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Abstract  
The blast furnace (BF) chemically reduces and physically converts the iron ore into a liquid 
called hot metal. Pulverized coal injection (PCI) was implemented in the industry in the 
middle of the 1980´s. PCI improves the BF-process economically and provides possible heat 
level control but may introduce operational disturbance. Due to the harsh environment inside 
the BF experimental data is hard to obtain. Therefore computational fluid dynamics (CFD) 
often is used to understand and further optimize the process. 
 
The process can be improved by increasing the coal combustion inside the BF. One way of 
doing this is by increase the dispersion of the coal particle plume from the PCI. To be able to 
validate a CFD-model experiments for particle dispersion have been conducted at room 
temperature for two different lance types. The results from the experiment were in the form of 
images and some collected fluid data (boundary conditions). 
 
The objective of this study has been to create a CFD-model for particle injection through an 
injection lance and develop a methodology to validate the particle dispersion model against 
the experimental images.  
 
The result from this work consists of two CFD-models, where main errors corresponding to 
numerical methods have been investigated and discussed. Further, this work has generated a 
model validation method based on analyzing the luminosity dispersion in images. 
 
The main conclusions from this work are: 
 

• The coaxial model generated an estimated model error of 10-15 % depending on the 
investigated boundary conditions. The value of the model error for the coaxial model 
is of high credibility based on the estimated magnitude of the iteration and 
discretization errors that were made 

• The swirl model generated an estimated model error of 6-19 % depending on the 
investigated boundary conditions. The value of the model error for the swirl model is 
of significantly lower credibility compared to the coaxial model based on the 
estimated magnitude of the iteration and discretization errors that were made 
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Nomenclature 
 

Symbol Unit Notation 
𝑎 𝑚 Height 
𝐴! 𝑚! Cross-sectional area 

𝐴!"#$ 𝑚! Cross-sectional area of primary flow 
𝐴!"# 𝑚! Cross-sectional area of secondary flow 
𝐴!" 𝑚! Cross-sectional area of wind tunnel 
𝑏 𝑚 Width 
𝐵 − Empirical constant 
𝑐 𝑚/𝑠 Velocity of sound in air 
𝑐! 𝐽/𝑘𝑔𝐾 Specific heat 
𝐶! − Drag coefficient 
𝑑 𝑚 Mean particle diameter 
𝑑! 𝑚 Particle diameter 
𝐷! 𝑚 Hydraulic diameter 
𝑒! − Discretization error 
𝑒! − Model error 
𝐸 − Number of elements  
𝐸!% − Number of elements for a 

discretization error smaller than 1 % 
𝐹 𝑚/𝑠! Additional acceleration 

𝐹!(𝑢 − 𝑢!) 𝑚/𝑠! Drag force per particle mass 
𝑔 𝑚/𝑠! Gravity 
ℎ 𝑚 Representative edge length 
𝐽!" 𝑘𝑔𝑚/𝑠 Momentum flux for wind tunnel 
𝐽! 𝑘𝑔𝑚/𝑠 Momentum flux for injection lance 
𝑘 𝑊/𝑚𝐾 Thermal conductivity 
𝑙! − Luminosity dispersion, mean 

experimental image 
𝑙! − Luminosity dispersion, model image 
𝐿 𝑚 Characteristic length  
𝐿! 𝑚 Hydraulic entrance length 
𝑚! 𝑘𝑔/𝑠 Particle mass flow  

𝑚!"#$ 𝑘𝑔/𝑠 Primary gas mass flow 
𝑚!"# 𝑘𝑔/𝑠 Secondary gas mass flow 
𝑚!" 𝑘𝑔/𝑠 Wind tunnel mass flow  
𝑀 − Momentum flux ratio 
𝑛 − Spread parameter 
𝑝! 𝑚 Wetted perimeter 
𝑟!" − Ratio of representative edge length, 

Mesh 2 and Mesh 1 
𝑟!" − Ratio of representative edge length, 

Mesh 3 and Mesh 2 
𝑅 𝑚 Radial coordinate 
𝑅! 𝐽/𝑚𝑜𝑙𝐾 Specific ideal-gas constant 
𝑇 𝐾 Temperature 
𝑢! 𝑚/𝑠 Particle velocity 
𝑢! 𝑚/𝑠 Friction velocity 
𝑢! − Dimensionless velocity 
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𝑈 𝑚/𝑠 Velocity in x-direction  
𝑣! 𝑚/𝑠 Mean velocity parallel to the wall 
𝑉 𝑚/𝑠 Velocity 
𝑉!"! 𝑚! Volume of the computational domain 
𝑥 𝑚 Axial coordinate 
𝑦! − Dimensionless distance from wall 
𝑌! − Mass fraction greater that d 

   
𝛽 − Coefficient of thermal expansion  
𝜖 − Magnitude of discretization error 
𝜅 − Karman constant 
𝜆 𝑃𝑎  𝑠 Second coefficient of viscosity 
𝜇 𝑃𝑎  𝑠 Dynamic viscosity 
𝑣 𝑚!/𝑠 Kinematic viscosity 
𝜌 𝑘𝑔/𝑚! Density 
𝜌! 𝑘𝑔/𝑚! Density for particles 

𝜌!"#$ 𝑘𝑔/𝑚! Density for primary gas 
𝜌!"# 𝑘𝑔/𝑚! Density for secondary gas 
𝜌!" 𝑘𝑔/𝑚! Density for wind tunnel gas 
𝜎 − Exact solution of a partial differential 

equation 
𝜎! − Discretized solution of the partial 

differential equation 
𝜏   − Discretization constant 
𝜏! 𝑃𝑎 Wall shear stress 
𝜙 − Dissipation function 

   
𝑀𝑎 − Mach number 
𝑅𝑒 − Reynolds number 
𝑅𝑒! − Relative Reynolds number 
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1 Introduction 
In this chapter an introduction to the steel industry is made and why optimization of the 
processes involved is of importance. State of the art for blast furnace and current research in 
the field will be presented. Finally the background builds up to the scope of this work.  

1.1 Background 
Steel is highly central to the structure of today’s society; the importance of steel can 
particularly be seen in the infrastructure. Steel is needed for all forms of development and 
growth all around the world. By altering the steel making process and adding alloy elements 
different steel products are obtained. Today, the demand for sustainable development 
increases, which includes smart use of steel and therefore products such as high strength 
steels. The steel making process itself is a very energy intensive process and uses a high 
amount of natural resources, meaning that optimization of the processes is of high priority.[1]  
 
Iron is the fourth most common element in the earth’s crust but the element does seldom 
occur in its pure form. More often it is bound in compounds with oxygen, such as hematite 
(chemically denoted Fe2O3) and magnetite (chemically denoted Fe3O4), which are common 
compounds in iron ore. The iron content in iron ore is between 50-70 %. Reducing iron ore 
with carbon (C) at a high temperature makes hot metal, also known as “pig iron”.[2]  
 
The reduction and melting to accomplice hot metal from the iron ore is made in a BF. A 
schematic view of the BF and its components is shown in Figure 1. At the top of the BF iron 
ore, coke, alloy elements and limestone are charged. Hot stoves heats oxygen enriched air, 
called blast air, which is fed into the lower part of the furnace through tuyeres. The blast 
generates heat and reduction gas (CO, H2) when reacting with carbon and volatiles in coke 
and coal and thereby enable the chemical reduction process to take place throughout the 
furnace. After gas cleaning the BF top gas is transported to the gas holder to be used in other 
processes. In Luleå the main use of BF top gas is for heating of hot stoves and production of 
hot water for district heating plant. In the bottom of the BF slag and metal are collected and 
later separated during tapping in the runner system due to the density difference between 
them.[1]  

 
Figure 1: Schematic view of a blast furnace process; components in the process (left) and a 

cross-sectional view of the blast furnace (right). [1] 

In the 19th century a method called Pulverized Coal Injection (PCI) was developed. A 
conveying gas, often nitrogen, carries the PC and is injected through lances installed in each 
of the tuyeres. Nitrogen is used to avoid combustion of the PC before entering the tuyeres. To 
protect the lance from excessive heating and in that way extend the lifetime of the lance a 
cooling flow of air is added coaxial to the lance. This is practically implemented by the use of 
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two pipes with different diameter, where the cooling air is added between the smaller and the 
larger pipe. The mixture of blast and the flow from the lance (cooling air, conveying gas and 
coal particles) is then piped into the furnace where it creates a cavity called a “raceway”, 
which propagates the coal and coke combustion and melts the metal and the slag. The process 
is shown in Figure 2.[3] 
 

 
Figure 2: Methodology for pulverized coal injection, PCI. [3]  

The implementation in the industry was however delayed until the middle of the 1980´s. The 
oil crisis resulting in increased oil prices made the PCI-method attractive. An advantage of 
replacing some of the coke with PCI is that the energy efficiency for the process gets higher, 
i.e. the total amount of carbon used in the process is decreased. [3]  
 
Today further optimization of the PCI method is common in industry in order to improve the 
blast furnace operation; both economically and in performance by providing a possibility to 
control the heat level in shorter term. PCI with high injection rates is today the stat-of-the-art 
in blast furnace operations.  
 
Computational Fluid Dynamics (CFD) modeling is a powerful tool when designing and 
evaluating the BF-process, such as the injection lance. A lot of studies have been published in 
the area of CFD-simulations regarding the in-furnace phenomena (Y.Shen et al[4], A.Majeski 
et al[5], B.Guo et al[6]). For example Y.Shen et al found that the coal burnout was strongly 
dependent on the availability of oxygen. Common for those studies is that the CFD-models 
handle a complex geometry and continuously an increased number of reactions are 
considered. Experimental data is hard to obtain due to the harsh conditions, e.g. high 
temperatures, in the real process making the model results difficult to judge and handle.   
 
One way of enhance the combustion efficiency is by increasing the dispersion of the 
pulverized coal in the tuyeres, leading to a more combustion-friendly fuel mix of coal 
particles and oxygen and an increased reaction volume in the raceway. By evaluating 
simplified systems acting in cold conditions a CFD-model of the particle dispersion can be 
validated against experimental data, resulting in an increased reliability of the model when 
increasing the reactions taking into consideration in the model.[7] Any reasonable validation of 
a CFD-model is always better than none.[8a] 
 
An advantage with a validated CFD-model compared to experimental data is that the model 
generates detailed information of the complete process, meanwhile experiments does not.  
The obtained knowledge from the model can further on be used for other parameter settings 
in order to investigate and optimize the process.[7] 
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1.2 Objective 
The objective of the master thesis is to create a numerical model for particle injection through 
an injection lance into a wind tunnel and thereafter develop a methodology to validate the 
particle dispersion model against experimental results. 
 
The results of the study is planned to work as the initial step in creating a model for the PCI 
process in the BF; including acting temperatures, mass flows, particles and species. In long 
term the aim is to create a model that can optimize the efficiency of the BF in terms of 
combustion and material efficiency. 
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2 Theory 
This chapter is focusing on presenting earlier obtained knowledge in the field of fluid 
mechanics and how a numerical model can be applied to solve problems and optimize 
processes connected to this field. A method for carrying out information from images, so 
called image analysis, will be presented in order to understand how 2D-images from a 3D-
domain can be used to evaluate processes and validate numerical models.    

2.1 Basics of Fluid Mechanics 
To be able to develop a numerical model for the studied process the flow needs to be 
characterized. In order to make the characterization some basic principles of fluid mechanics 
needs to be known; those basic principles are going to be presented throughout this part of 
the theory chapter. For a more detailed explanation of the principles, widely acknowledged 
literature in the field is recommended. 
 
A substance can occur in four different phases; plasma, solid, liquid and gas. A fluid refers to 
a substance that is present in the liquid or the gas phase. The difference between the liquid 
and the solid phase is defined by its ability to resist an applied shear stress. In a solid the shear 
stress is proportional to the strain, for fluids the shear stress is proportional to the strain rate. 
A solid eventually stops deforming when a constant shear stress is applied whereas a fluid 
does not, it is continually deforming, i.e. flows.[9a] 
 
Fluid mechanics is the science that deals with the behavior of a fluid, either in motion or at 
rest, and also the fluids interaction with other fluids and/or solids. In reality there is a wide 
range of fluid dynamic problems occurring and by classifying them with respect to common 
characteristics it is possible to study their behavior in groups. 

