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Abstract 
 

Operating conditions of the furnaces has the major effect on the quality of steel during 
steel production process. Furnaces also are the biggest energy consumer in the whole 
production process  which make them a center of concern, in order to get to the most 
optimized condition through both energy and quality aspects. 
Soaking pit furnaces are for heating steel ingots before rolling, in order to provide 
convenient conditions for ingots for further procedures. These batch furnaces are 
characterized by heat and temperature conditions that vary in time. The structure 
permits rapid heating of the metal inside the furnace, since heat is supplied over the 
entire surface of the ingot. 
One serious problem that these furnaces might contain is the existence of non-uniform 
temperature gradient inside the chamber that causes different temperature distribution 
on the ingots surface which leads to a bad surface quality of them, considering further 
rolling process. 
As the first step through obtaining the best temperature gradient inside the chamber, is 
to ensure the exact temperature condition in the current running procedure. In here as 
the first step through the problem solving of these furnaces, temperature profile, 
radiation profile and other effective parameters are investigated with the aid of CFD 
software. 
The simulation is done by ICEM and FLUENT programs for geometry and mesh designing, 
and modeling in respect.  
Modeling is based on two main steps: 

I. Modeling of the furnace chamber geometry and applying appropriate mesh style 

with ICEM 

II. Modeling the chamber with fluent, and taking the results (case 0) 

III. Modeling of six cases with different excess air, in order to investigate the best λ 

magnitude 

IV. Modeling of six cases with different burner capacities in order to investigate its 

affection on combustion parameters 

  
Keywords: Simulation, CFD, Soaking furnace, rolling, Boundary Condition, burner 
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ABBREVIATIONS 
 

CFD  Computational Fluid Dynamics 
LHV  Low Heating Value 

 
SYMBOLS 

 
c Convection 
r Radiation 
t Turbulent  
b Black body 
o Oxygen 
r position factor  
s direction factor 
s´ Scattering factor 
s path length 
a absorption coefficient 
n refractive index 
σs scattering coefficient 
σ Stefan Boltzmann constant 
I Radiative intensity 
T Local temperature 
Ф phase function 
Ώ solid angle 
ρ density of the fluid 
μ viscosity 
D inlet diameter 
hc convective Heat transfer coefficient  
Re Reynolds number 
DH hydraulic diameter 
It turbulent intensity 
Nu Nusselt Number 
Pr Prandtls Number 
κ gas conductivity 
ѵ Kinematic Viscosity 
α Thermal diffusivity 
ɛ emissivity 
F the view factor 
ʎ           Excess air ratio 
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1 INTRODUCTION  

1.1 SOAKING PIT FURNACE, OVERVIEW 

At Ovako steel, cast ingots are reheated in 48 pit furnaces before being rolled in the 
billet mill. These ingots are later reheated in two rotary hearths prior to the tube mills. 
All furnaces are Oxy-fuel equipped. Soaking furnaces (or pits) are used for heating up the 
ingots in order to make them technically prepared for rolling process; these furnaces are 
in shape of cubical chambers in rows which contain the ingots inside. 
 

 
Figure 1.Soaking pit furnaces [2] 

 

There are 12 numbers of furnaces, which stand two by two, and each contains four cells. 
Each cell contains six numbers of ingots inside. The act of putting the ingots, which are 
delivered by trucks, inside the cells, is done by automatic hooks, which are controlled by 
two operators from the above. The monitors in the control part, shows the position of 
ingots and the hook at any time.  
After the required time, which ingots spend inside the furnaces, they are removed from 
the furnaces by former, controlled hooks. The order of putting and removing the ingots 
is programed, and shown in monitors in front of the operators .They follow the order 
shown on the screen. 
 

1.2 DIMENSIONS 

1.2.1 Furnace 

As it was explained before, there are 6 set of double furnaces which are attached to 
each other two by two. Any furnace consists of four cells and each cell contains at most 
6 ingots inside.  
 

      
Figure 2. The order of furnaces placements, from 1 to 12, (from above) 

Ingots 
Entrance 

Entranc
e 
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As said before, all the furnaces are divided into 4 separated cells, which hold the ingots 
inside. In this investigation; we work on the first cell of furnace two. 
In here, there is a general schematic drawing of the furnace, with the internal 
dimensions; 
 

 
Figure 3.Furnaces’ Dimensions 

 

One can match the given above dimensions, with the figure below, which is the real 
scheme of the furnaces 3 and 4, to prevent any confusion.  
As you also can see in the picture, there are 3 ingots at the second cell of furnace 4 at 
the moment of photography. It is also important to emphasis on the fact that the 
dimensions above are for the internal side of the furnace, i.e. the dimensions of the 
surrounding walls and insulators are not given here. 

 
Figure 4. Real furnace scheme with dimensions 

 
1.2.2 Cell 

Cells are the smallest volume control we can consider for the simulation, as flow field 
(chamber) with the internal dimensions of 2865*2838*1885 mm. Ingots are vertically 
placed inside the cells, by automatic hooks, with the maximum number of six for each 
cell. The burner is on the front wall of the cell, and the exhaust hole is also on the same 
wall, for a better fluid flow. The dimensions of burner and the exhaust channel are clear 
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on the schematic figure. Temperature of the hot flue gases taken by channel is almost 
equal to the furnace temperature. [2] 
In order to focus on the simulation of one cell inside the furnace (first cell of furnace 2), 
the dimensions of the cells with details are required. In here the schematic figure of one 
cell is shown and the related dimensions are also given in details. 
 

 
Figure 5.Cell dimensions 

 
1.2.3 Ingots 

Most of the steel products of the Ovako steel are made out of scrap iron. After melting 
the scraps inside the electric arc furnaces, the step of removal of the slag will be done. 
After refining and alloying the steel, it will be degassed in some other furnaces. This 
prepared steel, will be teemed uphill into ingot moulds. [2] 
  After removing the mould ingots are brought to soaking furnaces for further heating, in 
order to get the required properties for rolling process. As explained before, the act of 
inserting the ingots inside the chambers are done by automatic hooks, which are 
COntrolled by operators. Obviously the ingot dimensions’ also are important for the 
simulating process. The order of arrangement of the ingots inside the cells is also 
important.  

 
Figure 6.Order of arrangement of the ingots inside the cells 
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Figure 7.Ingot dimensions 

                    
1.2.4 Burner 

Dimension for different part of the burners are as sketch below; we have the dimensions 
on the furnace wall, and also the diameter of the inlet fluids (oxygen and propane). 
 

 
Figure 8.Burner Geometry and arrangement 

 

1.3 GEOMETRY 

The furnace geometry including the chamber, burner and ingots inside the chamber had 
been prepared by ICEM 13, regarding information provided in the last parts. In order to 
get to the highest state of accuracy, the finest possible mesh style had been used for 
netting the geometry for fluent export files. The O-grid mesh style was used for the inlet 
of fuel and oxygen part, regarding the importance of the area. (Figure 13) 
The three dimension grid has almost 7e+7 cells within the domain. The highest 
Concentration of cells is close to the burner front and it the flame reaction zone. The 
origin of the coordinates is at the corner of the further wall in front of the burner wall 
and the negative z axle is direction of the inlet fuel-oxygen of burner. 
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Figure 9.Furnace Geometry, Drawn by ICEM13 

 

1.4  OBJECTIVES 

General objectives of the project is to simulate the operating condition of the Soaking 
pit furnaces at the current operational situation, to get to a better understanding of the 
fluid flow, temperature gradient, heat transfer, combustion species and other 
concerning parameters that are essential during the whole process of  soaking.  
Combustion is oxy-fuel with feeding fuel of LPG (propane).In this method pure oxygen 
burns with the fuel, which higher temperature can be reached comparing to the regular 
combustion technologies. On the other hand approximately the same total energy is 
produced in oxy-fuel combustion and regular combustions. 
Investigation of some parameters like ‘air excess ratio’ (λ) have been done with several 
modeling cases to get to the acceptable magnitude for the parameter. 
The effect of the Burner capacity was also investigated, with simulation of 6 cases with 
similar combustion parameters and variable burner capacities. 
 

