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ABSTRACT 
Computational Fluid Dynamics (CFD) approaches have been developed to study 
pollution reduction in the manufacturing phase and heat transfer in the packed beds 
of iron ore pellets. CFD is a versatile tool that can be applied to study numerous 
problems in fluid mechanics. In the present thesis it is used, verified and validated to 
reveal the fluid mechanics of a couple of processes taking place during the drying 
and sintering of iron ore pellets. This is interesting in itself and can facilitate the 
optimization of the production as to product quality of the pellets, reduced energy 
consumption and reduction of emissions such as NOx and CO2.  

The practical aim with the pollution reduction research project is to numerically 
study the use of Selective Non-Catalytic Reduction (SNCR) technologies in grate-
kiln pelletizing plants for NOx reduction which had, to the best knowledge of the 
author, never been used in this context before despite that it is commonly used in 
cement and waste incineration plants. The investigation is done in several stages: 1) 
Reveal if it is possible to use the technique with the two most commonly reagents, 
ammonia and urea. 2) Derive a chemistry model for cyanuric acid (CA) so that this 
reagent also can be scrutinized. 3) Compare the reagents urea and CA in the grate-
kiln pelletizing process.  

A CFD model was developed and numerical simulations were carried out solving the 
flow field. A model for spray injection into the grate was then included in the model 
enabling a study of the overall mixing between the injected reagent droplets and the 
NOx polluted air. The results show that the SNCR technique with urea and CA may 
reduce the amount of NOx in the grate-kiln process under certain conditions while 
ammonia fails under the conditions investigated. The work also lays grounds for 
continued development of the proposed chemistry model by the adding of reactions 
to the RAPRENOx-process for CA as reagent, facilitating an extension to ammonia 
and urea as reagents. 

The grate-kiln plant consists of a grate, a rotating kiln and an annular cooler. The 
pellets are loaded onto the grate to shape a bed with a mean height of about 0.2 m. 
The pellets in LKABs processes consist mainly of magnetite and different additives 
chosen to fit the demand from the customer. Throughout the grate a temperature 
gradient is formed in the bed. This gradient should be as even as possible throughout 
the grate to ensure an even quality of the pellets. Method to study this numerically is 
the second main task in this thesis. The aim is to find out how temperature 
distributions in the bed can be modeled and adjusted. Of special interest is how the 
incoming process gas, leakage, and the detailed composition of the pellet bed 
influence the heat transfer through the bed. To achieve the goals and create a trustful 
model for the heat transfer through the packed bed the model must be build up in 
steps. Heat transfer to a bed of iron ore pellets is therefore examined numerically on 
several scales and with three methods: a one-dimensional continuous model, a 
discrete three-dimensional model and traditional computational fluid dynamics. 



In a first study the convective heat transport in a relatively thin porous layer of 
monosized particles is set-up and computed with the one-dimensional continuous 
model and the discrete three-dimensional model. The size of the particles is only one 
order of magnitude smaller than the thickness of the layer. For the three-dimensional 
model the methodology applied is Voronoi discretization with minimization of 
dissipation rate of energy. The discrete model captures local effects, including low 
heat transfer in sections with low speed of the penetrating fluid and large velocity 
and temperature variations in a cross section of the bed. The discrete and continuous 
model compares well for low velocities for the studied uniform boundary conditions. 
When increasing the speed or for a thin porous layer however, the continuous model 
diverge from the discrete approach if a constant dispersion is used in the continuous 
approach. The influence is larger from an increase in pellet diameter to bed height 
ratio than from increased velocity. In a second study the discrete model is compared 
to simulations performed with CFD. If local values are of importance the discrete 
model should always be used but if mean predictions are sufficient the CFD model is 
an attractive alternative that is easy to couple to the physics up- and downstream the 
packed bed. The good agreement between the discrete and continuous model 
furthermore indicates that the discrete model may be used also for non-Stokian flow 
in the transitional region between laminar and turbulent flow, as turbulent effects 
show little influence of the overall heat transfer rates in the continuous model. 