2.1.1 Viscous	  and	  Inviscid	  Regions	  of	  Flow	  	  
The viscosity of the fluid generates internal resistance to the flow and is a measure of the 
internal stickiness of the fluid. For gases, the viscosity is due to molecule collisions while for 
liquids this is due to cohesive forces between the molecules. When fluid layers move relative 
to each other, the generated friction force due to viscosity decrease the velocity of the faster 
fluid layer. It is known that all fluids are viscous, therefore all flows involves viscous effects 
to some degree. For flows acting far away from a solid surface the viscous force is negligible 
compared to the inertial force or the pressure force. Neglecting viscosity in those regions, 
known as inviscid flow regions, simplifies the analysis without affecting the accuracy.[9a]   

2.1.2 Boundary	  Layers	  and	  the	  No-‐Slip	  Condition	  	  
Flowing fluids often interact with a solid material, e.g. water flow in pipes to distribute 
district heating and water to buildings. A fluid in direct contact with a solid surface is proved 
to have a zero velocity relative to the surface. The fluid sticks to the solid surface, i.e. there is 
no slip, making room for the implementation of the term “the no-slip condition”, which is a 
result of the earlier described viscosity.[9a]  
 
The sticking of the fluid layer in contact with the solid surface generates a velocity gradient 
for the fluid flow field near the solid surface. The layer of the fluid in contact to the surface 
slows the next fluid layer and so on, making the no-slip condition responsible for the 
boundary layer. The boundary layer is strongly influenced by viscous forces and has a 
significant role for a lot of fluid mechanic problems.[9a] An example of how the no-slip 
condition affects the velocity profile in a pipe can be seen in Figure 3. 
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Figure 3: Velocity profile development for laminar pipe flow; uniform profile at the inlet, 

developing profile in the developing region and fully developed profile at the fully developed 
region.[10] 

2.1.3 Internal	  and	  External	  Flows	  	  
A flow where the fluid is completely surrounded by a solid, e.g. water flow in a pipe, is called 
internal flow. A flow of an unbounded fluid over a surface, e.g. airflow over an airfoil, is 
called external flows. In internal flows the viscous effects are significant for the complete 
flow field, while for external flows the viscous effects are limited to the boundary layer.[9a]   

2.1.4 Compressible	  and	  Incompressible	  Flows	  	  
Depending on the degree of density variations in a flow, the flow is denoted compressible or 
incompressible. For liquids the density variation is small, meaning it is more or less constant. 
Therefore liquid flows are classified as incompressible flow. On the other hand, the density 
variation in gases can be significantly large; for example a pressure increase of only 0.01 
atmospheres for atmospheric air changes the density with 1 %. To achieve the same 
percentage change of density for water at the same conditions, the pressure has to increase by 
210 atmospheres.[9a]  
 
The dimensionless parameter Mach number can be used to determine if a gas flow can be 
classified as incompressible or not. The Mach number is defined as  
  

𝑀𝑎 =
𝑉
𝑐

 (1) 

 
where 𝑉 is the velocity of the flow and 𝑐 is the velocity of sound in air at room temperature at 
the sea level, which is 346 m/s. The compressibility effects of a gas flow can often be 
neglected when the density variation is less than 5 %. For air at room temperature this means 
that the compressibility effects can be neglected at speeds under 100 m/s, i.e. when the Mach 
number is below 0.3.[9a] 

2.1.5 Natural	  and	  Forced	  Flow	  	  
Depending on how the fluid motion occurs, the flow is said to be either natural or forced. A 
forced flow is, as the name implies, forced over a surface or in a pipe due to external forces 
applied on the fluid, for example by devices such as a pump or a fan. A natural flow arises 
due to differences in the fluid properties, such as density difference.[9a]   

2.1.6 Steady	  and	  Unsteady	  Flow	  	  
Steady flow means no changes of material properties, velocity, temperature, pressure and so 
on at a specific point in time. When the flow is uniform it means that there is no changes of 
the above-mentioned factors with position in a specific region. The opposite of steady flow is 
unsteady flow. Many devices that operate for a long range of time under the same conditions 
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are classified as steady-flow devices. Near the rotator blades of a turbo machine the flow field 
is unsteady, but by using a time-average value for the properties the flow can be analyzed as a 
steady flow.[9a]     

2.1.7 One-‐,	  Two-‐	  and	  Three-‐Dimensional	  Flow	  	  
Depending on how the velocity distribution varies the flow is said to be one-, two- or three-
dimensional. In most cases a flow involves a three-dimensional geometry, and thus can vary 
in three different directions. The variation of the velocity in one direction is sometime 
negligible in comparison to the velocity in the other directions. Therefore the flow can be 
assumed to be one- or two-dimensional and still generate an accurate result.[9a] 

2.1.8 Laminar	  and	  Turbulent	  Flow	  	  
Ordered and smooth flow is called laminar and unstructured and chaotic flow is called 
turbulent. A flow that varies between being laminar and turbulent is called transitional. 
Turbulent flow is characterized by velocity fluctuations. The dimensionless parameter 
Reynolds number determines the flow regime. Reynolds number is a measure of the ratio of 
inertial forces and viscous forces acting on a fluid and is defined as 
 

𝑅𝑒 =
𝑉𝐿
𝑣

 (2) 

 
where 𝑉 is the average velocity, 𝐿 is the characteristic length of the geometry and 𝑣 is the 
kinematic viscosity of the fluid.  At small Reynolds number, the viscous force is large enough 
to keep the flow in order, while at a high Reynolds number the viscous force is too small 
compared to the inertial forces to be able to keep the fluid in line. The inertial force depends 
on the flow velocity to the square. Therefore, the Reynolds number increases for a certain 
fluid flowing through specific geometry when the velocity increases. The generally accepted 
value of the limit where the flow becomes turbulent instead of laminar is the critical Reynolds 
number 𝑅𝑒!"#$#!%& = 2300. In the range of 2300 < 𝑅𝑒 < 4000, the flow is transitional, i.e. a 
mixture of laminar and turbulent flow. When the pipe is very smooth and pipe vibrations are 
avoided, the flow can remain laminar for much higher values than the critical Reynolds 
number.[9b]   
 
As mentioned, the flow regime is also dependent on the characteristic length of the geometry, 
which for circular pipe is the diameter. For flow through geometries with another shape, the 
characteristic length is defined by the hydraulic diameter,    
 

𝐷! =
4𝐴!
𝑝!

 
(3) 

 
where 𝐴! is the cross-sectional area of the geometry and 𝑝! is the wetted perimeter. For a 
rectangular duct the hydraulic diameter is defined as 
 

𝐷! =
4𝑎𝑏

2 𝑎 + 𝑏
 

(4) 

 
where 𝑎 and 𝑏 are the height and the width, respectively.[9b]  
 
A fluid needs a certain length to develop the velocity profile after entering a pipe or after 
passing through geometries such as bends, valves, pumps, and turbines. If a fluid enters a pipe 
with a uniform velocity, the no-slip condition at the boundary surface will change the velocity 
profile. To keep the mass flow rate constant through the pipe the velocity has to increase in 
the middle of the pipe to make up for the velocity reduction in the boundary layer. This 
contributes to a velocity gradient along the pipe cross section. The thickness of the boundary 
layer increases to a certain point where the flow is fully developed, at this point the boundary 
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layer has reached the center of the pipe. The region where the flow goes from uniform to 
hydrodynamic fully developed is called the hydrodynamic entrance region, which has a 
length denoted as the hydrodynamic entrance length. When no thermodynamic process affects 
the flow the hydrodynamic fully developed flow is the same as the fully developed flow.[9b] 
The development of a laminar velocity profile at the above described flow condition is shown 
in Figure 3.   
 
When the flow is fully developed, the time-average velocity profile does not change. When 
using cylindrical coordinates to express the flow, the velocity is only dependent on the radial 
component, i.e. the flow is one-dimensional. At the entrance the boundary layer thickness is 
at its thinnest meaning that the wall shear stress reaches its highest value. The hydrodynamic 
entrance length is often assumed to be the distance from the entrance to where the shear stress 
reaches a value of 2 % from the fully developed value. The entrance length for turbulent flow 
is much shorter than for laminar flow. For turbulent flow, the hydraulic entrance length is 
defined as  
  
𝐿! = 1,359 ∙ 𝑅𝑒

!
! ∙ 𝐷! .  

(5) 

 
For a fully developed flow, the shape of the velocity profile differs between laminar and 
turbulent flow. The fully developed velocity profile for each flow regime is shown in Figure 
4. The maximum velocity occurs in the middle of the pipe. Due to higher velocity gradients at 
the wall for turbulent flow the velocity profile is much flatter compared to the parabolic shape 
of a laminar velocity profile.[9b]  
 

 
Figure 4: Velocity profiles for laminar fully developed pipe flow (left) and turbulent fully 
developed pipe flow (right), where V denotes the average velocity and umax the maximum 

velocity.[11]  

2.1.9 Free	  Shear	  Flows	  –	  Jets	  
Jets are a common free shear flow. The name free means that the flow is not affected by any 
solid surface, the turbulent flow arises due to the mean velocity differences. Consider a fluid 
that steadily flows through a pipe with a nozzle diameter 𝑑, creating a flat-topped velocity 
profile with a velocity 𝑈!. The fluid in the pipe flows through the nozzle into an ambient of 
the same fluid, which has no velocity. The characteristics of the flow is that it is stationary 
and axisymmetric and only depends on the axial and the radial coordinate, 𝑥 respectively 𝑅. 
Typical for round jets is that, with increasing axial distance, the velocity at the center of the 
jet decreases meanwhile it is spreading.[12] This is illustrated in Figure 5.        
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Figure 5: Normalized axial velocity against normalized radial distance for a turbulent round 
jet, with a Reynolds number of 95500, for three different measurement sections downstream 

the nozzle. The dashed lines are the half width of the profiles, 𝑅!/!.[12]    

The developing region for a jet is somewhere between 𝑥/𝑑 = 25 and 30. When the jet is 
fully developed the velocity profile changes for different axial locations but the shape of the 
profiles remains the same. This is proved by the experimental data presented in Figure 6, 
where the profiles of the axial velocity (normalized by the maximum velocity, i.e. 𝑈 𝑥 !!! =
𝑈!(𝑥)) plotted against the radius (normalized by the half width) collapses to the same 
curve.[12]   
 

 
Figure 6: Normalized axial velocity against normalized radial distance for a turbulent round 
jet, with a Reynolds number of approximately 105, for five different axial locations after the 

developing region. The normalized axial location,  𝑥/𝑑, goes from 40 to 98. [12]   
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2.2 Computational Fluid Dynamics 
Computational fluid dynamics (CFD) aims to numerically solve the equations of the fluid flow 
through the use of computers. CFD is often used to decrease the time of the design cycle 
through controlled parametric studies and therefore reducing the required experimental 
testing. Experiments often provides global data; drag, lift, pressure drop, power etc. By 
complementing with CFD, details about the flow such as shear stresses, velocities, pressures, 
streamlines etc., can be obtained. Therefore, experimental data is commonly used to validate 
CFD-models by matching the global quantities.[9c]  

2.2.1 Mathematical	  Model	  
The first step in creating a numerical model is to define the mathematical model; which is a 
set of partial differential equation to be solved for the target application. 
 
The core in fluid mechanics is the continuity equation, which handles the conservation of 
mass and Newton’s second law; the Navies-Stokes equation.  By applying those equations in 
every point in the flow field enables one to solve the details of the flow in the domain. 
Depending on the physics acting in the domain the number of equations can be increased, 
those can be equations for the turbulence, energy, species transport and discrete phase 
transport.[9d] The additional equations of importance used to deal with the problem examined 
in this report will be explained throughout the theory chapter. 
 
The continuity equations states that the net rate of change of mass in a control volume is 
equal to the mass going into the volume minus the mass going out of the volume.  In 
Cartesian coordinates, for steady and compressible flow the general continuity equation is 
denoted by 
 
∂(ρu)
∂x

+
∂ ρv
∂y

+
∂(ρw)
∂z

= 0 
(6) 

where 𝜌 is the density, 𝑢, 𝑣 and 𝑤 are the velocity components and 𝑥, 𝑦, and 𝑧 are the 
coordinates. Derived from Newton´s second law the conservation of momentum can be 
expresses by the Navier-Stokes equation.  For steady and compressible flow the x-component 
of the Navier-Stokes equation can be expressed by 
  

𝜌 𝑢
∂u
∂x
+ 𝑣

∂u
∂y

+ 𝑤
∂u
∂z

 

= 𝜌𝑔! −
∂p
∂x
+
∂
∂x

2𝜇
∂u
∂x
+ 𝜆∇ ∙ 𝑉 +

𝜕
𝜕𝑦

𝜇
𝜕𝑢
𝜕𝑦

+
𝜕𝑣
𝜕𝑥

+
𝜕
𝜕𝑧

𝜇
𝜕𝑤
𝜕𝑥

+
𝜕𝑢
𝜕𝑧

 

(7) 

 
where 𝑔! is the body force acting on the fluid, 𝑝 is the pressure, µμ is the dynamic viscosity, 𝜆 
is the second coefficient of viscosity, often set equal to −2𝜇/3. For compressible flow two 
additional equations need to be solved in order to capture the flow; the energy equation and 
the ideal gas law. The energy equation is a non-linear partial differential equation defined as 
 

𝜌𝑐! 𝑢
∂T
∂x

+ 𝑣
∂T
∂y

+ 𝑤
∂T
∂z

= 𝛽𝑇 𝑢
𝜕𝑃
𝜕𝑥

+ 𝑣
𝜕𝑃
𝜕𝑦

+ 𝑤
𝜕𝑃
𝜕𝑧

+   ∇ ∙ 𝑘∇𝑇 + 𝜙 
(8) 

 
where 𝑐! is the specific heat at constant pressure, 𝑇 is the temperature, 𝑘 is the thermal 
conductivity, 𝛽 is the coefficient of thermal expansion and 𝜙 is the dissipation function. The 
ideal gas law is an algebraic equation defined as  
 
𝑃 = 𝜌𝑅!𝑇 (9) 

where 𝑅! is the specific ideal-gas constant.[9d] 



 

 
 

11 

To solve the flow when handling turbulent flows the use of a turbulence model is common. 
The turbulence model used for the particular problem in this study is presented later in this 
chapter.   
 