2 BOUNDARY CONDITIONS 

Boundary conditions consists of flow inlets and exit boundaries, wall and internal face 
boundaries. All the various types of mentioned boundary conditions are discussed 
below:  
 

2.1 FUEL AND OXYGEN INLET 

In order to compute furnace-Burner operating conditions setting the computational 
domains are required. The burner nozzles are represented separately in the 
computational domains. In this work the axial inlet mass rates for two inlet nozzles of 
oxygen (as explained before, the Combustion is oxy-fuel) and one inlet nozzle of 
propane have been imposed. The inlet velocities are computed to reproduce the 
measured flow rates.  
The Specification method for turbulence has been selected ‘Intensity and Hydraulic 
Diameter’. Turbulent Intensity was calculated using equation *1+ to *4+. 
V=    ṁ/ρ A                                                                      *1+ 
Re= ρVD/μ                                                                      *2+ 



 15 

DH = 4A/P                                                                         [3] 
I=u´/u avg   =0,16 (Re DH) -1/8                                                           [4] 
 
Which ρ is the density of the fluid, μ is the viscosity, D is the inlet diameter, Re stands for 
Reynolds number, DH is the hydraulic diameter and I is the turbulent intensity for the 
inlet fluid. The details inlet conditions are shown in Table below. 
The fuel used for feeding the combustion is propane. The details components are shown 
in table below. Propane is a three-carbon alkane with the molecular formula C3H8. 
Propane is nontoxic; however, when abused as an inhalant it poses a mild asphyxiation 
risk through oxygen deprivation. Propane undergoes combustion reactions in a similar 
fashion to other alkanes. In the presence of excess oxygen, propane burns to form water 
and carbon dioxide. 
 
 

characteristics 
typical 
data 

Production 
Specification 

Testing Method 

Vapor Pressure 
40°C 

1300 Max 1570 ASTM 

Elemental Sulfur <1 (mg/kg) Max 5 SMS 378/282 

Total Sulfur <2 (mg/kg) Max 10 ASTM D2784 

Evaporation 
residue 

5 (mg/kg) Max 20 SMS 1513 

Heavy pentanes 0 Min 95  
Table 1.Propane properties 

 
C3H8 + 5 O2 → 3 CO2 + 4 H2O + heat 
Propane + Oxygen → Carbon dioxide + Water 

This mixture is assumed to obey the Ideal gas laws. The viscosity, thermal conductivity 
and specific heat of mixture are computed from individual species properties. 
 

2.2 OUTLETS 

Outflow chimney has been imposed as a rectangular channel, beneath the burner on the 
same wall for a better flow circulation. The Boundary Condition for the outlet is set as 
“pressure outlet” in the main chimney. The flow rate distribution is between both exits 
corresponding to measured/total flue gas flow rates measured at the burner inlet and 
from fuel composition. 
The pressure close to the outlet have been measured to be 0, 5 mmH2O Higher than 
outside pressure (1 atm). 
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Parameter Magnitude Unit 

Oxygen/Fuel 
Rate 

6,5  

Oxygen Inlet 
Mass Flow 

0,06 Kg/s 

Propane Inlet 
Mass Flow 

0,013 kg/s 

Propane Inlet 
Temperature 

23 °C 

Oxygen Inlet 
Temperature 

22 °C 

Outlet Pressure 1.00004 bar 
Table 2.Inlet Boundary Condition 

 
 

Parameter Magnitude Unit 

Density 2 Kg/m³ 

Viscosity 8e-6 Pa.s 

Inlet Diameter 0.08 mm 

Velocity 100 m/s 

Reynolds 
Number 

2e+5 _ 

Hydraulic 
Diameter 

0.08 mm 

Turbulent 
Intensity 

0.07 % 

Table 3.Inlet boundary Conditions for Propane. [3] 

 
 

Parameter Magnitude Unit 

Density 1.33 Kg/m³ 

Viscosity 2.44e-5 Pa.s 

Inlet Diameter 2*0.05 mm 

Velocity 300 m/s 

Reynolds 
Number 

3e+5 _ 

Hydraulic 
Diameter 

0.5 mm 

Turbulent 
Intensity 

0.06 % 

Table 4.Inlet boundary Conditions for Oxygen. [3] 

2.3 INGOTS 

Wall boundary conditions are used to bind the fluid and solid regions. These boundary 
conditions applied on the walls are the most appropriate condition which is the closest 
to the real case in order to bring the most accurate modeling answers. Practically in 
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ANSYS FLUENT we can choose the boundary conditions on the walls from five options 
below: 

 Fixed heat flux 

 Fixed temperature 

 Convective heat transfer 

 External radiation heat transfer 

 Combined external radiation and convective heat transfer 

It worth here to explain about different boundary conditioning functions; in a general 
lookout there are three different methods: 

• When using a Dirichlet boundary condition, one prescribes the value of a variable 

at the boundary, e.g.  

u (x) = constant. 
•  When using a Neumann boundary condition, one prescribes the gradient normal 

to the boundary of a variable at the boundary, e.g.   

nu(x) = constant. 
• When using a mixed boundary condition a function of the form 

au(x)+bnu(x) = constant   is applied.[4] 
In here we used the first boundary condition option above, which is fixed temperature 
on the ingots’ surfaces, which is a Dirichlet boundary condition method as described 
above. Considering this boundary condition, we assume that in the moment of our 
simulation, all the surfaces of ingots got to the fix temperature of 1200°C. 
 
 

 
Figure 10.Heat transfer arrangement on ingots, T on the surface assumed to be fixed 

 

2.4 EXTERIOR WALLS 

With the fact that walls structural material and dimensions are given, total heat flux 
through the wall can be calculated, regarding the calculated magnitudes for each wall, 
the boundary condition on the exterior walls will be set as ‘fix heat transfer ratio’. The 
exact magnitudes that have been used for the wall heat flux are based on the table 
below: 
Materials used for the walls of the furnace are as below: 
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1) Bottom 

Material Thickness(mm) 

Vibron 50 R 150 

Bjuf Viking 75 

Porosil 26Gr 115 

Porosil 23 Gr 75 

Moler Supra 115 

 
2) Transvers wall 

Material Thickness(mm) 

AK 60 A 230 

Porosil 26Gr 115 

Porosil 23 Gr 230 

Skamolex 1100 450 

 
3) Longitudinal wall 

Material Thickness(mm) 

AK 60 A 230 

Porosil 26Gr 115 

Porosil 23 Gr 115 

Skamolex 1100 200 

WDS microtherm 10 mm 

 

Layer Bottom 
Longitudinal 

wall 
Transversal 

wall 
Lid 

Heat loss 
(W/m²) 

530 450 500 650 

Table 5.Heat flux Boundary Condition Parameters for exterior walls 

3 MATEMATHICAL MODELLINGS AND METHODS 

3.1 TURBULENCE 

Turbulence is the three dimensional unsteady random motion observed in fluids at 
moderate to high Reynolds numbers. Many quantities of technical interest are 
depending on turbulence, such as: 

 Mixing of momentum 

 Heat transfer 

 Pressure losses and efficiency 

 Forces and aerodynamic bodies 

 Etc. 