 



SUMMARY OF PAPERS 

Paper A  

CFD-modelling of Selective Non-Catalytic Reduction of NOx in grate-kiln plants 

The overall goal of this paper is to develop a numerical Selective Non-Catalytic 
Reduction (SNCR) model that can be used in grate-kiln plants for NOx reduction. A 
model for spray injection into the grate was included in the model enabling a study 
of the overall mixing between the injected reagent droplets and the NOx polluted air. 
The simulations indicate that the SNCR technique works with urea under certain 
conditions, but not with ammonia. 

Paper B   

A validated model for prediction of Selective Non-Catalytic Reduction of Nitric 
Oxide by Cyanuric Acid 

A proposed model for prediction of selective non-catalytic reduction of nitric oxide by 
cyanuric acid is compared against experiments to ensure appropriate reduction before 
being included in the already existing grate-kiln model. The simulations showed that the 
proposed chemistry model could be used under some conditions but it is not suitable for 
other. 

Paper C 

A CFD-based evaluation of Selective Non-Catalytic Reduction of Nitric Oxide in 
iron ore grate-kiln plants 

The overall goal with this paper is to reveal the function of selective non-catalytic 
reduction of nitric oxide in iron ore grate-kiln plants. A comparison is made between 
urea and cyanuric acid. The simulations show that cyanuric acid can be used for 
higher temperatures than urea but give lower reduction.  

Paper D 

Heat transport in a thin porous layer 

Convective heat transport in a porous layer of monosized particles is modeled by a 
discrete three-dimensional system of particles and a continuous one-dimensional 
model. The both models compares well for low velocities but starts to diverge when 
increasing the speed or for a relatively thin porous layer. 

Paper E 

Modelling heat transfer during flow through a random packed bed of spheres 

Heat transfer in a random packed bed of monosized pellets is modeled by the means 
of both a discrete three-dimensional system of spheres and a continuous 



Computational Fluid Dynamics (CFD) model. Results show a good agreement 
between the two models for the studied even inlet boundary conditions. It is also 
shown that the discrete model can be used for non-Stokian flow by incorporating the 
effect of turbulence in the continuous model.  
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The use of iron ore pellets offers many advantages such as customer adapted 

products, transportability and mechanical strength as well as increased 

production rates and efficiency when they are used in blast furnaces and 

direct reduction processes. In order to be production and market leaders, 

manufacturers seek to reduce the production cost, increase the quality of the 

products and to reduce the environmental impact from the manufacturing 

process. One way with potential to facilitate improvements in all of these 

areas is to utilize a method that is quite commonly used nowadays, namely 

Computation Fluid Dynamics (CFD). The challenge is, however, to perform 

efficient and trustfull simulations on complicated processes like those taking 

place during iron ore pelletization including turbulent flow, high temperature 

gradients, extensive heat transfer and chemical reactions. On the other hand 

in industrial processes with high temperature and/or pressures or even with 

hazardous gases CFD may be the only way to study fluid dynamic problems. 

Therefore this project is aimed to first set-up a CFD-model and thereafter 

validate and verify it against experiments or other simulation techniques. In 

this thesis focus is on Nitrogen Oxides (NOx) reduction during the 

pelletization process of iron ore pellets in a grate-kiln process and the heat 

transfer to the pellets bed in the grate of a grate-kiln process.  

 



In what follows a theoretical background to the process is presented 

followed by a theory chapter where the underlying theory to the thesis is 

given. Thereafter comes a summary of the results and conclusions. At last 

the appended papers are presented. The thesis is based on the work carried 

out in the appended papers, Paper A - Paper E. In the beginning of this 

thesis is the contribution from each of the authors presented. 

This work has been carried out in collaboration with Luossavaara-

Kiirunavaara AB (LKAB), that is owned by the Swedish state and founded 

1890. LKAB is an international mining company in Sweden that mainly 

produces iron ore products to be used in the steel-making industry. Their 

main product is highly refined iron ore pellets and they are, by all means, the 

largest producer in Europe although being relatively small on the global 

seaborne iron ore trade market. The main task is iron-ore mining in Kiruna, 

Malmberget and Svappavaara, and the steel industry throughout the whole 

world is provided with iron-ore products through railroads that supply the 

harbors in Luleå and Narvik. The main kind of iron ore mined in LKAB is 

magnetite (Fe3O4) which have a high iron content compared to many other 

iron ores deposits. LKAB has today six pelletization plants, three in Kiruna, 

two in Malmberget and one in Svappavaara. 