By using the equations for the conservation of mass and momentum for the acting flow in a 
domain, i.e. steady, compressible etc., an equation system with an equal number of equations 
and unknown parameters can be set up and solved. For complex geometries the equations are 
non-linear, coupled, second-order, partial differential equations that cannot be solved 
analytically, instead a numerical method can be applied, which requires a discretization of the 
domain.[9d]  

2.2.2 Numerical	  Grids	  
To obtain a numerical solution, a discretization method needs to be used. The discretization 
method approximates the differential equation by a system of algebraic equations; equations 
that can be solved by a computer. The numerical solution provides results at discrete 
locations, i.e. in small domains in space (and time depending of the apparent characteristics of 
the flow).[8b]  
 
In order to apply the mathematical model the discrete locations where the variables are going 
to be calculated needs to be defined. This is done by creating a grid, which is a discrete 
representation of the domain, where the problem is going to be solved. The created 
subdomains are called elements and are defined by nodes. There are different ways of 
creating a numerical grid and some ways are better suited to certain case than others.[8b]   

2.2.2.1 Structured	  Grid	  
The simplest grid structure is the structured grid. The structured grid consists of grid lines 
from the same family, i.e. starting from the same boundary, never crossing each other, and 
only crossing grid lines from other families once. This is illustrated in Figure 1. 

 
Figure 7: Structured 2D-grid used for calculation of flow in a staggered tube bank. [8b]   

The element location can easily be represented in the Cartesian coordinate system with two or 
three indices. The matrix of the algebraic equations has alike the element representation a 
regular structure. There are many solvers only suitable for this kind of grids. A disadvantage 
of the structured grid is that it only can be used for solution domains that are geometrically 
simple. For the 3D-grid another disadvantage is that the point distribution can be hard to 
control. Concentration of points in a specific region in order to obtain desired accuracy to the 
solution also generates a small element distribution in other parts of the domain. This can lead 
to a high accuracy in a part where it is not necessary, which contributes to a waste of 
computational resources and also decreased the convergence of the solution.[8b]   
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2.2.2.2 Block-‐structured	  Grid	  
Another type of a structured grid is the block-structured grid. The geometry is divided into 
different parts by the use of blocks. For parts of the domain large blocks are used, generating 
a coarser element distribution and the structure may be irregular. For smaller blocks the 
element distribution is finer. At the interface between blocks special treatment needs to be 
used. In Figure 8 a block-structured grid with matched block interfaces is illustrated.[8b]    

 
Figure 8: A 2D-block-structured grid with matching interfaces used to simulate the flow 

around a cylinder.[8b]  

By using a non-matching interface between the blocks a more flexible grid can be obtained. 
The method allows high grid resolution in regions requiring it. When designing a grid, the 
block-structured grid generates a higher flexibility than the structured grid, but still the 
limitation is coupled to complex geometries.[8b]  

2.2.2.3 Unstructured	  Grid	  
When handling complex geometries, the most flexible type of grid to use is the unstructured 
grid. The element shape is not bounded to a certain type and the numbers of neighbors is not 
limited to a certain value. In 2D, triangles and quadrilaterals often are used to represent the 
discretization of the solution domain. For 3D tetrahedral or hexahedra are used. By using 
existing algorithms, an unstructured grid can be created automatically. The grid can be locally 
refined and the aspect ratio is easily controlled.[8b] An example of an unstructured grid 
including locally refinements and a combination of different element shapes is shown in 
Figure 9.  
 

 
Figure 9: Unstructured grid including locally refinement at boundary layer and different 

element shape; triangles and quadrilaterals.[8b]     

The advantage with the flexibility for this grid is also the disadvantage; the irregularity of the 
structure generates an unregularly, non-diagonal, algebraic equation system. The solvers for 
those algebraic equation systems are therefore often slower, more time consuming, than 
solvers for structured grids.[8b] This is due to the use of more complicated interpolation and 
different approximation that are required to get the same accuracy for unstructured elements, 
triangles and tetrahedral, as for structured elements. Especially near solid surfaces, it is 
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desirable to have structured elements, quadrilaterals or hexahedra, since the gradients are 
larger and the accuracy is extra important for the velocity profile of the flow.[8c]  

2.2.2.4 Near-‐wall	  Grid	  
When using tetrahedral elements at walls, problems can occur when the boundary layer needs 
to be resolved. Then the element size needs to be small orthogonal to the wall, while the 
element size can be large parallel to the wall. Those long and thin elements generates 
problems in the approximations made, resulting in a low quality of the grid, which is 
connected to convergence problems when solving the algebraic equation system. To 
overcome this problem a certain amount prisms or hexahedra can be used to resolve the 
boundary layer, if so is needed.[8c]     

2.2.3 Accuracy	  of	  Numerical	  Solutions	  
Inaccuracy in CFD-models can be related to a wide range of errors and are more or less 
unavoidable. Errors corresponding to numerical solutions always indicate three different 
sources of errors categorized as: 
 

• Modeling errors, defined as the difference between the real flow and the exact 
solution of the equations of the mathematical model 
 

• Discretization errors, defined as the difference between the exact solution of the 
modeled equations and the exact solution of the algebraic system of equations, i.e. the 
discretized approximation  

 
• Iteration errors, defined as the difference between the iterative solutions and the 

exact solutions of the algebraic equations systems[8b]  
 
Further, the three main sources of errors presented in the list will be explained in more details 
and also methods to estimate and eliminate errors will be discussed. 

2.2.3.1 Modeling	  Errors	  and	  Estimation	  	  
Modeling errors are defined as the difference between the real flow and the exact solution of 
the mathematical model equations. This error occurs due to the fact that a simplified model of 
reality is solved and not the exact governing flow equations. Errors corresponding to 
turbulence model are most discussed and therefore most known. Representing a real gas by an 
ideal gas and neglecting the compressibility effect in low Mach-number flows are two 
examples of the simplifications of the real flow that often are made. Even if the equations are 
representing the real flow, errors often occur due to uncertainties for the boundaries, e.g. 
assumptions of the flow often have to be made for the inlet and the outlet. Shortly, one can 
describe the modeling errors as the uncertainties that arise because incorrect equations are 
solved.[8a][13]  
 
Errors corresponding to the model are the most difficult ones to estimate. To estimate those 
errors comparison against experimental data is necessary in order to validate the model. In 
many cases data is not available due to hash environments in reality. Therefore, cold 
experiments and other CFD-models are often used for validation. Before the modeling errors 
can be estimated, the iterative and discretization errors need to be estimated and minimized. 
For example, the modeling errors and the discretization errors can cancel each other, 
generating a result that corresponds to the experimental data. However, when refining the grid 
the model can generate results with lower precision. The results have to be systematically 
analyzed and proven to converge towards a grid independent solution, i.e. the iterative and 
discrete errors have been minimized, before proceeding with comparison against 
experimental data.[8a]      
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Further, the experimental data is only an approximation; the errors in measurement and data 
processing can be significant. To estimate the modeling errors, experimental data with high 
accuracy must be used. Therefore, an analysis of the experimental data is essential if to be 
used for validation of a model.[8a]       

2.2.3.2 Discretization	  Errors	  and	  Estimation	  
Every numerical method produces approximated solutions of the governing equations. An 
error is connected to the approximations made in order to obtain an algebraic equation system 
from the differential equations. In general, the greater the number of grid cells are, the closer 
to the exact solution of the modeled equation the results will be. It is not completely true 
though; the finesse of distribution of grid points, locally refinements, affects the accuracy of 
the solution. Discretization errors are defined as the difference between the exact solutions of 
the defined differential equations for the mathematical model, and the discrete 
approximation.[8a]  
 
To evaluate the discretization error, solutions for systematically refined grids are needed. The 
grid topology and relative node density should be comparable for all grids. A different 
distribution of nodes may cause a great change of the error, even if the number of nodes is the 
same. A proper grid is dense where the gradients are large. Therefore the designer of the grid 
should have an initial idea of how the solution will look like in order to create a grid with 
local refinements.[8a]        
 
The discretization errors occur due to the approximation of the various terms in the algebraic 
equation. The quality of each approximation is described by its order. The order is not a direct 
measure of the magnitude of the error but it indicates how the error changes when the grid-
spacing in the computational domain changes. For a specific grid, a first-order approximation 
can generate a smaller error than a second-order, but when the spacing decreases a higher-
order approximation will get more accurate results. By using Taylor expansion, the order of 
the approximation can be obtained. When using different order of approximations for 
different terms, the order of the solution may not be completely obvious. Usually, the order 
corresponds to the lowest order of approximation. It is important to check the order to 
eliminate errors in the implementation of the algorithm.[8a]  
 
One way to evaluate the discretization errors is by the use of Richardson extrapolation. The 
discretized solution of the differential equations, 𝜎!, for a grid with a representative edge 
length ℎ, differs from the exact solution of the partial differential equation, 𝜎, as follows 
  
𝜎 = 𝜎! + 𝜖 
 

(10) 

where 𝜖 is the magnitude of the discretization error. The representative edge length, ℎ, can be 
defined in different ways; the definition used in this study is  
 

ℎ =
𝑉!"!
𝐸

!
 

 

(11) 

where 𝑉!"! is the volume of the computational domain and 𝐸 is the number of elements in the 
computational domain. For grids fine enough, i.e. generates monotone convergence, the 
discretization error is proportional to 
 
𝜖 ≈ 𝜏ℎ! + 𝐻𝑂𝑇 
 

(12) 

where 𝜏 is a constant, 𝑝 is the apparent exponent and  𝐻𝑂𝑇 is higher order terms. The 
constant 𝜏 is depending on the derivatives but it is independent of ℎ. When using a second 
order solution scheme 𝑝 can be assumed to adopt a value of 2 and the 𝐻𝑂𝑇 can be neglected. 
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Depending on the complexity of the flow characteristics, the 𝑝-value can differ. The exact 
solution can be estimated by comparing solutions for systematically refined grids by inserting 
equation (12) in equation (10), resulting in 
 
𝜎 = 𝜎!,! + 𝜏ℎ!

! + 𝐻𝑂𝑇 = 𝜎!,! + 𝜏ℎ!
! + 𝐻𝑂𝑇 = 𝜎!,! + 𝜏ℎ!

! + 𝐻𝑂𝑇 
 

(13) 

where index 1, 2 and 3 stands for respectively grid; 1 is the most refined and 3 is the most 
coarsened.[8b]  

2.2.3.3 Iteration	  Errors	  and	  Estimations	  
Iteration errors, also called convergence errors, are the difference between the exact solution 
and the iterative solution of the discretized approximation. The iterative process starts from an 
initial approximation of the flow solution. Ideally, the iterative process will reach a solution 
where the boundary conditions and the discrete equations are satisfied. Iteration errors arise 
from short iteration process or inaccurate boundary conditions, which do not allow the 
solution algorithm to reach a final, converged, solution. 
 
Due to time limits, the iterative process has to be stopped eventually. Therefore, the 
convergence criterion has to be specified, which is done by setting fixed values for the 
residuals.[8a] Residuals are fields associated with the conservation of e.g. mass and 
momentum. They indicate how far the current approximate solution is away from cancellation 
of fluctuations.[13] Knowing when to stop the iterative process is of importance from a 
computational efficiency point of view.[8a] For most problems, a value between 10-3 – 10-4 for 
the globally scaled residuals are a sufficient convergence criteria, except for the energy 
equation where a value of 10-6 should be obtained.[14a]  
 
Error analysis should be done in the reversed order than presented above. A general 
suggestion is that each estimated error should be greater than the previous error, at least with 
an order of magnitude, i.e. at least ten times larger. For example if the iterative error is 
estimated to 0.1 %, the discretization error should be estimated to at least 1 % and the 
modeling error to at least 10 % in order to generate an accurate value of the final estimated 
error. If the previous error is not small enough the impact on the later error can be significant, 
generating error cancelation.[8a]     

2.2.3.4 Practice	  for	  Numerical	  Solution	  Accuracy	  	  
As mentioned earlier, comparison with experimental data is essential for validating the model. 
The experimental uncertainties need to be analyzed. One should compare fully converged 
results, meaning that the iterative and discretized errors are small, with experimental data. 
This is the only way the effects of the model can be judged. If the iterative errors and the 
discretization errors are large nothing can be learned from the model.[8a]      
 
The most important steps in the procedure of creating a numerical model for fluid dynamics 
can be summarized in the following points: 
 

• Create a grid of appropriate structure; e.g. locally refinement in areas with high 
gradients (near walls, at interfaces etc). In order to generate a grid with appropriate 
structure an initial idea of the acting flow is needed, which demands experience, 
knowledge of the fluid mechanics and the process itself  

• Refine the grid. Unstructured grids can be locally refined. Hence, there is no need to 
refine the grid where the errors are small. Thereafter the flow should be computed on 
three grids, followed by evaluation of the solutions. This demands the iterative 
solutions to be monotonically converged, otherwise the grid needs to be further 
refined. The discretized error estimation should be done on the fines grid 

• Finally, compare the solution from the numerical model with experimental data to 
estimate the error of the model 
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One should keep in mind that any estimation of reasonable character is better than doing 
none. Numerical solutions is always approximate, therefore a critical review of them is 
always necessary.[8a]   

2.2.4 Turbulence	  models	  
Few properties of turbulent flow are generally of interest. Therefore, turbulence models can 
be used. The models are based on ideas presented by Osborne Reynolds and is therefore 
called the Reynolds-average method. In this approach all unsteadiness in the flow is averaged 
out. In statically steady flow, one can write every variable as the sum of the time-average and 
the fluctuations above that value such as 
 
𝜎 𝑥! , 𝑡 = σ x! + σ!(𝑥! , 𝑡) 
 

(14) 

where σ x!  is the time-average of the quantity while σ!(𝑥! , 𝑡) is the fluctuation. Applying the 
Reynolds-average on the Navier-Stokes equations (often the mass continuity is included when 
talking about the Navier-Stokes equations) generates some changes in the original equations, 
ending up with what is called the Reynolds-average Navier-Stokes (RANS) equations. For 
steady incompressible flow without body forces, in tensor notation, the continuity and 
momentum equations can be written as  
 
∂(ρu!)
∂x!