The choice of turbulence method will depend on considerations such as the physics of 
the flow, the established practice for a specific class of problem, the level of accuracy 
required, the available computational resources, etc.to make the most appropriate 
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choice of model, and one should understand the capabilities and limitations of the 
various options. [1] 
 In this work, the turbulence behaviors are modeled by k- ɛ model with a wall function. 
Eddy-Break-Up (EBU) model with a two-steps chemical equilibrium is applied. 

 k- ɛ model: 

Two equation models are historically the most widely used turbulence methods in 
industrial CFD. They solve two transport equations and model the Reynolds Stresses 
based using the Eddy viscosity approach. The standard k- ɛ model in ANSYSY FLUENT 
is based on a model transport equation for the turbulence kinetic energy (k) and its 
dissipation rate (ɛ).In this derivation of K-ɛ model,, the assumption is that the flow is 
fully turbulent, and the effect of molecular viscosity are negligible. [1] 
 

3.2 HEAT TRANSFER 

The flow of thermal energy from matter occupying one region to matter occupying 
another region in space is known as heat transfer. Heat transfer can occur by three 
main methods: conduction, convection and radiation. Physical models involving 
conduction and/or convection only are the simplest, while buoyancy driven flow or 
natural convection and radiation models are more complicated. [1]  
In cases with no contact of the surfaces (like this case of study) the heat transfer 
through the conduction is neglected. Total amount of heat transfer is by radiation 
and convection from flame volume through the ingot surfaces. To solve the heat 
transfer problem the energy equations must be solved, coordination these 
equations, thermal boundary conditions need to be defined at wall boundaries.  
 

3.3 COMBUSTION 

Computational Fluid Dynamics code, STAR –CD, was employed to analyze Combustion, 
flow field and hat flux evaluation in the HTAC furnace ,it can model the mixing and 
transport of chemical species by solving conserving equations describing convection, 
diffusion, and reaction source for each component specie. Multiple simultaneous 
chemical reactions can be modeled, with reactions occurring in the bulk phase 
(volumetric reactions) and /or on wall or particle surface, and in the porous region. [1] 
To specify the Species model (combustion) there are options: 

 Species Transport 

 Non-premixed Combustion 

 Premixed Combustion 

 Partially Premixed Combustion 

 Composition PDF Transport 

Probability Density Function is a model that density of a continuous random variable is a 
function that describes the relative likelihood for this random variable to take on a given 
value. The probability for the random variable to fall within a particular region is given 
by the integral of this variable’s density over the region. The probability density function 
is nonnegative everywhere, and its integral over the entire space is equal to one. [7] 
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“Probability Density Function” or PDF for turbulence are based on tracking one point 
PDF, which can also be used to describe chemical reactions and are particularly useful 
for simulating chemically reacting flows because the chemical source term is closed and 
does not require a model. [7] 
In This work the “non-premixed Combustion” model is used for modeling the 
combustion mixing pattern. In non/premixed combustion, fuel and oxidizer enter the 
reaction zone in distinct streams. This is in contrast with premixed systems, in which 
reactants are mixed at the molecular level before burning. Under certain assumptions, 
the thermochemistry can be reduced to a single parameter: the mixture fraction. 
Concerning fuel composition and CO emission prediction importance, the following 
species list is the required minimum: CO2, CO, H2O, HO2, C3H8, COHO, H2, O, O2 and 
O3.This mixture is assumed to obey the ideal gas law. The viscosity, thermal conductivity, 
specific heat transfer and other rheological properties of the mixture and components 
are computed from individual specific properties, which are function of temperature. 
The reaction mechanism consider in this study is the following: 

C3H8 + 5 O2 → 3 CO2 + 4 H2o + heat 
Propane + Oxygen → Carbon dioxide + Water 

 

 
Figure 11. Propane Combustion process 

 

3.4 RADIATION 

Radiation is mostly the principle mechanism of heat transfer in high temperature fuel 
fired furnaces. Heat transfer by radiation happens in the form of electro-magnetic waves 
of various wave lengths. The main concerning parameters are the flow of heat through 
gas filled spaces, and specially the rate of heat exchange between hot flue gas and 
ingots’ surfaces. 
Stefan’s Boltzmann law states that rate of radiation of heat from a surface is 
proportional to the fourth power of the absolute temperature .The emissive power of a 
black body (Eb)is according to Stefan’s Boltzmann 
 

Eb=σT4    [9] 
 
Here σ is the Stefan’s Boltzmann constant. 
 
Most real bodies are not totally ‘black’; but they are selective absorbers and emitters. 
The emissivity is defined: 
ɛ=emissive power of a body /emissive power of a black body=E/ Eb 

Thus the emissive power of any body 
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E= σ ɛT4   [10] 

 
Most highly polished, unoxidized metal surfaces are good reflectors of thermal radiation 
with total emissivity’s less than 0.1. A roughened or oxidized has correspondingly higher 
emissivity’s for thermal radiation between 0.6 to 0.8.The slagging reduces the emissivity 
value to some considerable extend. That’s the reason slagged surfaces are poorer in 
receiving heat transfer from radiation. [15] 
Consider the rate of heat exchange between hot flue gas stream at T0 and the ingots’ 
surfaces; the hot flue gas is emitting radiation at the rate of 0.01T4 to the exposed 
surfaces, and surfaces absorb a certain fraction of the emitted radiation. After a while 
the surface of one ingot is heated and begins to emit radiation at the rate of the 0.01T1

4 
and other surfaces will follow the same pattern while gaining different temperature on 
the surface from the hot flue gas.Net heat exchange between different ingots’ surfaces, 
A1 and A2can be expressed as heat loss from the hotter one to colder; 
 

Q=5.67 FA [(T1/100)4 - (T2/100) 4]  [11] 
 
In here F is the view factor which takes into account 

I. Geometric relationship of the two surfaces. Physically F can be visualized as 

the fraction of the total radiation that is intercepted by the others 

II. The emissivity and the absorptivity of surface 

III. Geometric relationship between two surface and or third surface e.q a 

refractory surface. [8] 

 There are five different radiation models we can choose in ANSYS FLUENT in heat 
transfer simulations. Heating or cooling of surfaces due to radiation or heat sinks or 
other situations in the fluid phase can be modeled using one of the radiation models. 

 Discrete Transfer Radiation Model  

 P-1 Radiation Model 

 Rosseland Radiation Model 

 Surface to Surface Radiation Model 

 Discrete Ordinated (DO) Radiation Model 

In this work Discrete Ordinate radiation model (DO) has been selected, since this model 
spans the entire range of optical range inside the environment and make it possible to 
solve problems ranging from surface to surface radiation to participating radiation in 
Combustion problems, which we are dealing with here. 
The radiative transfer equation (RTE) for an absorbing, emitting, and scattering medium 
at position r in the direction of s is: [1] 

 
Where 
r = position factor  
s=direction factor 

[12] 
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s´=Scattering factor 
s=path length 
a=absorption coefficient 
n=refractive index 
σs=scattering coefficient 
σ=Stefan Boltzmann constant 
I=Radiative intensity 
T=Local temperature 
Ф=phase function 
Ώ=solid angle 
 

4 EXPERIMENTAL MEASUREMENTS 

In order to get an experimental measurement of the temperature inside the chamber, 
there is one thermoCOuple positioned at the front wall at the furnace, the same wall as 
burner and exhaust channel. This thermoCOuple is 760 mm lower than burner center in 
the same plane. It is placed in a long tube of 976 mm, which has 345 mm in the wall 
thickness and almost 630 mm inside the chamber. This probe head is placed in a hole on 
the wall in order to prevent contact with moving ingots. This probe head is movable in 
the z direction and does not have a fix position. 
 