The first stage in the making of iron ore pellets is the mining of the ore, then 

the ore is processed in a sorting plant where it is crushed and where the 

waste rock is separated from the ore. In a second stage the ore is ground 

down in several stages in a concentration plant to slurry and separated with 

the use of magnetic separators to filter out unwanted components. Then the  

slurry is pumped to the pelletizing plant, where it is drained with help of 



filters and mixed with different binders and additives. The mixture is fed 

into balling drums where the ore is rolled into balls, i.e. green pellets. The 

balls are recycled through the drums until they have the right size; thereafter 

the green pellets are loaded into a grate-kiln (GK) or a straight-grate (SG). In 

the grate the balls are in principle first dried and then oxidized from 

magnetite to hematite and thereafter sintered in the kiln that gives the pellets 

their hard surface that is needed for production and transportation. The 

process is followed by cooling in the circular cooler before transportation to 

a storage facility awaiting transportation by train to the harbors. The flow 

scheme for a typical grate-kiln pelletizing plant can be seen in Figure 1 

below. 

 

 
Figure 1: Typical flow scheme for a grate-kiln pelletizing plant. Courtesy of 
LKAB. 

LKAB has six pelletizing plants, four of which uses the GK and two of the 

SG technology. The rotary kiln in the GK-plant contributes to that the heat 

treatment of the pellet becomes smoother and more uniform than in the SG-



plant because the pellets are tumbled in the rotary kiln rather than being 

firmly positioned in a bed during the whole heat treatment cycle. The 

heating and control of the temperatures in each part is done either by burning 

an external fuel, usually coal, oil or gas, and/or by passing back the hot 

process gases from the last cooling zones to the previous heating zones. To 

get the smoothest and most efficient heat treatment process the amount of 

process gas in both the GK and SG-plants must be adapted to the pellet bed, 

grate plates and grate design. Uneven and inaccurate amount of process gas 

gives rise to varying and/or incomplete heat treatment of the iron ore pellets. 

This in turn leads to reduced production, reduced product quality, increased 

maintenance and increased environmental impact. Being able to manage and 

control the amount of process gas and its profiles in both GK and SG-plants 

is therefore important for every manufacturer of iron ore pellets both from a 

competitive, an economic and an environmental perspective. It is, therefore 

important to study the fluid dynamics in the grate part of a grate-kiln plant.  

 

In the grate-kiln the oxidation and sintering processes are carried out which 

convert the magnetite to hematite resulting in pellets with good metallurgical 

properties and the mechanical properties needed for transportation as 

mentioned earlier. The two kinds of pellets that LKAB produces are blast 

furnace (BF) pellets and direct reduction (DR) pellets and a pellet has an 

average diameter of about 12 mm. More about the theory of the process 

taking place in the grate-kiln will be given in the theory chapter. 

 

The energy to the grate-kiln process is partly generated by oxidation of the 

pellets but also partly supplied by a coal burner in the rotating kiln. From 

this burner several emissions are released including NOx. The regulations of 

such emissions are getting more stringent. Hence there is a need to reduce 



the fraction of emissions per tons of pellets produced.  One way of doing this 

is to use reagents to reduce the emissions of NOx by the SNCR-technique. 

Obviously this must be done without reducing the production and affecting 

the pellets quality. The principle of the SNCR process is rather simple. A 

reagent of a nitrogenous compound is injected into, and mixed with, the hot 

gas. The reagent then reacts with the NOx converting it to nitrogen gas and 

water vapor. SNCR is selective since the reagent reacts mainly with NOx, 

and not with other major components of the gas. 

 

The aim with this thesis is to increase the knowledge of the manufacturing 

process of iron ore pellets by means of CFD. This is done by developing a: 

• Model where ammonia/urea/cyanuric acid is sprayed into the last 

part of the grate where the chemical reaction with NOx is accounted 

for with the aim to find conditions that minimize the pollution. 

• Heat transfer model with the aim to accurately predict the 

temperature distribution in a bed of iron ore pellets.