= 0, 
(15) 

𝑢!
∂(ρu!)
∂x!

= −
∂P
∂x!

+ 𝜇
∂!𝑢!
∂x! ∂x!

−
∂
∂x!

𝜌𝑢!!𝑢!!  
(16) 

where −𝜌𝑢!!𝑢!! is the Reynolds stress tensor. An equation for the mean of a scalar quantity 
also occurs, resulting in a total of two more variables than the above equations. This requires 
some approximations, often in form of predicting the mean quantities of the Reynolds stress 
tensor and the turbulent scalar fluxes. Depending on how those approximations were made, 
different turbulence models have been formulated through time. Due to the complex nature of 
turbulent flows, no single turbulence model is capable of modeling the wide range of 
turbulent behavior. The used model should be seen as an engineering approximation, not a 
scientific proven law.[8d]    
 
Two-equation turbulence models determine both a length scale and a time scale of the 
turbulence by solving two separate transport equations. The standard 𝑘-𝜖 model solves the 
transport equations for the kinetic energy, 𝑘, and the dissipation rate, 𝜖. The kinetic energy is 
derived from the exact equation whereas the dissipation rate is obtained using physical 
reasoning. Due to the assumption that the flow is fully turbulent the 𝑘-𝜖 model is only valid 
for fully turbulent flows. The strength of the standard 𝑘-𝜖 model is the robustness, the 
computational economy and the reasonable accuracy for a lot of different turbulent flows.[15a]  
 
Through time, since the weakness of the model has become known, two variants of the model 
have been developed; the RNG 𝑘-𝜖 model and the realizable 𝑘-𝜖 model. Both of these models 
have improved the original model in cases where the flow includes strong streamline 
curvature, vortices and rotation. Studies have shown that the realizable 𝑘-𝜖 model performs 
best for several validations of separated flows and flows with complex secondary flow. 
“Realizable” means that the model meets a certain amount of constraints on the Reynolds 
stresses, i.e. satisfying some of the physics of turbulent flows. In the 𝑘-𝜖 family, realizable is 
the only model with those constraints. The realizable model has been validated for e.g. free 
flows including jets, rotating homogenous shear flow, channel and boundary layer flow. The 
greatest advantage of the realizable model compared to the standard model is the capability to 
resolve round jets; predicting the spreading rate both axisymmetric and planar jets.[15a]  
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The expressions boundary layer and the no-slip condition were mentioned earlier in this 
chapter. Walls significantly affect turbulent flows, meaning that the no-slip condition needs to 
be satisfied when using a turbulence model. Many experiments have clarified that the 
boundary layer can be divided into three parts. In the viscous sub-layer, nearest to the wall, 
the flow is almost laminar and the viscosity strongly affects the momentum and mass transfer 
in this region. The outer layer is the fully turbulent layer; turbulence plays a dominant role 
here. The region between those two layers is called the buffer layer.[15b] The velocity profile 
of a turbulent boundary layer is shown in Figure 10. 
 

 
Figure 10: Velocity profile of the turbulent boundary layer; velocity normal to the wall as 

function of the distance normal to the wall. The solid line represents experimental data and 
the dashed line represents a mathematical representation.[8d] 

The first variable presented in Figure 10 is 𝑦!, which is a dimensionless number representing 
the distance from the wall, expressed as  
 
𝑦! =

𝜌𝑢!𝑦
𝜇

 (17) 

where 𝑦 is the is the distance between the wall and the nearest node and 𝑢! is the friction 
velocity defined as 
 

𝑢! =
𝜏!
𝜌

 
(18) 

where 𝜏! is the wall shear stress. This parameter is often used for evaluating grids and 
determines the wall treatment method that should be used for a certain turbulence model and 
a certain grid. The second variable is the dimensionless velocity, 
 

𝑢+ =
𝑣𝑡
𝑢!
=
1
𝜅 𝑙𝑛  𝑦

! + 𝐵 
(19) 

where 𝑣! is the mean velocity parallel to the wall, κ is the von Karman constant and B is an 
empirical constant.[8d]  
 
There are two different ways of handling the boundary layers; wall functions and near-wall 
model. The near-wall model demands that the mesh is refined enough near the wall in order 
to resolve the viscous sub-layer.[15b] At high Reynolds numbers the viscous sub-layer is so 
thin that it can be hard to resolve it with enough nodes. By using wall functions for a 
turbulence model this problem can be solved. The implementation of a wall function assumes 
that a logarithmic relation holds for some parts in the turbulent velocity profile, the region 

𝑦! 
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where this assumption holds is illustrated in Figure 10.[8d] Wall functions are semi-empirical 
and bridges the viscosity-affected region and the fully turbulent region.[15b] 
 
There are different wall functions available, which are functions of the grid resolution and the 
velocity at the walls, i.e. the 𝑦!- and the 𝑢!-value. In ANSYS FLUENT the logarithmic 
assumption for the wall functions is employed when 𝑢! > 11,225. For lower values the 
laminar strain-stress relation is applied, i.e. 𝑢! = 𝑦!. The main disadvantage when using all 
available wall functions, except for the scalable wall function, is that to high refinement in the 
wall normal directions will deteriorate the result of the numerical model. 𝑦!-values below 15 
will result in errors for the shear stress and the wall heat transfer. Today more advanced wall 
formulations makes it possible to refine the grid without deteriorating the results.[15b]  
 
The scalable wall function is identical to the standard wall function for 𝑦! > 15, but this wall 
function produces consistent results even for grids with higher refinement.[15b]   

2.2.5 Methods	  for	  Particle	  Injection	  
There are a couple of ways to simulate the dynamics of multiphase flows, e.g. the Euler-
Lagrange approach and the Euler-Euler-approach. The method used in this study is the first 
approach mentioned. 

2.2.5.1 Discrete	  Phase	  Model	  
In ANSYS FUENT, the Lagrange discrete phase model, often shortened DPM, follows the 
Euler-Lagrange approach. For this method the fluid phase is treated as a continuum, therefore 
solved by the Navier-Stokes equations. The discrete phase is solved by tracking a certain 
number of discrete particles (or droplets or bubbles) throughout the computational domain. If 
the discrete phase occupies a low volume fraction of the total phases, the approach is made 
simpler by neglecting the particle-particle interactions.[15c] Issues with DPM occur when the 
volume fraction for the discrete phase exceeds 10-12 %.[14b] However, it is acceptable that the 
mass fraction of the discrete phase is equal or even exceeds the mass fraction of the 
continuous phase.[15c]  
 
The discrete phase can exchange mass, momentum and energy with the continuous phase. 
The path of the discrete phase is calculated individually during the continuous phase 
calculations. The intervals of the discrete phase calculations can be specified depending on 
the nature of the problem. Due to this reason the approach is appropriate for modeling e.g. 
coal and liquid fuel combustion and some particle-laden flows, but not for liquid mixtures, 
fluidized beads or other processes where the volume fraction of the second phase needs to be 
taken into consideration.[15c]    
 
To calculate the path for the discrete phase the force balance is applied. The force balance 
equates the inertia of the particles with the force acting on them. In Cartesian coordinates the 
force balance in the x-direction can be expressed as 
 
𝑑𝑢!
𝑑𝑡

= 𝐹! 𝑢 − 𝑢! +
𝑔(𝜌! − 𝜌)

𝜌!
+ 𝐹 

(20) 

where the term 𝐹! 𝑢 − 𝑢!  is the drag force per particle mass, where 𝑢 is the fluid velocity 
and 𝑢! is the particle velocity, and 𝐹 is the additional acceleration. Depending on the 
characteristics of the flow the additional acceleration can be either zero or defined by an 
equation, e.g. for Saffman’s lift force and virtual mass. 𝐹! is defined as  
 

𝐹! =
18𝜇𝐶!𝑅𝑒!
24𝜌!𝑑!!

 
(21) 
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where  𝐶! is the drag coefficient, 𝑑! is the particle diameter and 𝑅𝑒! is the relative Reynolds 
number expressed as[15c]    
 

𝑅𝑒! =
𝜌𝑑!|𝑢𝑝 − 𝑢|

𝜇
.     

(22) 

The DPM can be adjusted to predict the dispersion of the discrete phase due to turbulence. 
One way to achieve this is by applying the stochastic tracking model, which includes random 
walk. A stochastic method is used to include the effect of instantaneous turbulence 
fluctuations on the particle path. The model determines the instantaneous fluid velocity 
 
𝑢 = 𝑢 + 𝑢′ 𝑡 . (23) 

By using the instantaneous velocity in the particle equations and calculate the path for a 
sufficient number of representative particles, called number of tries, the random effects of 
turbulence on particle dispersion can be captured.[15c]    

2.2.5.2 Particle	  Diameter	  Distribution	  
If the size, diameter for spherical particles, of the injected particles varies, a particle 
distribution needs to be taken into account. By using the Rosin-Rammler diameter 
distribution method, the assumption of an exponential relationship between the particle 
diameter 𝑑 and the mass fraction of particles greater than the particle diameter 𝑑, is made and 
it is defined as 
  
𝑌𝑑 = 𝑒!(!/!)!   (24) 

where 𝑑 is defined as the “mean diameter” and 𝑛 is the spread parameter. By finding a value 
on those parameters and specifying the smallest and the greatest diameter a Rosin-Rammler 
curve-fit can be made.[14b] An example of how the curve-fit can correspond to the actual 
diameter distribution is shown in Figure 11. 
 

 
Figure 11: A Rosin-Rammler curve-fit (solid line) and the actual particle diameter 

distribution (squares).[14b] 
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The defined “mean diameter” is found at 
 
𝑑 = 𝑑 𝑌! = 𝑒−1 . (25) 

As can be seen in equation (25), the definition of the “mean diameter” is not a regular 
definition of a mean value, which often should be found at 𝑌! = 0,5. However, with the 𝑑-
value known, the spread parameter for each particle diameter is determined by 
 

𝑛 =
ln − ln𝑌!
ln(𝑑/𝑑)

 
(26) 

and by summarize the spread parameter for each particle diameter an average value can be 
found.[14b]   

 
There are two different kinds of Rosin-Rammler distributions; the standard Rosin-Rammler 
tolerates particle diameters from 1 to 200 𝜇m, and the logarithmic Rosin-Rammler tolerates 
diameters from ln 1 to ln 200 (0 to approximately 5,3 𝜇m). The second distribution is accurate 
when the smaller-diameter particles have higher mass flow compared to the larger-diameter 
particle.[14b]  

2.3 Analyze of Particle Dispersion 
In order to understand the experimental results presented in this study a brief presentation of 
the available techniques for measuring and analyzing particle dispersion is made. A method 
to evaluate the experimental result in forms of statistical data, in this case the luminance 
value, will be explained. 