 

Figure 12.Placement of thermocouple inside the furnace 

 
 

5 RESULTS AND DISCISSION 

5.1 RESULTS FROM BASE CASE 

5.1.1 Temperature Distribution 

Figures 15 shows contours of temperature inside the furnace chamber on z-y direction, 
for the case 0 (referred case).The predicted temperature in the thermocouple place is 
1280 °C which is quite convincing in comparison with the measured temperature of 
1200°C in the same point (error is 6%). The average in-furnace temperature is almost 
1600°C .The highest temperature zone is on the flame direction, the fluid flow path of 
flue gases from Combustion in front of the burner nozzles on the centerline. The coldest 
region on the other hand is close between the first rows of ingots, close to burner wall, 



 23 

in the height of 835 mm from the land. This is because of the fact that the lowest 
Concentration of combustible mixture is in this region regarding the longest distance 
mixture stream has travelled. 
Figure16 shows the in-furnace temperature distribution along furnace length direction 
(x-y direction) in cross section of the fuel inlet of burner. The temperature gradient 
among the flame formation is easy to observe. 
A clear boarder between two thermal region is easily observed on the top surface of the 
furnace (lid position) in figure 18.This region is in the middle area of the furnace, on two 
middle ingots inside the chamber. It is important to consider the considerable 
temperature difference on the middle ingots since temperature gradient on the surface 
will cause a surface damage regarding further rolling process. 
 
5.1.2 Velocity Profile 

The velocity profile in two directions of x-y and z-y is showed in figures 22 and 23 .As 
mentioned in the ‘boundary condition’ chapter, the injection velocity of inlet oxygen is 
300 m/s and for propane are 200 m/s in the injection region. The velocity change in the 
semi venturi effect region is clearly observed. The velocity is suddenly changed to small 
amounts comparing the high amount of injecting velocities, after passing through the 
small holes of inlet nozzles of burner.  
Velocity profile inside the chamber, illustrate the flow path of flue gases and their 
stream path from inlet thorough exhaust channel, the stream is clearly observed to 
follow this pattern: the relative high velocity flue gas stream  hits the front wall of itself 
and crashes into two different streams toward two opposite directions. Two streams 
move in the opposite direction of injection through the exhaust channel wall. The 
velocity of both streams decrease dramatically while getting close to the exhaust wall. 
The first major eddy shape stream is formed while stream meets the first row of ingots 
on the way, in the edge of the ingot corner. This large eddy stream leads some of the 
flow particles into the second stream path, which is the centerline of the furnace, and 
causes a huge velocity reduction in the same path (close to the furnace wall). The same 
pattern happens while stream meets the seCOnd rows of ingots close to the exhaust 
wall. In the last corner of the furnace wall, on the exhaust wall, the entire flow particles 
are guided through the centerline of the chamber which the exhaust channel is located. 
In this place (between two first ingots, in the centerline) the lowest velocity magnitudes 
can be observed, which is because of a major conflict of two opposite direction flow 
paths. The velocity magnitudes in z-y direction in the centerline and in the cross section 
of exhaust channel can clearly show the eddy shape paths are shaped in middle of the 
ingots in figure 24. 
 
5.1.3 Gaseous Species  

Carbon monoxide is the result of incomplete or improper combustion. The following two 
major reasons explain why the generation of carbon monoxide occurs in the combustion 
process:  

 improper mixing of the Combustion air with the fuel being burned 
 The lack of complete burning because of an inadequate supply of combustion air 

to the fuel-burning equipment. 
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Figure 19 shows the predicted concentration of CO across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face. The z-axis on 
the figure is the horizontal distance from the centerline of the burner.  
The highest concentration of the CO species is predicted to be on the flame region in the 
distance of 360 mm from the burner face (z= -2478), in the centerline. This is certainly 
expected since the position of the fuel jet on the burner axis, results in a high 
concentration of fuel particles in this region. The maximum mass fraction of CO is 
predicted to be 1.70e-02 in the flame region, and the minimum amount of CO is 
predicted in the further regions inside the chamber. 
The possibility of forming CO is reaction between CO2 and O2 in high temperature levels, 
following: 
CO2+O2CO 
However, this reaction rate will decrease with the reducing of the flue gas temperature. 
 
Figure 20 shows the predicted concentration of CO2   across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face. The z-axis on 
the figure is the horizontal distance and the y-axis indicates the vertical distance from 
the centerline of the burner. 
The highest Concentration of CO2   is predicted to be in the centerline of the flame region 
at the distance of 400 mm from the burner wall (z=-2438). This result is also convenient 
since the position of the fuel jet, on the burner axis, results in a higher possibility of CO2 

formation in this region. 
Total maximum mass fraction of the CO2  is predicted to be 2.61e-01 in the core of the 
flame are, and the lowest mass fraction is predicted to be 1.18e-04  in the regions close 
to oxygen inlet nozzles. In the majority of the chamber space, an estimated mass 
fraction of 1.44e-01 to 1.70e-01 is predicted. A rather high concentration of CO2 can be 
observed in the flue gas flow path through the horizontal centerline, and in the contact 
region with the front wall.  

 

Figure 21 shows the predicted concentration of O2 across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face. The z-axis on 
the figure is the horizontal distance and the y-axis indicates the vertical distance from 
the centerline of the burner. 
The highest concentration of O2   is obviously in the zone of inlet oxygen nozzle in the 
burner wall, as the figure 21 indicates also, on the other hand the lowest concentration 
is in the zone of inlet propane. A rather poor O2 is observed in the flame centerline 
region, which is the main area of the combustion process. In this area oxygen 
 
 is highly consumed in order to proceed to a complete Combustion process, therefore, 
the lack of oxygen concentration in the area is convenient. 
The maximum predicted mass fraction is reported to be 1.00e+00 in the oxygen inlet 
zone and the minimum mass fraction is predicted to be 4.80e-04 in the area of inlet 
propane jet. An average mass fraction for oxygen in the chamber space is in the range of 
7.00e-01 to 8.00e-01 in the most regions of the furnace. Small oxygen flow traps are 
seen in the area between two first ingots in the z direction and between the first ingots 
and left wall, with an average mass fraction of 8.00e-01 to 8.50e-01. It is illustrated in 
the simulation result that rather far distance of oxygen and propane inlets will cause a 
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poor mixing process; it can be seen in the figure 21 that in the lower oxygen nozzle, 
some of the applied oxygen particles are converted to the ingot neighboring area, which 
is in deep contrast with perfect fuel-oxygen mixing principles. In the upper oxygen 
feeder also, some convergence is observed, that leads some part of oxygen stream 
through the up side of the area, which parries out the needed oxygen away specially in 
the further part of the flame area. 
 