This is a first step in a larger project that aims to study the fluid mechanics 

of the grate of GK-plants when the process gas enters the grate. Especially 

interesting is how the incoming process gas, leakage, the composition of the 

pellet bed, the grate plates, and the design of the different grate zones affects 

the flow profile and the pressure drop above, below and through the pellet 

bed. The composition of the process gas including calcination and oxidation 

will not be studied in detail in this project since this is done in other contexts. 

However, the results of this project will contribute to an overall 

understanding of the process together with results from other projects. With 

increasing knowledge of the process to produce pellets it is getting more and 

more interesting and vital to model and understand gas flow through the 



process for achieving an as even and efficient heat treatment process as 

possible with minimal energy consumption, which in turn affects the 

production capacity, product quality, maintenance and the environment. The 

work is also in-line with the megatrend to base the control of industrial 

processes on mathematical modeling. 

 

Nothing has to the author knowledge been published on NOx reduction 

by the usage of SNCR in grate-kiln plants, but the technique is 

commonly used in cement and waste incineration plants. The cement 

process is characterized by higher temperatures in the kiln with 

resulting NOx emissions, but often with a more optimal temperature, 

oxygen level and residence time in the volume of interest for the SNCR 

than in the grate-kiln process. It has been found that the temperature, the 

NOx profile and level of mixture between the reagent and the flue gases 

are important variables for a successful installation of the SNCR 

technique (Javed et al., 2007). Also the resident time within the right 

temperature window is essential. All of this must be fulfilled in order to 

get a good reduction. 

 

LKAB has worked for several years with trying to manage and control the 

amount of process gas and profiles, in both GK and SG-plants by: 

 

 adapt the amount of process gas and profiles for each zone in the 

grate 

 adapt the bed height profiles 

 minimize pressure drop 



 minimize leakage 

 designing the grate zones 

 designing of the grate plates 

 etc. 

 

The aim has always been to get as high and efficient production and product 

quality as possible while keeping the refining process as energy efficient and 

maintenance-free as potentially possible. A great deal of research has been 

based on personal experience and "trial and error" methods in labs, pot-

furnace and full scale, but also simulation tools such as own proprietary 

codes has been used. Today, however, performance and reliability for 

numerical modelling has increased so much that it allows an easier, more 

detailed and more systematic mapping of process gases and their impact on 

pelleting process than previously (Barati, 2008; Sadrnezhaad et al., 2008). 

From a manufacturers point of view, it is desirable to continue to develop 

tools and models in the area aimed at increasing knowledge and 

understanding of how the process gases affect and are affected by the pellet 

bed, grate, grate band and furnace design, but above all to increase 

production capacity, product quality and reduce maintenance costs and 

environmental impact. 

  





In this chapter the underlying theory is presented that is relevant to the work 

in Paper A-E and several aspects of CFD are discussed. First of all the 

pelletizing process is going to be explained, after this some of the theory 

behind CFD is presented and at last the theory behind NOx reduction by 

SNCR is discussed together with theory regarding heat transfer in packed 

beds.  

 

The raw iron ore balls are called green pellets. These balls are very fragile 

and need to be sintered in order to increase their strength so they can be 

transported and used in the DR-process, for instance. In the grate-kiln 

process the green pellets is toughened in several stages with the main goal to 

produce a high-quality product. This process coalesce the grain bonds in the 

iron ore, which give the pellets high strength. The binders that were added in 

an earlier process also give a positive influence of the strength because it in 

principle melts and create slag around the surface of the grains. 

 

The four steps in the grate-kiln process are: drying, heating, firing and 

cooling. In the first step the green pellets are dried by forcing air through the 

pellet bed first upwards, Up Draught Drying (UDD) then downwards, Down 

Draught Drying (DDD). In the second step the green pellets are heated in the 



Tempered Preheat (TPH) from about 400 °C to about 1000 °C. After this the 

temperature is increased to about 1100 °C in the Preheat (PH), which is the 

last zone in the grate and it is where the green pellets are oxidized from 

magnetite to hematite. In a third step the green pellets are fed into a rotating 

kiln in which the temperature is about 1250 °C in order to sinter the oxidized 

pellets and give them their hard surface needed for production and 

transportation. In the last step the pellets are cooled down in an annular 

circular cooler that consists of four zones each supplying the rest of the 

system with heated air. The air from zone one goes into the kiln, zone two 

feeds the TPH-zone and the air from zone three and four is used for the 

DDD and UDD. After the cooling the pellets are transported to a storage 

facility, awaiting transportation to the harbours by train. The simplified 

grate-kiln process can be seen in Figure 2. 