2.3.1 Measurement	  Techniques	  	  
For dilute particle jets with a particle mass loading number below 1 (𝑚!/𝑚 < 1, where 𝑚! is 
the particle mass flow and 𝑚 is the fluid mass flow in the injection lance) there are well 
established methods for experimentally examine the flow behavior and particle distribution. 
Some of these methods are phase-doppler anemometry (PDA), laser-doppler anemometry 
(LDA) and particle image velocimetry (PIV). From PDA particle velocity and size 
distribution can be available but this method is based on single particle signals, therefor just 
providing information from a small area. PIV is a planar laser image technique, which 
provides instantaneous information in a larger area. For small particles (𝑑! < 1  𝜇m) the PIV 
method is used to investigate the fluid flow, while for larger particles this method can be used 
to investigate the particle phase in the multiphase problem.[7]   
 
When the particle mass loading number increases above 1, those methods cannot be used. A 
method that can be used is global imaging. In this method, the obtained data contains 2D-
projection of a 3D-dispersion problem. The drawback with this technique is that the gathered 
data does not contain any quantitative information in terms of physical units. The 
experimental images are often used to extract statistical data in terms of image luminosity in 
time and space, but by proper image analysis information about the process as well as 
validation data for a numerical model can be obtained. The numerical model can thereafter 
generate the whole set of physical units.[7] 

2.3.2 Image	  Analysis	  	  	  	  	  
All digital images, even color images, contain grayscale information. Each pixel in the image 
contains information of the luminance value, which can be explained as the brightness or the 
light intensity, i.e. luminosity. The scale is measured from black to white and in between it is 
just different shades of gray. Almost all image file format supports a minimum of 8-bit 
grayscale, which means that each pixel can have a value from 0 to 255, hence there are 256 
levels of luminance.[16] 
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One method to process the statistical data obtained from the global imaging method is by 
analyzing the image luminosity for a specific column in the image, an example of this is 
shown in Figure 12. The height and the width of the image have been normalized against 
physical distance values of the photographed domain. The result from the luminosity analysis 
is shown in Figure 13.[7]   
 

 
Figure 12: An image gathered from the global imaging method. The image is one frame from 

a high-speed video after the background has been removed. The white solid line shows the 
chosen column for luminosity analysis.[7] 

 

 
Figure 13: Results from luminosity analyze of the column showed in Figure 12. The solid line 

represents a curve-fit of the normalized pixel luminosity (circles).[7]    
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3 Material and Method 
This chapter will explain the setup of the experiments, which are of essential character for the 
implementation of this study. Thereafter the way of implementation will be explained; how 
and why the presented theories where used in order to achieve the purpose of the study.    

3.1 Experimental data 
The experimental data were carried out via global imaging, a technique explained in the 
theory chapter, and was provided by Johannes Kepler University in Linz, Austria. The main 
reason for this experiment was to get a better understanding of the interaction between the 
continuous and the discrete phase for an injection lance model. Only the particle dispersion, 
in form of statistical data, was measured in this experiment, i.e. chemical reactions or heat 
transfer that occurs in the real process was not modeled. The fluid phase used was air at room 
temperature (≈ 25 °C) and the particles used were Silibeads, ceramic beads with a density of 
2500 kg/m3 with a mean diameter 𝑑!" = 𝑑 𝑌! = 0,5 = 29,4  𝜇m. Results from the particle 
diameter distribution analyze can be seen in Table 1. 

Table 1: Results from a diameter distribution analyze of a Silibeads particle sample. X is the 
particle diameter in 𝜇m and Q3 is the mass fraction in percent. 

 

In Figure 14, the components of the test rig are shown. The radial fan could produce flow 
velocities up to 40 m/s and it supplied the rectangular wind tunnel (80x130 mm in cross-
section) with the primary gas flow.  
 

 

Figure 14:Setup of the test rig. [7]   

 
The front and top walls of the test section were made of glass and the back and bottom wall 
were made of black metal plates. Data was collected from the side of the wind tunnel by a 
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high-speed camera, 2000 frames per second with a resolution of 1024x1024 pixels. A 
difficulty with high-speed imaging is to provide sufficient light to allow for a short exposure 
time. In the experiment two spotlights with a power of 1250 W each were used to lighten the 
investigated area. One spotlight was placed above the wind tunnel, orthogonally orientated to 
the camera, and one was placed next to the camera; providing illumination from the top and 
the front side of the wind tunnel. After the one-meter long test section, which is shown in 
Figure 15, a bended pipe connected the test section to a cyclone, separating the particles from 
the gas. Thereafter the gas went through a textile filter and back to the radial fan to close the 
looping system. The rig was operated by a programmable logic controller, which set the fan 
speed and pressure valves and also measured the wind tunnel velocity, gas temperature and 
pressure levels.  
  

 

Figure 15: Front view and top view of the test section, location in the test rig is specified in 
Figure 14.[7]   

To avoid emission of particles in the lab environment, the test rig was operated at a lower 
pressure than ambient. Connecting an industrial vacuum cleaner right after the radial fan did 
this. A drawback was that the velocity profile in the wind tunnel suffered from this 
configuration; the velocity varied with 20 % over the wind tunnel height, almost independent 
on the fan power settings. The turbulence intensity was measured to 9 % in the middle of the 
wind tunnel. 
 
To inject the particles in the wind tunnel flow a pressurized vessel feeding system was used. 
The system had three air inlets and by adjusting two of those a loosened porous bead was 
created inside the vessel. The third air inlet creates the particle flow, making it possible to 
inject the particles through the injection lance. By setting those three pressure valves the 
particle mass flow range could be adjusted in a wide range.  
 
The experiments were made with two different lance-types; coaxial and swirl. The difference 
between those two is the nozzle geometry for the secondary gas flow, which is illustrated in 
Figure 16. 
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Figure 16:Coaxial lance above, swirl lance below. 

The scaled experiment satisfied a certain level of similarities to the real application. One main 
parameter used for scaling the boundary conditions in this experiment against the real 
application was the momentum flux ratio. The momentum flux ratio is defined as the ratio 
between the total momentum fluxes for the fluid phase in the wind tunnel, 𝐽!", and the total 
moment fluxes through the injection lance, 𝐽!, and is denoted as 
 

𝑀 =
𝐽𝑤𝑡
𝐽𝑙
=   

𝑚𝑤𝑡    
2

𝜌wt𝐴𝑤𝑡  
𝑚𝑝
2

𝜌𝑝𝐴𝑝𝑟𝑖𝑚
+

𝑚𝑝𝑟𝑖𝑚
2

𝜌𝑝𝑟𝑖𝑚𝐴𝑝𝑟𝑖𝑚
+ 𝑚𝑠𝑒𝑐

2

𝜌𝑠𝑒𝑐𝐴𝑠𝑒𝑐
  

 

(27) 

 
where 𝐴!" is the cross-sectional area of the wind tunnel, 𝐴!"#$ is the cross-sectional area for 
the primary flow (primary gas and particles), 𝐴!"# is the cross-sectional area for the secondary 
flow. By continuously measuring the weight of the particles in the vessel and the flow rates 
through the pressure valves, 𝑀 could be measured and adjusted to cover a wide range; from 
28 to 129 for both the coaxial lance and the swirl lance. 
 
The characteristics of the dispersion seems from the resulting images be strongly dependent 
on this ratio. Therefore the selected boundary conditions for the numerical model are covering 
three cases for each lance; low, medium and high momentum flux ratio. The boundary 
conditions for each case are specified in Table 2 and a resulting single frame from the high-
speed camera for each case is shown in Figure 17.  
 
Table 2: Boundary conditions for the cases investigated numerically, including the mass flow 

rates and the momentum flux ratios. 
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Figure 17: A single frame from the high-speed camera for each chosen case; three per 

lance type. Coaxial lance with low, medium and high momentum flux ratio (above) 
and swirl lance with low, medium and high momentum flux ratio (below). 

The asymmetric placement of the light sources described earlier influenced the luminosity; 
the lower half of the particle plume appears darker than the higher half, this can be seen in 
Figure 17. 

3.2 Implementation 

3.2.1 Determination	  of	  Flow	  Characteristics	  
The first implementation step in this study, in order to be able to create a numerical model 
generating results corresponding to the experiments, was to characterize the flow. The flow 
was affected and completely surrounded by solid surfaces and is therefore viscous and 
internal. The no-slip condition was present and was needed to be taken into consideration 
when creating the computational domain and mesh. The flow was driven by a fan and 
pressurized air and therefore forced. 
 
By applying equation (2), the flow was determined to be turbulent in the complete domain, 
Reynolds number varied from approximately 6 000 (primary flow) to 220 000 (wind tunnel 
flow). The computational domain had to be created in three dimensions due to the turbulence 
and the gravitational influence on the flow. This was also a demand in order to take out 
images from the model and compare them against the experimental images.  
 
The flow was assumed to be steady, despite the measured variation of velocity in the wind 
tunnel measured in the experiment. This variation was assumed to come from the external 
devises and hence hard to capture. By calculating the dimensionless Mach number, equation 
(1), the effects of compressibility could be categorized. The highest velocities occurred in the 
secondary flow. For the coaxial lance and all tree cases, the compressibility effects were 
neglected, despite the values of the Mach number (0.26 < Ma < 0.68). The similarity between 
the flow field when simulating incompressible and compressible flow motivates the 
neglecting. 

Coaxial-24 
High momentum 

Coaxial-37 
Low momentum 

Coaxial-4 
Medium momentum 

Swirl-78 
Low momentum 

Swirl-53 
Medium momentum 

Swirl-43 
High momentum 



 

 
 

27 

For the swirl lance, the highest velocities occur for the secondary flow in the tip of the lance. 
The differences between the flow field when simulating incompressible and compressible 
flow were sharp.  Therefore, the compressibility effects were taken into consideration (0.41 < 
Ma < 1.4).  

3.2.2 Creation	  of	  the	  Computational	  Domain	  	  
The software used to create the computational domain was NX 8.0. The domain and its 
dimensions are shown in Figure 18. It corresponds to the dimensions of the test section used 
in the experiments. Further, Figure 18 specifies the material setup in the domain.  
 

 

Figure 18: Dimensions and material setup for the computational domain, and dimensions for 
the different lances; swirl (above) and coaxial (below). 

The main thought when creating the computational domain was to minimize the control 
volume in order to minimize the computer power needed, but without changing the nature of 
the flow. In order to achieve this thought three conditions were specified, the domain should 
be able to: 
 

1. Create fully developed flow in the lance; both for the primary and the secondary gas 
2. Maintain the impact of the lance on the wind tunnel flow 
3. Generate a region that made it possible to validate the model against the experimental 

images 
 
The corresponding regions for those conditions are illustrated in Figure 19. 
  

 

Figure 19: Computational domain with three regions of importance for maintaining the 
nature of the flow in the process.  

Dimensions of test section 
Dimensions – Swirl lance 

Dimensions – Coaxial lance 
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To get fully developed flow in the lance equation (5) was used to calculate the hydraulic 
entrance length for both the primary and the secondary flow. The calculation stated that the 
primary flow needed an entrance length of 80 mm and that the secondary flow needed an 
entrance length of 40 mm. Those lengths were for the case that gave the longest entrance 
length, meaning that the computational domain could be used for all the other chosen cases as 
well. To estimate if the calculated entrance length was long enough to generate a fully 
developed flow, a validation was made, presented later. 
 
To achieve the second condition the whole region of the wind tunnel affected by the incoming 
lance was modeled. The third condition was achieved by modeling the same region as the 
resulting images from the experiment, which was an area from the lance nozzle and 120 mm 
downstream.   

3.2.3 Discretization	  of	  the	  Computational	  Domain	  
A structured grid consisting of hexahedral elements was initially chosen to reduce the 
calculation time compared to an unstructured grid. Refinement of the grid was assumed to be 
necessary in the near-wall region, in the lance and in the particle plume. The complexity of 
the domain together with the assumed refinement demand made the structured grid difficult to 
apply. Instead an unstructured grid with prism layers in the near-wall region and locally 
refinement in the lance and in the particle plume was used. The software ANSYS ICEM 15.0 
was used to create the discretization of the domain, an overview is shown in Figure 20. 
 

 
Figure 20:  Overview of the discretized computational domain. 

 
The general element size in the wind tunnel was 5 mm and five prims layers parallel to the 
wall was used in the whole domain. The total thickness of the prism layers was equal to the 
tetrahedral mesh size in that region, i.e. in the wind tunnel the total height was 5 mm. The 
growth rate for the prism layers was 1.2. The element size used for the primary flow was 0.5 
mm and for the secondary flow 0.25 mm, the number of prism layers were the same as for the 
wind tunnel and the total height followed the same approach as for the wind tunnel. To refine 
the grid in regions with high gradients in the flow, a locally defined mesh density was created. 
The element size in the mesh density was set to 0.80-2.0 mm, in order to be able to evaluate 
the discretization error for the particle dispersion in the wind tunnel. 
 
The mesh distribution at the inlet and the outlet boundaries is shown in Figure 21, Figure 22 
and Figure 23. Figure 24 shows a cross-sectional view the coaxial domain with the finest 
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mesh density, i.e. 0.80 mm and Figure 25 shows the zoomed in area of the nozzle of the 
coaxial lance. 

 
Figure 21: Mesh distribution at wind tunnel inlet. 

 
Figure 22: Mesh distribution at wind tunnel outlet for the coarsest mesh used for grid 

evaluation. 

 
Figure 23: Mesh distribution at primary and secondary flow inlet. 
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Figure 24: Cross section of the coaxial domain and the finest mesh, called Mesh 1 in the 

discretization error estimation for the coaxial domain. The mesh density in the refined area in 
the wind tunnel has an element size of 0.80 mm. For Mesh 2 (coarser) the size is 1.0 mm and 

for Mesh 3 (coarsest) the size is 2.0 mm.  

  

 
Figure 25: Cross section of the coaxial domain and Mesh 1 at the lance tip. 

The element size distribution for the swirl domain was exactly the same; the difference in 
mesh size corresponded to the differences in the lance geometries, shown in Figure 26, Figure 
27 and Figure 28. In the discretization error estimation for the swirl domain the naming 
procedure of the meshes is of the same type as for the coaxial domain; finest mesh – Mesh 1, 
coarser mesh – Mesh 2 and coarsest mesh – Mesh 3. The total number of elements for each 
lance and each mesh is shown in Table 3. 
 