5.1.4 Heat Flux 

5.1.4.1 Total Heat Flux 

One of the most considerable parameters in the investigation of furnace operational 
condition, is the configuration of total heat flux on the objective of heating in the 
furnace, in here the total heat flux configuration on the ingots is highly interesting in 
order to investigate necessary modifications and optimizations. 
Figure 25 shows the total Heat flux from combustion attracted by ingots’ surfaces inside 
the chamber. Generally heat transfer in the furnace from the heat produced from 
Combustion process, to the objects inside the chamber, is done by a combination of two 
heat transfer methods of radiation and convection. It is most likely that radiation is the 
dominant factor in most cases, for heat transfer methods among radiation and 
convection, but it is assured that the ratio of dominancy is different in distinct regions, 
which might lead to a different heat transfer ratio and finally a different final 
temperature distribution on the object. In here, an abrupt temperature gradient is not 
welcome, as it results to an unfavorable final product structure. This accelerates the 
importance of this investigation. 
As mentioned above, a combination of radiation and convection perform the act of 
transferring heat from Combustion to the ingots; [8] 

• Total Heat Transfer to ingots 

= 
Radiation from hot flue gas and hot walls with a view factor 

+ 
Convectional heat transfer from hot flue gas Stream flow on the ingots’ surfaces 
=           [(Q/A) r = ε σ (T₁⁴-T₀⁴)+ + [(Q/A) ᴄ = hc (T₁-T₀)+   [13] 
Which T₁ = Free Stream Temperature = Radiation Source Temperature =Hot Flue gas 
Temperature 
 hc = convective Heat transfer coefficient  
ε = emissivity of the object *grey low alloy steel+ 
σ = Stefan-Boltzmann constant 
 
 

5.1.4.2 Radiation 

Figure 24 shows the total radiation heat flux on the ingots’ surfaces. As explained above, 
the source of the radiation heat transfer is the hot flue gases, producing by Combustion, 
which is mostly spread out in the horizontal centerline, between the ingot rows. It is also 
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explained in chapter 6.2 that the radiation of heat from a surface is proportional to the 
fourth power of the absolute temperature. According to Stefan’s Boltzmann: *8+ 
 

Eb=σT4    [9] 
 

Regarding Figure 18 (temperature on ingots) which indicates the temperature 
distribution in the chamber and close to the ingots, the relevance of the radiative heat 
transfer and local temperature in the region is clearly illustrated; In the last part of the 
chamber, around the last row of ingots, a rather high temperature flow spreads which is 
because of the driven hot flow stream through this area. According to the Stefan 
Boltzmann’s law, existence of such rather hot flow will lead to a high radiation heat 
transfer from the hot flus gases and area on this region’s ingots. It is also important the 
radiative heat transfer is also relevant to the view factor and emissivity of the receiving 
object and scattering source. Here it is also clear that the surfaces with a good view 
factor to the hot surfaces receives higher amount of radiative heat. 
Regarding the figure 25 the maximum magnitude of the radiative heat transfer is 
predicted to be 2.26e+05W/m² in two last rows of ingots, on the exposed surface to the 
hot walls and hot flow, and the lowest magnitude is predicted to be 1.25e+05 W/m² in 
the lowest part of the first row of ingots, on the floor of the furnace. 
 

5.1.4.3 Convection 

Figure 27 shows the convective heat transfer magnitude on the surface of the ingots’ 
surfaces; Convection is the second method of heat transfer in the Combustion furnace. 
The total heat transfer through Convection is often lower than the radiation, and 
Convection is in the second degree of importance. 
As explained in the section 6, the Convection heat transfer method obeys the function: 
(Q/A)ᴄ = hc (T₁-T₀) 
So the magnitude of the heat transferred by this method has a direct relevance with the 
temperature of the Convection source (the hot stream), and the ‘convective heat 
transfer coefficient’ which was calculated before in chapter 6. As explained in that 
chapter, the convective heat transfer coefficient is a function of geometrical parameters, 
properties of the materials (flue gas components) and velocity of the stream 
(turbulence). 
The illustration in the result figure 27 is relevance to the theoretical explanations; 
regions exposed to the hot stream are hotter, the magnitude of the heat transferred by 
Convection is totally relevance to the aggregation of the high velocity hot stream (in the 
last region of the furnace).It is also illustrated that the regions with less exposure to the 
flowing stream get the lowest magnitude of heat by this method. 
Regarding the figure 27 the maximum magnitude of the convective heat transfer is 
predicted to be 2.95e+04 W/m² in two last rows of ingots, on the exposed surface 
through the stream, and the lowest magnitude is predicted to be 9.80e+02 W/m² in the 
lowest part of the first row of ingots, on the floor of the furnace. 
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5.2 EFFECT OF EXCESS AIR RATIO (ʎ) 

5.2.1 Description and boundary conditions 

Stable combustion conditions require the right amounts of fuel and oxygen. In theory 
there is a specific amount of oxygen needed to completely burn a given amount of fuel 
in order to produce the combustion products which are heat (energy), carbon dioxide, 
etc. However in practice, burning conditions are never ideal, therefore in most of the 
times more air than ideal is supplied to burn the all fuel completely. The amount of air 
more than the theoretical requirement is referred to as ‘excess air’. Since the amount of 
applied excess air, affects all the aspects of combustion, it is important to determine the 
excess air at which the combustion system will operate in the best way, which we call it 
the ‘optimal excess air ratio’. 
In order to get to the optimal excess air ratio, the stoichiometric air-fuel ratio (ʎ=1) is 
defined as the reference amount for this parameter. The stoichiometric air-fuel ratio 
indicates the minimum amount of oxygen needed for a complete combustion, which 
leads to a combustion process with no fuel or air (oxygen) left over. As explained above, 
almost no heating equipment runs at stoichiometric combustion because of not ideally 
operation conditions. 
In this part the effect of different ‘excess air ratios’ on different furnace operational 
parameter is investigated in order to drive a reasonable correlation of its influence on 
other parameters. 
In this trial 6 cases are simulated with the same burner capacity and fuel inlet, but with 
different inlet oxygen rates including less and more than one (uncompleted and 
complete combustion). 
 
As explained above, simulation of combustion process for 6 cases has been done, under 
the exact same conditions except the amount of inlet oxygen rate (excess air ratio, with 
fixed fuel inlet rate). 
Details of the boundary condition for these 6 cases are in the table below, cases 11 to 
16.  
 

 
Table 6.Case Description for ‘Excess Air Trial’ 
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As mentioned in the table, the inlet fuel rate (Propane) is a fix amount of 0.013 Kg/s, and 
total burner capacity is also the same for all the cases (596 KW). The variable parameter 
is the inlet oxygen rate which is changing in the range of 0.0448 Kg/s to 0.0566 Kg/s 
regarding the variety of excess air ratios. 
The amount of inlet oxygen applied to the furnace is calculated with use of correlations 
14, 15 and 16. 
 