Figure 2: The different stages in the grate-kiln process. Courtesy of LKAB. 

From the beginning CFD was mostly used in academia and driven by the 

aeronautics area, but has with the aid of the industry spread to other area of 

application and often used interdisciplinary. CFD has become a useful tool 

for optimizing already existing equipment, for developing new ones and for 



lowering the developing costs. It is used to improve products as diverse as 

toilets, microchips, turbines, heat exchangers and fish ladders; or as in this 

thesis to reduce emissions and model heat transfer through a porous medium. 

From the numerical results a deeper understanding can be reached in 

different flow/heat and mass transfer processes. In some cases it may be the 

only possible way to achieve a deeper knowledge of the process in certain 

areas were traditional methods of measuring flow and heat transfer data are 

not possible to apply or intrusive and limited to a few sampling points; 

especially in some industrial areas with high temperatures. 

 

Fluid dynamics can be divided into the study of fluids at rest or in motion. 

CFD is mostly used for the latter and deals with the influences of 

complicated processes such as combustion and heat and mass transfer. The 

physics of the fluid motion can generally be described by differential 

equations and to solve them computational power is often required. Solving 

a flow problem with CFD involves the numerical solution of the Navier-

Stokes equations (i.e. conservation of mass, momentum and energy) 

throughout the domain, additionally extra equations may to be solved 

depending on the problem. There are three basic approaches to solve 

problems in fluid dynamics and heat transfer: experimental fluid dynamics, 

analytical fluid dynamics and computational fluid dynamics. These three 

approaches can be used in symbiosis but lately the computational approach 

has grown in importance and dependability.  

 

Since there only exists analytical solutions to the Navier-Stokes equations 

for a few very simple flows, a numerical method must be used were the 

differential equations are replaced by algebraic equations that can be solved 

numerically.  The commercial code used in this thesis, ANSYS CFX, is a 



coupled solver that uses a hybrid finite-element (FE)/finite-volume (FV) 

discretization method as spatial method to discretize the Navier-Stokes 

equations. With the method values are computed at discrete points in the 

domain of interest that is divided into a large number of computational cells, 

which are small compared to the domain volume in question. Finite volumes 

are used to conserve mass, momentum and energy and the data is stored in 

each node being located in a control volume. The FE-method is used to 

describe the way a solution variable varies within each element.  

 

The PDEs for conservation of mass and other scalars are solved in integral 

form; CFX uses a finite volume method that basically consists of three steps. 

First the domain is divided into control volumes using a grid, then 

integration is made of the governing equations on each control volume 

yielding the algebraic equations. These can be solved numerically by 

linearization of the discretized equations that finally can be solved by 

solution of the resulting linear equation system. 

 

Several strategies can be used to solve the flow equations in a CFD 

simulation. One type of solver is the segregated solver, which begins with 

solving the momentum equations using a guessed pressure; from this an 

equation for pressure correction is created. This type of solver requires 

accurately chosen relaxation parameters and due to the correction procedure, 

a large number of iterations are often required. Another type of solver is a 

so-called coupled solver with a fully implicit discretization of the equations 

at every given time step. The solver in ANSYS CFX is of this second type. 

The general solution methodology is that for each set of field equations the 



linearized equations are solved with an algebraic multigrid method for each 

iteration. (ANSYS, 2013a) 

 

In this chapter the governing equations for multiphase flow using a Eulerian-

Lagrangian framework is presented. Separately, the Eulerian and Lagrangian 

approaches are two different ways of describing the fluid flow in fluid 

mechanics. In the Eulerian approach the fluid motion is studied in a fixed 

frame of reference, the change in a fixed location is followed and the flow 

field lines are called streamlines and can be seen as a picture of the flow at a 

certain time. In the Lagrangian approach individual particles are followed as 

they move in time and space. The particles pathline is the path that the 

particle has followed through space as a function of time and depends of the 

full history of the flow. The flow in the system can be described as steady if 

the quantities of the fluid are constant over time. If the speed or direction 

fluctuates the problem is unsteady/transient. For steady state flows the 

pathlines and the streamlines are equivalent, but for transient or unsteady 

they are not.  