Table 3: Total number of elements for the meshes used for the discretization error estimation 

for the coaxial respectively the swirl domain. 

 
 

Low elements quality can generate high iterative errors; therefore a basic evaluation of the 
mesh quality was made. ANSYS ICEM mesh quality calculator stated that the elements with 
lowest quality hade an aspect ratio of over 0.05. The value is a bit low, but it was assumed to 
be high enough since the worst element were located at the lance-wind tunnel intersection, a 
flow region with low gradients. Further, the aspect ratio has a tendency to drop when 
applying prism layers. 

Coaxial domain Swirl domain
Mesh 1 (finest) 5414310 5953720
Mesh 2 (coarser) 3979297 4507658
Mesh 3 (coarsest) 2364436 3105807
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Figure 26: Mesh distribution on the lance wall for the coaxial domain (surface mesh). 

 
 

 
Figure 27: Mesh distribution on the lance wall for the swirl domain (surface mesh). 

 

 
Figure 28: Mesh distribution on the secondary flow wall for the swirl domain (surface mesh). 
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3.2.3.1 Discretization	  Error	  Estimation	  
The discretization error estimation was made in two steps; the first included a validation of 
velocity profile for the primary flow and for fully developed jet, the second step included 
Richardson extrapolation. 
 
Before any estimation of the discretization error was made the iterative errors were analyzed. 
The residual evaluated in this study was the globally scaled continuity of mass. Iterative 
convergence was not obtained for the swirl model, but still an investigation of the 
discretization error and the model error was made, this is further discussed in the result and 
discussion chapter.   
 
For the first discretization error estimation a 2D-domain was created. The domain included a 
pipe and a free surface surrounded by ambient pressure. The dimensions for the pipe 
(diameter and length) corresponded to the dimensions for the primary gas flow in the 3D-
modell and the length of the free surfaces was 180 mm in order to generate a fully developed 
jet (𝑥/𝑑   = 30). The domain is shown in Figure 29. 
 
 

 
Figure 29: Computational domain (2D) for the velocity profile evaluation and jet validation.  

Two meshes were used for the error estimation; one with an element distribution 
corresponding to the finest mesh – Mesh 1, see Figure 30, and one further refined, see Figure 
31. For the refined mesh the element size in the pipe was 0.25 mm and in the free surface the 
size was 0.4 mm.  
 

 
Figure 30: Element size corresponding to the finest mesh created for the 3D model, further 

called the original mesh in this error estimation step.  
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Figure 31: Refined mesh used for validation of the velocity profile in pipe and jet. 

By first validating the results from the refined mesh against proven results for fully developed 
pipe flow and for fully developed jet and thereafter compare the results from the original 
mesh with the refined mesh, an estimation of the discretization errors (and also that proper 
equations were applied) could be carried out. The mass flow for the pipe in this estimation 
step corresponded to the coaxial-24 experiment, presented in the experimental data part. For 
this error estimation method the domain was created and discretized in ANSYS ICEM 15.0, 
simulated in ANSYS FLUENT and post-processed in ANSYS CFD-Post. The model was 
simulated with the same settings as the injection lance model, which is described further 
down. 
 
For the second discretization error estimation step Richardson’s extrapolation was applied. 
The parameter studied in this step was the mean luminosity dispersion throughout the image, 
generated from 2D-image analysis from the 3D-model. The methodology for the image 
analysis is explained further down in this chapter, but brief the value of the mean luminosity 
dispersion was obtained by adding the luminosity dispersion for each column and then 
dividing the value with the total number of columns in the image. This statistical parameter is 
strongly connected to the quantitative parameter mean particle dispersion. This parameter was 
chosen in order to be similar to the parameter used for the model error estimation.  
 
From equation (13) in the theory chapter the constant depending on the derivatives can be 
expressed as 

𝜏 =
𝜎!,! − 𝜎!,!
ℎ!
! 𝑟!"

! − 1
=
𝜎!,! − 𝜎!,!
ℎ!
! 𝑟!"

! − 1
 

 

(28) 

where 𝑟!" and 𝑟!" are the ratio between the representative edge for grid 2 and 1, respectively 
grid 3 and 2. By multiplying equation (28) with ℎ!

! an expression to find the apparent 
exponent was derived, resulting in  
 

𝑟21
𝑝 𝜎ℎ,2 − 𝜎ℎ,1
(𝑟21
𝑝 − 1)

=
𝜎ℎ,3 − 𝜎ℎ,2
(𝑟32
𝑝 − 1)

. (29) 

 
The apparent exponent, 𝑝, was fined by the use of an iterative process and known parameters 
from the discretized domains and their solution. This made it possible to characterize the 
discretization error with an absolute value by first estimating the exact solution of the 
differential partial equation, 𝜎, and then implementing the expression 
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𝑒! =
𝜎 − 𝜎!,!

𝜎 . (30) 

Also an investigation of how many elements the computational domain needed in order to 
generate a discretization error smaller than 1 % was made. By knowing the requested 
discretization error the calculating procedure was reversed, ending up with  
 

𝐸!% =
𝑎𝑏𝑠 0,99𝜎 − 𝜎!,!

0,01𝜎 + 1
!/!  

∙ 𝐸! 

 

(31) 

where 𝐸!% is the number of elements needed in order to generate a discretization error with 
the size of 1 % and 𝐸! is the number of element in the coarser mesh – Mesh 2. For this error 
estimation method ANSYS CFD-post was used to create the images and MATLAB to find 
the mean luminosity dispersion. 

3.2.4 Injection	  Lance	  Model	  

3.2.4.1 Model	  Setup	  
For setting up and solving the numerical model the software ANSYS FLUENT 15.0 was 
used. Based on the characteristics of the flow, the created mesh and the presented theory, the 
following settings were applied to the model: 
 

- Gravity included; - 9,81 m/s2 in z-direction  
- Steady state flow 
- Compressibility effects for the swirl model, i.e. energy equation enabled 
- Realizable 𝑘-𝜖 turbulence model with scalable wall function 
- Discrete Phase Model, DPM, with stochastic tracing model (with one iteration per 

time step and a time step size of 1e-5 seconds), two-way coupling and a Rosin-
Rammler particle diameter distribution 
 

The solution schemes for the discretization were second order for all applied equations. The 
default value was kept for all relaxations factor except for the discrete phase, which was 
increased to 1. This, together with small time step size per DPM-iteration, was made in order 
to increase the connection between the continuous and discrete phase and capture the particle 
dispersion that occurs due to turbulence. 
 
An investigation of the 𝑦!-values stated that they were in a range of 10-50 for the different 
walls in the model for all investigated cases. This justified the usage of the scalable wall 
function for the model. 
 
By reformulating the particle diameter distribution data presented in Table 1 the “mean 
diameter” (𝑑) and the spread parameter (𝑛) were calculated to 36.5  𝜇m and 1.48, 
respectively. By inserting those values into equation (24), the Rosin-Rammler particle 
diameter distribution was obtained and the resulting curve-fit is presented in Figure 32. 
 
As mentioned in the theory chapter the original Rosin-Rammler distribution can handle 
particle diameters between 1-200 𝜇m, therefore the mass fraction for the two smallest 
diameters, 0,3 and 0,7 𝜇m, were summarized and added onto the mass fraction for particle 
diameter 1 𝜇m. 
 
To be able to estimate the model error the three chosen boundary conditions for the two 
different lances was set as input to the model. The boundary conditions used were mass flow 
inlet for all inlets and pressure outlet for the wind tunnel outlet. Due to the lack of information 
of the outlet pressure, it was assumed to be ambient (101 325 Pa). 
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The simulation procedure started by simulating the continuous phase until an acceptable value 
of the globally scaled residuals was obtained. Having an initial velocity field before tracking 
the particles was assumed to decrease the computational time for the complete numerical 
model. Thereafter the discrete phase was included in the model, interacting with the 
continuous phase, and the iterative process was stopped at an arbitrary low residual level, 
which was dependent on the residual trend. 
  

 
Figure 32: Particle data and the Rosin-Rammler curve fit. The dashed line illustrates the 

method for finding the mean particle diameter, 𝑑.  

3.2.4.2 Model	  Error	  Estimation	  
The software used for creating the model images was ANSYS CFD-Post. Thereafter the 
experimental and modeled images were processed and analyzed in the software MATLAB.  
The methodology was the same for all evaluated cases in this study and will therefore only be 
presented for one case. One image, i.e. one single frame from high-speed camera, from the 
coaxial experiment 24, is shown in Figure 33.   
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Figure 33: One experimental image from the coaxial experiment 24 (high momentum flux 

ratio) in its original form. The white line frames the area that has been investigated. 

The original image was then cropped, see Figure 34, and the background noise reduced by 
subtracting a background image, see Figure 35. A cropped and noise filtered image from the 
coaxial experiment 24 is presented in Figure 36. 

 
Figure 34: Cropped image from experiment 24 with rescaled axes. The size of the image is 

400x800 pixels. 
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Figure 35: Cropped background image corresponding to experiment 24. 

 
Figure 36: Cropped and noise filtered image from experiment 24. 

As mentioned before the continuous phase in the model was simulated as a steady state flow. 
This meant that the instantaneous effects on the particle dispersion due two turbulence only 
will be seen as an average, i.e. the black areas on the bottom side of the particle plume in 
Figure 36 was not expected to be seen in the model image. Therefore, a “mean” experimental 
image was created out of five frames from the high-speed camera, resulting in Figure 37. As 
can be seen the instantaneous effects on the particle dispersion due to turbulence is not as 
significant as before. 
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Figure 37: The mean experimental image from experiment 24. Five cropped, noise filtered 

images are added in the same image. The line shows an investigated column. 

With the above procedure in mind, the first step to get model images was to define a view in 
CFD-Post that corresponded to the experimental image view. As can be seen in the cropped 
background image, Figure 35, the experimental view is not completely orthogonal to the test 
rig. Also the view differed from case to case, those factors together with the high graphical 
load that tracking half a million particle-flow-representative spheres creates made the model 
image creation process time consuming.  
 
Particle tracking information of the particle diameter distribution and the particle density were 
saved in FLUENT and imported into CFD-Post. In CFD-Post, the particle density was 
illustrated by grayscale, meaning that all particles had the same luminance value. Further, the 
particle-flow-representative spheres were set to have a diameter corresponding to the real 
diameter. Finally, transparency was applied to the particle-flow-representative spheres in 
order to get the relationship between image luminosity and particle concentration. 
 
When the model image was analyzed the same steps as for the experimental images were 
applied. To get a mean luminosity similar to the mean experimental image, the model image 
luminosity was multiplied with a factor of two. Background noise does not exist in the model 
images, making the background-removing operation only removing the lance nozzle from the 
image. The procedure to obtain the model image is summarized in Figure 38 and Figure 39.   
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Figure 38: The model image from experiment 24. The white line frames the same area as for 

the mean experimental image from experiment 24. 

 
Figure 39: Cropped, noise filtered and luminosity increased model image for experiment 24. 

The white solid line shows an investigated column. 

To make sure that the view for the model image corresponded to the experimental image the 
luminosity for the first column for both background images was investigated. The result is 
shown in Figure 40 and states that, for this particular case, the views are equal in terms of 
nozzle position and size for the two images. Figure 40 also illustrates how the noise in the 
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experimental image affects the areas with no particle concentration and justifies the use of 
noise filtering through background removing. 

 
Figure 40: Luminosity investigation of the first column for the model background image and 

the background image from experiment 24.  

By knowing that the model image captured the same region made it meaningful to further 
compare the particle dispersion, i.e. the image luminosity, for the model image and the 
experimental image. A method that compared the luminosity dispersion for each column over 
the model image and the mean experimental image was therefore carried out. By investigation 
at the highlighted column in Figure 37 and Figure 39 the variation of luminosity throughout 
the column was obtained, see Figure 41. 
 

 
Figure 41: Luminosity investigation at column 400 for the coaxial experiment 24.  

The luminosity dispersion was measured as the number of rows, i.e. the number of pixels, 
with a higher luminosity than 51. The value of 51 was chosen arbitrary in order to neglect the 
remaining noise from the mean experimental image but still be low enough to resolve the 
areas with lower luminosity. By analyzing the luminosity dispersion for each column, the 
model image and the mean experimental image could be compared in a meaningful way.  
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To illustrate the methodology used to estimate model error the coaxial experiment 24 would 
act as an example. For the experimental image the luminosity dispersion at column 400 was 
 
𝑙𝑒 400 = 𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒  𝑣𝑎𝑙𝑢𝑒 > 50 = 156  𝑝𝑖𝑥𝑒𝑙𝑠 
 
and for the model image the luminosity dispersion was 
 
𝑙𝑚 400 = 𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒  𝑣𝑎𝑙𝑢𝑒 > 50 = 149  𝑝𝑖𝑥𝑒𝑙𝑠. 
 
The absolute value of the luminosity dispersion error at the investigated column was 
 

𝑒! 400 =
𝑎𝑏𝑠 𝑙!(400) − 𝑙!(400)

𝑙!(400)
=
𝑎𝑏𝑠 156 − 149

156
= 4,5  %. 