Combustion Reaction: 
C3H8+5O2= 3CO2+4H2O 

Stoichiometric Air = 5*32/1*[12*3+8*1] =3.63   [14] 
 
ʎ (Excess air ratio) = Mass of air (oxygen) to Combustion of 1 Kg fuel/ Stoichiometric Air [15] 

 
Inlet Oxygen rate = ʎ* inlet Fuel rate * Stoichiometric Air  [16] 

  
5.2.2 Temperature Distribution 

Figure 28 shows the contours of temperature inside the furnace chamber on z-y 
direction, for the cases 11, 13, 15 and 16. 
For each of the cases, the predicted temperature in the thermocouple place is reported 
which quite is convincing in comparison with the measured temperature of 1200°C in 
the referred point. It is also observable for each case that the highest temperature zone 
is on the flame direction, the fluid flow path of flue gases from combustion in front of 
the burner nozzles on the centerline. The coldest region on the other hand is close 
between the first rows of ingots, close to burner wall. This is because of the fact that the 
lowest Concentration of combustible mixture is in this region regarding the longest 
distance mixture stream has travelled. 
Comparison between these 4 cases shows that combustion Temperature in incomplete 
combustion is way less than complete combustion with the same operational 
parameters. This is observable in the figure 28 that temperature profile in case 11, with 
ʎ = 0.95 (ʎ<1) which is an incomplete combustion is less than the same combustion 
process with stoichiometric air (ʎ=1). 
Between all the cases shown in the figure 28 , the highest Combustion temperature is 
reported for the case 13 with excess air ratio of 1.02 (closest to the stoichiometric 
condition); an decrease in combustion temperature is observed with increasing the 
amount of excess air ratio in the results. This conclusion can be compared to the result 
of the result of journal (Influence of combustion parameters on NOx production in an 
industrial boiler, M.A.Habin, M.Elshafie, M.dajani) which is in a convenient agreement 
with the result we have in this study. 
The explanation for the decreasing combustion temperature is proposed to be; in 
practice the stoichiometric amount of oxygen is consumed in order to form a complete 
combustion, higher amounts of oxygen which are applied in excess air ratios more than 
1, will be heated up to the flue gas final temperature and will be exhausted out through 
the exhaust channel. It is obvious that the energy consumed for heating the extra 
oxygen in the chamber will lead to a reduction of total energy for final combustion 
temperature. 
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Graph 1.Temperature on the thermocouple point-Excess air 

 

 
Graph 2.Influence of Combustion parameters on NOx production in an industrial boiler, 

M.A.Habin, M.Elshafie, M.dajani) 

 

 Figure 29 shows the in-furnace temperature distribution along furnace length direction 
(x-y direction) in cross section of the fuel inlet of burner for cases 11, 13, 15 and 17. The 
temperature gradient among the flame formation is easy to observe. 
 
5.2.3 Velocity Profile 

The velocity profile in two directions of x-y and z-y is showed in figures 30, and 31 for 
cases 11, 13, 15 and 16.As mentioned in the ‘boundary condition’ chapter, the injection 
velocity of inlet oxygen is changed and for propane is a fix amount of 200 m/s in the 
injection region. To look at the result for each case individually the velocity change in the 
semi venturi effect region is clearly observed. The velocity is suddenly changed to small 
amounts comparing the high amount of injecting velocities, after passing through the 
small holes of inlet nozzles of burner.  
 
5.2.4 Gaseous Species  

Figure 33 shows the predicted Concentration of CO across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face for cases 11, 
13, 15 and 16. The z-axis on the figure is the horizontal distance from the centerline of 
the burner.  
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Total molar Concentration of carbon monoxide as a combustion product inside the 
chamber is close to zero in most spaces inside the furnace, on the other hand the 
maximum amount of molar concentration of carbon monoxide in all cases is 2.12e-04 
Kmol/m3 which is located close to the combustion core region. 
Figure 32 shows the predicted concentration of CO2 across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face for cases 11, 
13, 15 and 16. The z-axis on the figure is the horizontal distance from the centerline of 
the burner.  
The highest concentration of CO2   is predicted to be in the centerline of the flame region 
in core of the combustion area with the magnitude of 9.61e-04. This result is also 
convenient since the position of the fuel jet, on the burner axis, results in a higher 
possibility of CO2 formation in this region. 
This result is also comparable with the same result of engineering toolbox website; an 
increase in amount of excess air will lead to a decrease of amount of CO2 as a 
combustion product. 
 

 
Graph 3.Correlations between active combustion parameters, proposed by Engineering 

Toolbox 

 
The possibility of forming CO is reaction between CO2 and O2 in high temperature levels, 
following: 
CO2+O2CO 
However, this reaction rate will decrease with the reducing of the flue gas temperature 
which occurs in the other regions of the chamber. 
Figure 34 shows the predicted concentration of O2   across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face for cases 11, 
13, 15 and 16. The z-axis on the figure is the horizontal distance and the y-axis indicates 
the vertical distance from the centerline of the burner. 
The highest concentration of O2   is obviously in the zone of inlet oxygen nozzle in the 
burner wall for all cases, as the figure 34 indicates also, on the other hand the lowest 
concentration is in the zone of inlet propane. A rather poor O2 is observed in the flame 
centerline region, which is the main area of the combustion process. In this area Oxygen 
is highly consumed in order to proceed a complete combustion process, therefore, the 
lack of oxygen Concentration in the area is convenient. 
The amount of floating oxygen particles inside the chamber is in a convenient 
correlation with the amount of extra oxygen that is applied to the chamber from inlet, it 
is clear that with increasing excess air ratio, which leads to an increase in oxygen 
molecules inside the chamber, the total molar Concentration of oxygen will grow. This is 
easily observable in the result figure. It is important to observe the rather similar results 
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for mentioned cases, which indicates the fact the in almost similar combustion 
processes the magnitudes of residuals are not so much different. 
 
5.2.5 Total Heat Flux 

As mentioned in chapter 8 one of the most considerable parameters in the investigation 
of furnace operational condition, is the configuration of total heat flux on the objective 
of heating in the furnace since it is the key to furnace operation.in here the total heat 
flux configuration on the ingots is highly interesting in order to investigate necessary 
modifications and optimizations. 
Figure 35 shows the total Heat flux from combustion attracted by ingots’ surfaces inside 
the chamber for cases 11, 13, 15 and 16. This heat transfer in the furnace from the heat 
produced from combustion process, to the objects inside the chamber is done by a 
combination of two heat transfer methods of radiation and convection which is shown 
here as a sum of two parameters. 
 

5.3 THE EFFECT OF BURNER CAPACITY  

5.3.1 Description and Boundary conditions 

The maximum heat output released by a burner with a stable flame and satisfactory 
combustion is defined as the burner capacity. In theory, burner capacity is a direct 
function of inlet fuel capacity (mass rates); the primitive correlation between the burner 
capacity and inlet fuel mass rate is according to relation below: 
 

Burner Thermal capacity (MW) = Mass Rate PROPANE (Kg/s) * LHV PROPANE (Mj/Kg)* ηCombustion 

[17] 

 
In here, in order to make a range of comparable cases the amount of excess air ratio (ʎ) 
is fixed for all cases and the amount of fuel (propane) and oxygen in the inlet is changed 
in different cases with different burner capacity. The burner capacity is raised gradually 
from case 21 to case 26. 
 
As explained above, simulation of combustion process for 6 cases has been done, under 
the exact same conditions except the amount of inlet fuel rate (burner capacity). Details 
of the boundary condition for these 6 cases are in the table below, cases 21 to 26.  
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Table 7.Case Description for ‘Burner Capacity Trial’ 

 
As it is brought in the table, the capacity of the burner is increasing from case 21 to case 
26 in order to investigate the effect on the influent parameters in combustion process, 
while all the other operational parameters like excess air ratio kept fixed. 
 
