 (B3) 

where p is the partial pressure of the individual component in atm, Le is the mean beam length, 

and T is the temperature in K [20].  

The Chebychev polynomials, Tn(x), are described as follows: 

𝑇0(𝑥) = 1 
 

(B4) 

 

𝑇1(𝑥) = 𝑥 
 

(B5) 

𝑇𝑛+1(𝑥) = 2𝑥𝑇𝑛(𝑥) − 𝑇𝑛−1(𝑥) 
 

(B6) 

The constants cijk for CO2 are presented in the table below: 

Table B1: Constants for the emissivity of CO2 [20] 

c000 -2.75E+00  c100 5.74E-03  c200 3.39E-03 

c001 -3.00E-01  c101 -9.33E-03  c201 -5.44E-03 

c002 -1.23E-01  c102 2.91E-03  c202 1.76E-03 

c003 1.28E-02  c103 4.23E-04  c203 3.04E-04 

c010 1.50E+00  c110 -3.15E-03  c210 -1.86E-03 

c011 3.16E-01  c111 5.63E-03  c211 3.24E-03 

c012 1.06E-02  c112 -3.26E-03  c212 -1.95E-03 

c013 -3.73E-02  c113 7.07E-04  c213 3.47E-04 

c020 -2.47E-01  c120 1.67E-04  c220 1.20E-04 

c021 -3.32E-02  c121 -7.33E-04  c221 -4.48E-04 

c022 -1.82E-02  c122 3.64E-04  c222 2.50E-04 



 

 

c023 2.29E-02  c123 3.23E-04  c223 1.81E-04 

c030 4.99E-02  c130 7.39E-04  c230 4.22E-04 

c031 -1.99E-03  c131 -7.28E-04  c231 -4.05E-04 

c032 3.01E-03  c132 5.93E-04  c232 3.26E-04 

c033 -1.18E-03  c133 -2.02E-04  c233 -9.51E-05 

 

And constants for H2O are listed in the following table. 

Table B2: Constants for the emissivity of H2O [20] 

c000 -2.59E+00  c100 1.13E-01  c200 5.34E-02 

c001 -7.12E-01  c101 -8.13E-02  c201 -3.41E-02 

c002 -9.96E-04  c102 1.51E-02  c202 -4.35E-03 

c003 1.23E-02  c103 1.39E-03  c203 1.49E-03 

c010 2.51E+00  c110 -9.30E-03  c210 -4.71E-03 

c011 6.48E-01  c111 4.55E-02  c211 2.09E-02 

c012 -3.33E-02  c112 -2.08E-02  c212 -9.48E-03 

c013 -5.52E-03  c113 2.01E-03  c213 6.15E-04 

c020 -4.19E-01  c120 -4.38E-02  c220 -2.10E-02 

c021 -1.38E-01  c121 1.92E-02  c221 7.52E-03 

c022 3.88E-02  c122 8.86E-03  c222 5.97E-03 

c023 8.86E-04  c123 -4.62E-03  c223 -2.76E-03 

c030 -3.22E-02  c130 7.08E-03  c230 4.32E-03 

c031 -1.82E-02  c131 -2.10E-02  c231 -1.01E-02 

c032 -2.22E-02  c132 1.46E-03  c232 4.09E-04 

c033 -5.94E-04  c133 -3.85E-03  c233 2.55E-03 

 

The overlap correction for the total emissivity is found by: 

Δ𝜖 = (
𝜁

10.7 + 101𝜁
−
𝜁10.4

111.7
) (log10(101.3(𝑝𝑐 + 𝑝𝑤)𝐿𝑒))

2.76 𝐹(𝑇) (B7) 



 

 

 

where ζ is dependent on the partial pressure of the radiating components: 

𝜁 =
𝑝𝐻2𝑂

𝑝𝐻2𝑂 + 𝑝𝐶𝑂2
 

 

(B8) 

and F(T) is a temperature correction function calculated by: 

𝐹(𝑇) =  −1.0204 ⋅  10−6𝑇2 + 2.2449 ⋅ 10−3 𝑇 −  0.23469 
 

(B9) 

 

 

 