 
By summarize the error for each column, i.e. 𝑒! 1: 800 , and divide it by the number of 
columns an absolute value of the mean error of the luminosity dispersion, in this study 
defined as the model error, was estimated. 
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4 Results and Discussion 
The results obtained by applying the above methodology will be presented and discussed 
throughout this chapter. Estimated errors for the numerical model will represent the core of 
the results; starting with iterative errors, followed by discretization errors and ending with 
model errors. Finally some model results and a brief discussion of the uncertainties in the 
model are presented. 

4.1 Iteration Error Estimation 
For the iterative error estimation the globally scaled residual for continuity of mass was 
investigated. The final residual value for each case and for each lance is presented in Table 4.  
 
Table 4: Values of the mass residual for the continuity at the last iteration, for different grid 
resolutions and boundary conditions.  

 
 
From the table, the fluctuations of the mass continuity for coaxial experiment 24 never 
exceeds 0,056 %, even after the discrete phase is added. As the momentum flux ratio, 𝑀, 
decreases, i.e. the mass flux in the pipe increases, the value of the residual grow one order of 
magnitude (0,5 %). This procedure for the residuals is logical knowing that the turbulence in 
the pipe and in the particle plume increases. Still the iterative error is small enough to get 
trustful discretization error and model error. For experiment 24, a discretization error of 0,56 
% and a model error of 5,6 % would be reasonable to obtain. 
 
The increased complexity of the flow, e.g. swirling and compressible, is illustrated by the 
increased residual value for the swirl lance compared to the coaxial lance. For the case with 
the lowest momentum flux ratio the model is not able to even solve the continuous phase 
without the discrete phase. For swirl experiment 43 the fluctuations of the residual is as 
highest 4,5 %, when decreasing the momentum flux ratio the fluctuation of the residual 
amounts 5,3 %. 
 
To solve this iteration problem for the swirl lance detailed studies about the fluid mechanics 
in swirling and rotating flows are suggested. By having a deeper knowledge in how the flow 
behaves the discretization can be adapted to resolve this kind of flow. The mesh and the 
applied equation should be validated against experiment, which often is obtained for a basic 
and simpler case compared to this specific case. This should be done in order to ensure that 
the model could resolve the basics of the flow. Another way of doing this could be by only 
refine the excising mesh. This has on one hand a short implementation time but on the other 
hand a longer simulation time. Another reason to the problem may be that the flow is 
simulated as steady and the solver does not find an average solution. Therefore, the flow 
could be simulated as unsteady and then evaluated. 

No DPM With DPM
Model Case Continuity of Mass Continuity of Mass

High M, Coaxial exp. 24 (Mesh 3) 1,45E-05 3,30E-04
High M, Coaxial exp. 24  (Mesh 2) 1,57E-05 4,90E-04
High M, Coaxial exp. 24  (Mesh 1) 2,06E-05 5,60E-04

Medium M, Coaxial exp. 4  (Mesh 1) 1,10E-04 1,00E-03
Low M, Coaxial exp. 37  (Mesh 1) 6,76E-05 5,00E-03
High M, Swirl exp. 43  (Mesh 3) 3,09E-04 4,90E-02
High M, Swirl exp. 43 (Mesh 2) 1,51E-03 3,40E-02
High M, Swirl exp. 43 (Mesh 1) 1,11E-03 4,50E-02

Medium M, Swirl exp. 53 (Mesh 1) 1,29E-03 5,30E-02
Low M, Swirl exp. 78 (Mesh 1) Diverged Solution !
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Despite the high values of the residuals for the swirl lance, simulation 43 and 53 were 
compared to the experimental images. This was done in order to evaluate the existing flow 
field in the model and thereby get an understanding of how the model should be improve later 
on. The obtained values from the remaining error estimations should be reviewed with above 
results in mind, i.e. with caution. 

4.2 Discretization Error Estimation 
As describe in the methodology chapter the discretization error estimation was done in two 
steps. The first step was to prove that the discretization and the applied equation could resolve 
the basics of the apparent flow. The second step was to estimate the error compared to the 
exact solution of the applied differential equations for the model. 

4.2.1 Validation	  of	  Fully	  Developed	  Jet	  and	  Pipe	  Flow	  
Before the validation started it was stated that iterative convergence was achieved, the 
residual for the continuity of mass reached a value of approximately 10-5 for both meshes, 
meaning that the residual fluctuated with less than 0.005 %.  A resulting contour plot of the 
axial velocity is presented in Figure 42. 
 

 
Figure 42: Contour plot of the axial velocity for the original mesh (above) and the refined 
mesh (below). The black lines illustrate the measurement sections for the velocity profile 

evaluation (lines in the pipe) and the jet validation (lines in the free stream). 
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First the velocity profile for the refined grid was evaluated. As can be seen in Figure 43, there 
is no changes in the shape of the velocity profile between x=0.070 m and x=0.075 m, which 
establishes that the flow is fully developed, i.e. that the entrance length is long enough. The 
flat-topped shape of the profile proves that the acting flow in the end of the pipe is turbulent. 
 

 
Figure 43: Velocity profile development for the refined mesh. x =0.0 m denotes the location 

of the inlet of the pipe.  

To validate that the original grid is fine enough to resolve the same flow a comparison of the 
results from the refined grid and the original grid is made, see Figure 44. The shape of the 
profile and the mean velocity are more or less identical, which establishes that the original 
grid is fine enough to resolve the turbulent flow in the pipe. 
 

 
Figure 44: Comparison of the velocity profile between the refined and the original grid at x = 

0.075 m.  



 

 
 

46 

Secondly, the development of the jet velocity profile was investigated. As presented in the 
theory chapter the flow of the jet is axisymmetric and only depends on the radial coordinate. 
Therefore, half of the velocity profile needs to be investigated. Figure 45 illustrates the 
velocity profile for the two measurement locations for the refined grid. The trend for the 
velocity profile at different distances from the nozzle is similar to the trends presented in the 
theory chapter and Figure 5, even though the axes have not been normalized here. 
 

 
Figure 45: Axial velocity (velocity in x-direction) plotted against the radius.  

To ensure that the jet is fully developed the axial velocity is normalized against the maximum 
velocity (U(R=0) =Umax) and the radial position is normalized against the half width of the 
profile. In Figure 46, the normalized velocity profiles collapses into an identical curve, which 
together with the theory establishes that the jet is fully developed at x/d = 25. 
 

 
Figure 46: Validation of fully developed jet for the refined mesh.  
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In the same manner as for the validation of the fully developed velocity profile in the pipe this 
validation is made. As can be seen in Figure 47, the different grids generate the same velocity 
profile and establishing that the original grid is fine enough to resolve a fully developed jet. 
 

 
Figure 47: Comparison of the jet velocity profile between the refined mesh and the original 

mesh at the location x/d = 25.  

Those results establishes that the grid resolution for the finest mesh, Mesh 1, used in the 
injection lance model was fine enough to resolve a free shear flow in form of a jet and also 
that the pipe for the primary flow was long and resolved enough to develop a fully turbulent 
velocity profile. This statement is proved only for the continuous phase. With those results in 
mind, it was reasonable to apply Mesh 1 and the used equations onto a more complex flow, 
such as the injection lance process.  
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4.2.2 Richardson	  Extrapolation	  
The same methodology as presented for the model error estimation is used to obtain the value 
of the parameter mean luminosity dispersion. The camera view is identical for all three cases 
for both the coaxial lance and the swirl lance.  

4.2.2.1 Coaxial	  Experiment	  24	  –	  High	  Momentum	  Flux	  Ratio	  
For the coaxial lance, the images used for the Richardson extrapolation are presented in 
Figure 48 (Mesh 1), Figure 49 (Mesh 2) and Figure 50 (Mesh 3). 

 

Figure 48: Model image for coaxial experiment 24 and Mesh 1, the finest mesh. 

 
Figure 49: Model image for coaxial experiment 24 and Mesh 2, the coarser mesh. 
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Figure 50: Model image for coaxial experiment 24 and Mesh 3, the coarsest mesh. 

The luminosity dispersion for each column is presented in Figure 51. In this figure, the mean 
luminosity dispersion is also presented. The mean luminosity dispersion decreases 
successively when the mesh is refined. 
 

 
Figure 51: Luminosity dispersion for each column throughout the images and the mean 

luminosity dispersion for the three different meshes; Mesh 3 (black solid and dot), Mesh 2 
(blue solid and dash dot) and Mesh 1 (red solid and dash). 

By using the values of the mean luminosity dispersion for each grid and an iterative process 
for equation (29) the apparent exponent (𝑝) was calculated to 6.68. This value can be 
perceived as high but with the flow characteristics in mind; turbulent flow and a two-way 
coupling between the continuous and the discrete phase, the value is assumed to be 
reasonable. The extrapolated value of the mean luminosity dispersion, i.e. the exact solution 
of the differential equation, is calculated with equation (10). In Figure 52, the Richardson 
extrapolation for the coaxial experiment 24 is plotted.  
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Figure 52:Richardson extrapolation for the coaxial model, experiment 24. 

The value of the discretization error, 𝑒!, is calculated by using equation (30) and is estimated 
to 1.1 %. In order to limit the discretization error to less then 1 %, equation (31) establishes 
that the domain needs to be resolved with at least 7.5 million elements, an increase of 2.1 
million elements compared to the finest mesh, Mesh 1, for the coaxial experiment 24.  
 
Compared to the estimated iterative error (0.056 %) the discretization error is reasonable; the 
iterative error does not affect the discretization error significantly due to the difference in 
magnitude between them and hence the risk for error cancellation is neglected.  

4.2.2.2 Swirl	  Experiment	  43	  –	  High	  Momentum	  Flux	  Ratio	  
For the swirl lance, the images used for the Richardson extrapolation are presented in Figure 
53 (Mesh 1), Figure 54 (Mesh 2) and Figure 55 (Mesh 3). 

 
Figure 53: Model image for swirl experiment 43 and Mesh 1, the finest mesh. 
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Figure 54: Model image for swirl experiment 43 and Mesh 2, the coarser mesh. 

 
Figure 55: Model image for swirl experiment 43 and Mesh 3, the coarsest mesh. 

The luminosity dispersion for each column is presented in Figure 56. In this figure, as for the 
coaxial case, the mean luminosity dispersion is presented. The mean luminosity dispersion 
decreases successively when the mesh is refined. Unlike the coaxial case, the luminosity 
dispersion decrease is not characteristic for all columns throughout the images. The 
luminosity dispersion for Mesh 1 oscillates around the luminosity dispersion for Mesh 2.  
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Figure 56: Luminosity dispersion for each column throughout the images and the mean 

luminosity dispersion for the three different meshes; Mesh 3 (black solid and dot), Mesh 2 
(blue solid and dash dot) and Mesh 1 (red solid and dash). 

In the same manner as for the coaxial case 24, the apparent exponent (𝑝) is calculated to 4.75. 
The extrapolated value of the luminosity dispersion, i.e. the exact solution of the differential 
equation, is calculated with equation (10). In Figure 57, the Richardson extrapolation for the 
swirl experiment 43 is plotted.  
 

 
Figure 57: Richardson extrapolation for the swirl model, experiment 43. 

The value of the discretization error (𝑒!) is estimated to 3.4 %. In order to limit the 
discretization error to less than 1 %, the domain needs to be resolved with at least 15.1 
million elements, an increase of 8.4 million elements compared to the finest mesh, Mesh 1, 
for the swirl experiment 43.  
 
Compared to the estimated iterative error (4.5 %) the discretization error is not reliable. The 
iterative error can affect the discretization error significantly due to the equal magnitude that 
acts between them and hence the risk for error cancellation is high.  
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4.3 Model Error Estimation 

4.3.1 Coaxial	  Experiment	  24	  –	  High	  Momentum	  Flux	  	  
The mean experimental image and the model image for coaxial experiment 24 were presented 
in Figure 37, respectively in Figure 38. The luminosity dispersion, called the particle 
dispersion in the graphs, for each column in the mean experimental image and the model 
image is presented in Figure 58. 
 

 
Figure 58: Particle dispersion for coaxial experiment 24 at each column throughout the mean 

experimental image (solid line) and the model image (dotted line).  

The luminosity dispersion at first is overrated for the model image but the increase of 
luminosity dispersion is delayed until approximately column 320, compared to column 200 
for the experimental mean image. After column 700 the luminosity dispersion suddenly drops 
for the mean experimental image. From a fluid mechanical point of view, with the theory for 
the jet dispersion in mind, this behavior is not reasonable. This behavior is assumed to depend 
on the high particle dispersion, i.e. the low particle concentration. If the concentration is to 
low the particles will not reflect enough light.  
 
A more realistic way to estimate the model error would be to compare the luminosity 
dispersion for column 1 to 700. But due to the relatively small effect on the coaxial lance 
model, the model error is estimated for all 800 columns. The mean error of the luminosity 
dispersion, 𝑒! 1: 800 , is for the coaxial experiment 24 estimated to 15 %.  
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4.3.2 Coaxial	  Experiment	  4	  –	  Medium	  Momentum	  Flux	  	  
Before the luminosity dispersion of the mean experimental image and the model image for the 
remaining cases were compared the view was investigated in the same manner as for coaxial 
experiment 24, see Figure 40 for the methodology. After finding a corresponding view for the 
model image the validation method was exactly the same as for the coaxial experiment 24. 
 