5.3.2 Temperature Distribution 

Figure 36 shows the contours of temperature inside the furnace chamber on z-y 
direction, for the cases 21, 23, 55 and 26. 
For each of the cases, the predicted temperature in the thermocouple place is reported 
which quite is convincing in comparison with the measured temperature of 1200°C in 
the referred point. It is also observable for each case that the highest temperature zone 
is on the flame direction, the fluid flow path of flue gases from combustion in front of 
the burner nozzles on the centerline. The coldest region on the other hand is close 
between the first rows of ingots, close to burner wall. This is because of the fact that the 
lowest concentration of combustible mixture is in this region regarding the longest 
distance mixture stream has travelled. 
Comparison between these 4 cases shows that combustion temperature dramatically 
increases when increasing the burner capacity (fuel inlet mass rate). This result is what 
we can explain since, with increasing the amount of fuel injected to combustion 
chamber, higher amount of potential heat and energy is applied, which leads to an 
increase in final combustion temperature. Between all the three cases shown in the 
figure 36, the highest combustion temperature is reported for the case 26 with 
maximum burner capacity between all (907 KW). 
Figure 37 shows the in-furnace temperature distribution along furnace length direction 
(x-y direction) in cross section of the fuel inlet of burner for cases 21, 23, 25 and 26. The 
temperature gradient among the flame formation is easy to observe; with increasing the 
burner capacity, the width of the flame in this direction has a dramatic raise, this means 
that with higher burner capacity wider flame volumes can be achieved, which leads to a 
more homogeneous flame structure.  

26 
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Graph 4 shows the correlation between burner capacity and temperature in the 
thermocouple point (as a point to compare cases) which the position of it was explained 
before in chapter 2. 
 

 
Graph 4.Relation between investigated Burner capacity and temperature in thermocouple 

point 

  
5.3.3 Velocity Profile 

The velocity profile in two directions of x-y and z-y is showed in figures 38 and 39 for 
cases 21, 23, 25 and 26.As mentioned in the ‘boundary condition’ chapter, the injection 
mass rate of both fuel (propane) and oxygen is changed in the trial steps. To look at the 
result for each case individually the velocity change in the semi venturi effect region is 
clearly observed. The velocity is suddenly changed to small amounts comparing the high 
amount of injecting velocities, after passing through the small holes of inlet nozzles of 
burner.  
Total velocity profile is obeying a unique pattern which was explained before, in chapter 
4 the rather high velocity stream of flue gases hitting the front wall, and will be divided 
into two streams with opposite directions behind the ingot rows. 
 
5.3.4 Gaseous Species  

Figure 41 shows the predicted Concentration of CO across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face for cases 21, 
23, 25 and 26. The z-axis on the figure is the horizontal distance from the centerline of 
the burner.  
The carbon monoxide is mainly resulted by improperly operated or installed combustion 
equipment, is highly poisoned, thus it is important to investigate the forming possibility 
of this particles. As explained in chapter4, the main reason for forming the carbon 
monoxide is improper or incomplete combustion. In our cases of study in this part, 
complete combustion is happening, since excess air ratio is higher than one.  
Total molar concentration of carbon monoxide as a combustion product inside the 
chamber is close to zero in most spaces inside the furnace, on the other hand the 
maximum amount of molar concentration of carbon monoxide in all cases is 2.12e-04 
Kmol/m3 which is located close to the combustion core region. 
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Figure 40 shows the predicted concentration of CO2 across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face for cases 21, 
23, 25 and 26. The z-axis on the figure is the horizontal distance from the centerline of 
the burner. The possibility of forming CO is reaction between CO2 and O2 in high 
temperature levels, following: 
CO2+O2CO 
However, this reaction rate will decrease with the reducing of the flue gas temperature 
which occurs in the other regions of the chamber. As one can observe in the figure 40, 
raising the amount of inlet fuel will lead to an increase in Carbon dioxide formation as a 
combustion product; the maximum magnitude of carbon dioxide inside the chamber is a 
function of applied inlet mass fuel. 
Figure 42 shows the predicted concentration of O2 across the depth of the furnace 
chamber at various vertical and horizontal distances from the burner face for cases 21, 
23, 25 and 26. The z-axis on the figure is the horizontal distance and the y-axis indicates 
the vertical distance from the centerline of the burner. 
The highest concentration of O2 is obviously in the zone of inlet oxygen nozzle in the 
burner wall for all cases, as the figure 42 indicates also, on the other hand the lowest 
concentration is in the zone of inlet propane. A rather poor O2 is observed in the flame 
centerline region, which is the main area of the combustion process. In this area, in this 
area oxygen is highly consumed in order to proceed a complete combustion process, 
therefore, the lack of oxygen concentration in the area is convenient. 
 
5.3.5 Total Heat Flux 

As mentioned in chapter 4 one of the most considerable parameters in the investigation 
of furnace operational condition, is the configuration of total heat flux on the objective 
of heating in the furnace since it is the key to furnace operation.in here the total heat 
flux configuration on the ingots is highly interesting in order to investigate necessary 
modifications and optimizations. 
Figure 43 shows the total Heat flux from combustion attracted by ingots’ surfaces inside 
the chamber for cases 21, 23, 25 and 26. This heat transfer in the furnace from the heat 
produced from combustion process, to the objects inside the chamber is done by a 
combination of two heat transfer methods of radiation and convection which is shown 
here as a sum of two parameters. 
As we expected from previous explanations, there is a direct correlation between the 
rate of heat transferred to the ingots from combustion, and the temperature of flue 
gases, as thermal source for both radiation and convection heat transfer methods. It is 
observable in figure 43 also, that with increasing the magnitude of applied propane 
inside the furnace, an increase in total combustion temperature happens, which leads to 
a total increase in heat transfer ratio. 

6 CONCLUSION 

Regarding the numerical simulations and analyzing the results several conclusions can be 
drawn: 
Conclusions from temperature distribution: 
 Local temperature of each point inside the chamber is highly dependent on the 

position of the point and distance from the flame region, it is not favorably 
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homogeneous and a maximum temperature difference of almost 300°C can be 

observed on the ingots’ surfaces.  

 There are mainly two thermal regions inside the chamber with a rather 

considerable temperature difference of 200°C; the hot region and the cold 

region. The clear boarder between these two regions is perfectly clear on the lid 

of the furnace, which is located on the seCOnd row of ingots. 

 Temperature is highly dependent of flue gas flow inside the chamber; the ‘hot 

region (as explained above) is in the flowing direction of hot flue gases, in the 

burner injection orientation. As this hot flow moves along the horizon of the 

furnace the temperature decrease gradually, and while hits the front wall divided 

into two different hot streams in different directions. 

 The maximum local temperature is in the flame core about 2.47e+03 °C and 

minimum of 1.17e+03 °C on the exterior walls. 

 There is a dramatic temperature decline close to the exterior walls and ingots, 

which concludes a rather high heat waste trough, the walls. It is also important to 

mention that forming of thermal boundary layers on the surfaces of ingots and 

walls acts like an insulator and prevents the act of perfect heat transfer. 

Conclusion from Gaseous Species: 

 Maximum amount of the formed carbon monoxide is in the core of the flame 

(combustion) region, with the highest possibility of finding carbon radicals. This 

region is the middle of the combustion, with highest reaction rate, which also 

increase the possibility of occurring an improper or incomplete combustion 

mixture. Also, the flame area is the region with highest density of reaction 

components, including carbon monoxide. 

 The concentration of carbon monoxide in outer part of the furnace is almost 

negligible e, comparing with the flame area. 

 Formation of carbon dioxide is highly affected by flow local temperature inside 

the chamber; the maximum amount of carbon dioxide is reported to be in flame 

region, with highest combustion temperature, and reaction rate. It is also the 

densest region, filled with reaction components, including carbon dioxide as one 

of the main combustion product in here. 