The analyzed images and the resulting image luminosity dispersion for coaxial experiment 4 
are presented in Figure 59, Figure 60 and Figure 61. 
 

 
Figure 59: The mean experimental image from experiment 4.  

 
Figure 60: Cropped, noise filtered and luminosity increased model image for experiment 4.  
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Figure 61: Particle dispersion for coaxial experiment 4 at each column throughout the mean 

experimental image (solid line) and the model image (dotted line). 

As can be seen in Figure 61, the behavior for the luminosity dispersion for the model image 
follows the same trend as for the coaxial experiment 24; with overrated luminosity dispersion 
at first and thereafter a delay in the of the luminosity dispersion increase compared to the 
mean experimental image. The luminosity dispersion is lower for this case, which can be seen 
by comparing both the model images and the mean experimental images. For this case the 
particle concentration is high enough throughout the complete mean experimental image to 
reflect light, therefore no drop in the luminosity dispersion in the end of the image is 
observed. 
 
The mean error of the luminosity dispersion, 𝑒! 1: 800 , is for the coaxial experiment 4 
estimated to 14 %. 
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4.3.3 Coaxial	  Experiment	  37	  –	  Medium	  Momentum	  Flux	  	  
The analyzed images and the resulting image luminosity dispersion for coaxial experiment 37 
are presented in Figure 62, Figure 63 and Figure 64. 

 
Figure 62: The mean experimental image from experiment 37.  

 
Figure 63: Cropped, noise filtered and luminosity increased model image for experiment 37.  
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Figure 64: Particle dispersion for coaxial experiment 37 at each column throughout the mean 

experimental image (solid line) and the model image (dotted line). 

In Figure 64, the behavior for the luminosity dispersion for the model image follows the same 
trend as for the coaxial experiment 24 and 4; with overrated luminosity dispersion at first and 
thereafter a delay in the of the luminosity dispersion increase compared to the mean 
experimental image. The difference between the model image and the mean experimental 
image is lower in this case. One reason to this could be that the overall luminosity dispersion 
is less for this case. 
 
The mean error of the luminosity dispersion, 𝑒! 1: 800 , is for the coaxial experiment 37 
estimated to 10 %. 

4.3.4 Summarization	  of	  the	  Coaxial	  Model	  
The trend for the model images for the coaxial lance model is the same, even though the 
consistency with the experimental mean image varies to some degree. To increase the 
consistency with the experimental images, i.e. decrease the model error, modifications to the 
model should be done. Most likely a certain part of the model error corresponds to the 
validation method, i.e. the image analysis method. For example the mean experimental image 
is not optimal as it represents the “mean” particle dispersion for the specific case. If more 
images are added, the luminosity dispersion increases throughout the complete image. 
Particle dispersion due to turbulence will make each image unique with higher particle 
concentration at different locations at the boundaries of the particle plume. 
 
The luminosity dispersion is the same for the coaxial numerical model. It is therefore 
assumed that the model setup has a higher influence on the model error than the validation 
method. Therefore, to decrease the model error, the setup of the numerical model should first 
be modified and evaluated before changing the validation method.  
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4.3.5 Swirl	  Experiment	  43	  –	  High	  Momentum	  Flux	  	  
The analyzed images and the resulting image luminosity dispersion for swirl experiment 43 
are presented in Figure 65, Figure 66 and Figure 67. 

 
Figure 65: The mean experimental image from experiment 43.  

 
Figure 66: Cropped, noise filtered and luminosity increased model image for experiment 43.  
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Figure 67: Particle dispersion for swirl experiment 43 at each column throughout the mean 

experimental image (solid line) and the model image (dotted line). 

By comparing the swirl experiment 43 (low momentum flux ratio) with the coaxial case 24 
(low momentum flux ratio), the increase of the luminosity dispersion is more rapid for the 
swirl case than for the coaxial case. In Figure 67 the luminosity dispersion for the mean 
experimental image drops at approximately column 500. At column 800 the luminosity 
dispersion is almost zero. This strengthens the assumption that the particle concentration 
becomes to low to reflect a high enough amount of light. 
 
In Figure 67, the model image underestimates the luminosity dispersion at first, but increased 
rapidly at column 200 and ending up with an overestimation of the luminosity dispersion 
compared to the mean experimental image.  
 
The mean error of the luminosity dispersion, 𝑒! 1: 800 , is for the swirl experiment 43 
estimated to 35 % but as can be seen in Figure 67 a significant part of the error arises in the 
end of the images. If the model error instead is defined as 𝑒! 1: 500  a more reasonable 
estimation of 19 % is made. 
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4.3.6 Swirl	  Experiment	  53	  –	  Medium	  Momentum	  Flux	  
The analyzed images and the resulting image luminosity dispersion for swirl experiment 53 
are presented in Figure 68, Figure 69 and Figure 70. 

 
Figure 68: The mean experimental image from experiment 53.  

 
Figure 69: Cropped, noise filtered and luminosity increased model image for experiment 53.  
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Figure 70: Particle dispersion for swirl experiment 43 at each column throughout the mean 

experimental image (solid line) and the model image (dotted line). 

In Figure 70, the model image estimates the luminosity dispersion with high accuracy up to 
column 500.  
 
The mean error of the luminosity dispersion, 𝑒! 1: 800 , is for the swirl experiment 53 
estimated to 27 % but as for swirl experiment 43 a significant part of the error arises in the 
end of the images. If the model error instead is defined as 𝑒! 1: 500  a more reasonable 
estimation of 6 % is made. 

4.3.7 Summarization	  of	  the	  Swirl	  Model	  
The trend for the two swirl cases investigated, swirl experiment 43 and 53, does not 
correspond. It is difficult to estimate the model when the model error differs with 13 % 
between two cases. Either the previous errors, iterative of discretization errors, increase or 
decrease the dispersion in the model. The iterative error magnitude can strongly affect the 
subsequent errors. 
 
A suggestion for improving this model is to decrease the iterative error. Before this issue is 
corrected, effects from modifications of the model or of the validation method is difficult to 
estimate from the model error estimation. The suggested way of improving the iterative 
convergence for the swirl model was discussed earlier in this chapter. 

4.4 Model Results 
This part aims to specify the strength with a validated CFD-model. The experimental data 
was only statistical; the luminosity in the images. By using those images, a numerical model 
was validated against the luminosity dispersion. 
 
The CFD-model now provides the opportunity to obtain data of the velocity, pressure, and 
streamlines in each discrete location of the domain. Particle dispersion in three dimensions 
and particle concentration for different locations in the domain can be obtained. A better 
understanding of the behavior of the flow in the process can be achieved, e.g. how the 
discrete phase is affecting the velocity profile of the continuous phase, which is shown for 
coaxial experiment 24 and swirl experiment 43 in Figure 71-Figure 74 on the two following 
pages. 
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In this study a credible value of the model error for the coaxial model was obtained, 
meanwhile this was not the case for the swirl model. This means that the results presented on 
the four following pages can be trusted to a higher degree for the coaxial model then for the 
swirl model. 

4.4.1 Coaxial	  Experiment	  24	  	  
 

 
Figure 71: Plume-focusing cross-sectional counter plot of the velocity magnitude of 

experiment 24, excluding the discrete phase, and including streamlines from secondary gas 
inlet. Scaled from 0 to 50 m/s. 

 

 
Figure 72: Plume-focusing cross-sectional counter plot of the velocity magnitude of 

experiment 24 excluding the discrete phase but including streamlines from secondary gas 
inlet. Scaled from 0 to 50 m/s. 
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4.4.2 Swirl	  Experiment	  43	  
 
 

 
Figure 73: Plume-focusing cross-sectional counter plot of the velocity magnitude of 

experiment 43, excluding the discrete phase, and including streamlines from secondary gas 
inlet. Scaled from 0 to 50 m/s. 

 

 
Figure 74: Plume-focusing cross-sectional counter plot of the velocity magnitude of 

experiment 43, including the discrete phase, and including streamlines from secondary gas 
inlet. Scaled from 0 to 50 m/s. 

Form the model results from the coaxial experiment 24 one can see that the discrete phase has 
a strong influence of the distributions of the streamlines tracked from the secondary gas inlet. 
Further, by analyzing the model result from the swirl experiment 43 one can see that the 
turbulent effects on the velocity is more significant when the discrete phase is included 
compared to the case where it is not. Analyze of the above presented results could generate 
valuable information about the flow in the process, which later can be used to optimize the 
real application. 
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4.5 Model Error Uncertainties 
The possible reasons for the model error will be pointed out. The model error can depend on 
either the model itself or the model validation method.  
 
Model settings that can generate the model error: 
 

• The simplification in the flow domain as described earlier  
• Applying incorrect equations to represent the real flow 
• Incorrect measured boundary conditions from the experiments 
• Inadequate turbulence model used 

 
Implemented methodology for the model validation (image analysis) that can generate model 
error: 
 

• The use of a mean experimental image as described earlier 
• The visual difference between the representative particles that are visualized in the 

model compared to the real size of the particles. ANSYS FLUENT injects one 
representative particle per element and time step at the primary flow inlet. The 
representative particle represents a cluster of a specific particle size with a mass that 
generates the given mass flow for the specific particle size. To get the same amount 
of representative particles in the model as real particles in the experiments a rough 
estimation states that a time step of 10-7 is needed. This will involve 100 000 
iterations (provided that one iteration per time is used) are needed to get a single 
particle through the domain. Furthermore, the software will need to track 50 million 
particles, which, if even possible, is not efficient from a time perspective. Therefore, 
the visualized size of the tracked representative particles affects the model error  
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5 Conclusions 
The objective of the master thesis was to “create a numerical model for particle injection 
through an injection lance into a wind tunnel and thereafter develop a methodology to 
validate the particle dispersion against experimental results”.  
 
This work has generated two numerical models, one for the coaxial lance and one for the 
swirl lance, where the dimensions were based on the experimental test rig, the discretization 
of the domain and the settings used in the model were based on acknowledged literature in 
both fluid mechanics and numerical methods. Errors corresponding to numerical methods has 
been investigated and discussed throughout this work. Further, this work has generated a 
validation method based on analyzing the luminosity dispersion in the images. 
 
The main conclusions from this work are: 
 

• The coaxial model generated an estimated model error of 10-15 % depending on the 
investigated boundary conditions. The parameter used for the model error estimation 
was the mean error of the luminosity dispersion per image column for a model image 
and a mean experimental image 

• The value of the model error for the coaxial model is of high credibility based on the 
estimated magnitude of the iteration errors and discretization errors 

• The swirl model generated an estimated model error of 6-19 % depending on the 
investigated boundary conditions. The parameter used for the model error estimation 
was the mean error of the luminosity dispersion per image column for a model image 
and a mean experimental image 

• The value of the model error for the swirl model is of low credibility based on the 
estimated magnitude of the iteration errors and discretization errors that were made 

 
A conclusion drawn from this study is that the luminosity dispersion seems to decrease for 
decreased momentum flux ratio for the coaxial case, while for the swirl case the luminosity 
dispersion seems to increase for decreased momentum flux ration. This observation is made 
both on the model and the experimental images. 
 
As mentioned in the introduction the results of the study was planned to work as an initial 
step in creating a model for the complete pulverized coal injection process in the blast 
furnace; including acting temperatures, mass flows, particles and species. The suggestions for 
future work aim to facilitate the development of a model for the complete pulverized coal 
injection process in the blast furnace. The suggestions for future work are summarized in the 
following points: 
 

• If a lower model error for the coaxial model is requested; apply compressibility 
(energy equation) to the model and increase the number of iterations per time step for 
the discrete phase 

• Improve the swirl model in order to reduce the iterative error by: 
- Implementing a detailed studies in swirling and rotating flows 
- Discretize the computational domain with the knowledge obtained from the 

previous step 
- Validating the continuous phase against experiments in swirling flow, in 

order to ensure that the discretization is fine enough and that the applied 
equations are correct 

- Increase the number of iterations per time step for the discrete phase 
- When the iterative error is low enough for the model; estimate the 

discretization error 
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- When the discretization is low enough for the model; estimate the model 
error with the validation method developed in this study 

• Evaluate the model validation method; how can the image analysis be improved in 
order to decrease the model error corresponding to the validation method 

• By knowing that the model has a certain accuracy compared to a real gas-particle 
process at room temperature, the credibility of the results from the model when 
adding characteristics from the real application increases (compared to a model 
without any validation), therefore: 

- Develop the validated models (coaxial and swirl) with the dimensions of the 
real application and include acting species and particles 

- Evaluate the oxygen content in the particle plume and optimize it by alter the 
boundary conditions for the inlets  

- Eventually, if success is achieved in the previous steps, add combustion   
• Obtain data (statistical or quantitative) from the real application to validate the model 

 
Finally, some suggestions for future work with a more academic orientation are presented: 

• Investigate if a transient simulation is able to visualize the instantaneous particle 
dispersion that occur due to turbulence, a phenomena that clearly can be seen by 
looking at single frame from the high-speed camera 

• Produce own experimental data to be able to analyze the sources of error that can 
exist, e.g. measurement error of inlet boundary conditions, and also to learn more 
about global imaging 
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