 Carbon dioxide dispersion, follows the hot flow gas pattern; the rather high 

amount of carbon dioxide travels with the hot gas bulk, and splash while hits the 

front wall into two main direction, on the surface of the wall. 

 Minimum amount of oxygen concentration (except the inlet propane nozzle), is 

reported to be in the COre of the reaction zone (flame); the combustion area, is 
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with the highest amount of reaction rate, which highly demanded oxygen 

particle in order to proceed complete combustion, this will guide to a sharp 

reduction of oxygen in this area. 

 Rather high distance between oxygen and fuel inlet nozzles will cause an 

unfavorable mixing process; regarding the results from simulation, some part of 

oxygen, injected from lower oxygen nozzle are guided to the eddy shape flow in 

the neighbor of sharp corners of first ingot. It is also observable for the upper 

nozzle that part of the injected oxygen, is converted away from the centerline 

(fuel injecting path). 

Conclusion from velocity profile: 
 There is a rather high velocity flow region in front of the injection area, burner 

wall. Afterwards, the act of smashing the flow with the front wall, divide the flow 

into two different, opposite direction flows behind the ingots, with rather high 

velocity reduction in both flows toward exhaust channel. 

 The existence of the ingots highly affects the velocity profile; sharp corners of the 

ingots, on the way of the hot flue gases, causes formation of several eddy shape 

flow patterns, which decrease the amount of flow velocity dramatically. This 

reduction is even more considerable in the exhaust region, where two different 

flow directions meet each other. 

Conclusion from Heat Transfer: 
o A combination of radiation and convection heat transfer methods performs the 

act of heat transfer from hot flue gases to the surface of ingots. Radiation is the 

dominant factor of heat transfer inside the chamber in most parts of heat 

transfer area. 

o The rate of heat transfer is highly affected by the local temperature of 

environment, since it plays the role of radiation and convection source for both 

heat transfer methods. 

Conclusion from The Effect of Excess air ratio: 
 In order to investigate the effect of applied excess air into the combustion 

chamber, 6 cases with different excess air ratio are examined with complete 

similar conditions. 

 Total combustion temperature in incomplete combustion condition (ʎ<1) is 

rather low, compare to the complete combustion condition or stoichiometric air 

(ʎ=1); regarding the lack of adequate oxygen to perform the ideal fuel burning 

and reaching the ultimate combustion state a sharp temperature reduction will 

appear. 
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 Exceeding the excess air ratio than complete combustion (ʎ>1), will also shows a 

reduction in final combustion temperature; applying extra amount of oxygen, will 

consume higher energy (heat) to get to the final temperature of flue gas 

temperature, this leads to the fact that some part of the energy of fuel is wasting 

on the extra oxygen particles which will be guided out later. 

 Exceeding the excess air ratio in a combustion chamber will decline the amount 

of carbon dioxide emitted as a combustion product. 

 The rate of emitting carbon monoxide in an incomplete combustion is 

considerably higher than the same combustion status with complete 

combustion. The concentration of emitted carbon monoxide is negligible 

compare to other combustion products in a chamber with complete combustion.  

Conclusion from the Effect of Burner Capacity: 
 In order to investigate the role of burner capacity in a combustion process, all the 

combustion parameters, including excess air ratio is fixed, while the rate of inlet 

mass rate of fuel and demanding oxygen is changing in 6 cases of study. 

 Increasing the burner capacity, which leads to an increase in applied fuel mass 

rate, will increase the final combustion temperature; applying higher amount of 

fuel in the combustion chamber provides higher potential energy, which with 

providing stoichiometric air (or more) will reach to a higher final combustion 

temperature. 

 Increasing the capacity of burner, will also consequence a rather wide flame 

volume along the horizon of the chamber. 
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Figures: 

 

 

 

 

 

 
 

  
Figure 13.3D-COmputational Domain and mesh of Furnac 

                            
 
 
 
 
 

 
Figure 14.O-Grid Mesh style on the Inlet nozzles of Oxygen and Propane O-Grid Mesh style 

on the Inlet nozzles of Oxygen and Propane 



 40 

Result Figures of Referred Case (Case 0):  

 

 
Figure 15.Temperature profile in the z-y axis 
 
 

 
Figure 16.Temperature profile in the x-y axis 
 

 
Figure 17.Temperature profile in 3-D view 
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Figure 18.Temperature profile on the ingots 
 

 
Figure 19.COntours of mass fraction of CO 
 
 

 
Figure 20.COntours of mass fraction of CO2 
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Figure 21.COntours of mass fraction of O2 

 

 
Figure 22.Velocity Vectors COlored by velocity magnitudes in z-y axis (m/s) 
 

 
Figure 23.Velocity Vectors COlored by velocity magnitudes in 3-D view (m/s) 
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Figure 24.Velocity Vectors COlored by velocity magnitudes in x-z axis, in the 
exhaust cross section (m/s) 

  

 

 

 
Figure 25.COntours of total Surface heat Flux on the ingots’ surface (w/m2) 
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Figure 26.COntours of Absorbed Radiation Flux on ingots’ surface (w/m2) 

  
 

 
Figure 27.COntours of Total Convection heat transfer on ingots’ surface (w/m2) 



 45 

Result Figures of effect of Excess Air Investigation: 
 
 

 
Figure 28.COntours of Static Temperature (˚C) in cases 11, 13, 15 and 16 in z-y 
axis .Tt indicates the temperature on thermoCOuple point 
 

 
Figure 29.COntours of Static Temperature (˚C) in cases 11, 13, 15 and 16 in x-z 
axis 
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Figure 30.Velocity Vectors COlored by Velocity magnitudes (m/s) in z-y axis for 
cases 11, 13, 15 and 16 
 
 
 

 
Figure 31.Velocity Vectors COlored by Velocity magnitudes (m/s) in x-z axis for 
cases 11, 13, 15 and 16 
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Figure 32.COntours of Molar Concentration of CO2 (Kmol/m3), in z-y axis,for 
cases11, 13, 15 and 16 
 
 

 
Figure 33.COntours of Molar Concentration of CO (Kmol/m3), in z-y axis, for 
cases11, 13, 15 and 16 
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Figure 34.COntours of Molar Concentration of O2 (Kmol/m3), in z-y axis, for 
cases11, 13, 15 and 16. 
 

 
Figure 35.COntours of Total Surface Heat flux (W/m2) for cases11, 13, 15 and 16 
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FIGURES oF Effect of Fuel Capacity RESULTS 

                 

 
Figure 36.COntours of Static Temperature (˚C) in cases 21, 23, 25 and 26 in z-y 
axis .Tt indicates the temperature on thermoCOuple point 
 

 
Figure 37.COntours of Static Temperature (˚C) in cases 21, 23, 25 and 26 in x-z axis 
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Figure 38.Velocity Vectors COlored by Velocity magnitudes (m/s) in z-y axis for 
cases 21, 23, 25 and 26 
 

 
Figure 39.Velocity Vectors COlored by Velocity magnitudes (m/s) in x-z axis for 
cases 21, 23, 25 and 26 
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Figure 40.COntours of Molar Concentration of CO2 (Kmol/m3), in z-y axis,for 
cases21, 23, 25 and 26 
 

 
Figure 41.COntours of Molar Concentration of CO  (Kmol/m3), in z-y axis,for 
cases21, 23, 25 and 26 
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Figure 42.COntours of Molar Concentration of O2 (Kmol/m3), in z-y axis, for 
cases21, 23, 25 and 26 
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Figure 43.COntours of Total Surface Heat flux (W/m2) for cases 21, 23, 25 and 
26 