 

The Navier-Stokes equations were derived over a century ago and are still 

the base of fluid mechanics. Navier derived them on the basis of a molecular 

hypothesis and Stokes without the hypothesis. So far, due to the complexity 

of the full compressible Navier-Stokes equations, no general analytical 

solution exists.  

 

The governing equations of fluid dynamics are a set of mathematical 

statements for mass, momentum and energy conservation. In this section 



they are written on the conservative Cartesian tensor form for a compressible 

Newtonian fluid. The mass and momentum equations are solved for all types 

of flows, in the cases were compressibility or heat transfer exist the energy 

equation also needs to be solved. There are also numerous instances when 

additional equations need to be added. This includes turbulent flow, 

particulate flow and flow with chemical reactions. The continuity equation 

describing mass conservation can be written as: 

 

∂ρ
∂t
+
∂ ρui( )
∂xi

= Sm
 

(1) 

 

where the first term describes the change of density in time and the second 

term describes the mass flow out of the element. The variable ρ is the density, 

t is the time and u is the velocity. The additional source term Sm is due to 

mass added through either phase change or other sources. The conservation 

of momentum can be written in the form: 

 

∂ ρui( )
∂t

+
∂(ρuiuj )

∂x j
= −

∂p
∂xi

+
∂τ ij
∂x j

+ ρgi +Fi  (2) 

 

where p is the pressure, τ the viscous stress tensor, ρgi the gravitational force 

and Fi is an external momentum source. The conservation of energy can be 

described in the following way: 

 

 (3) 

 

∂(ρhtot )
∂t

−
∂p
∂t
+ (ρujhtot ), j = (λT, j ), j + (uiτ ij ), j + SE + SR



where T is the temperature and λ the thermal conductivity. SE is an exchange 

term for energy and SR is due to chemical heat release. The total enthalpy htot 

is defined as: 

 

 (4) 

 

where h is the static enthalpy. For a Newtonian fluid the viscous stress tensor 

is defined as: 

 

 (5) 

 

where µ is the dynamic viscosity and δij the Kronecker delta. More about the 

governing equations are described elsewhere (Wilcox, 2010; Pope, 2006; 

Versteeg and Malalasekera, 2007). The state of a fluid is described by two 

state variables, assuming thermodynamic equilibrium. The equations of state 

link other variables to the two state variables. This is done for the case of 

ideal gas were p = p(ρ, T ) and cp=cp(T) according to: 

 

p = ρRT  and  h = cp(T )dT + href
Tref

Tstat

∫ . 

 

These equations are necessary to link the transport equations for 

compressible flows while in the case of incompressible flow and static cp the 

equations are redundant. 

 

htot = h+
1

2
uiui

τ ij = μ
∂ui
∂x j

+
∂uj
∂xi

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
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μ
∂uk
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δij



Turbulent flows are characterized by fluctuating velocity fields that causes 

fluctuation in all transport quantities. They are often too computationally 

heavy to simulate directly, especially in industrial applications, therefore in 

order to take turbulence into account additional models consisting of a set of 

equations have to be solved. There exists a large amount of turbulence 

models and no one is universally superior for all kind of problems. The 

choice is often based on the physics and state-of-the-art of the problem, and 

a compromise between accuracy needed and available time/computational 

resources. There exist several approaches to model the eddies of turbulence 

instead of being directly simulated. The two most commonly used are the 

Reynolds-Averaged Navier-Stokes (RANS) equations and Large Eddy 

Simulation (LES). The numerical methods developed to capture important 

features of a turbulent flow can thus be divided into three categories: 

 

 Direct Numerical Simulations (DNS) 

 Large Eddy Simulations (LES) 

 Reynolds-Averaged Navier-Stokes (RANS) equations. 

With DNS the unsteady Navier-Stokes equations are solved and all eddies 

are resolved, the calculations are very computer demanding because of the 

need of a very fine grid to resolve all the length scales involved in the 

turbulent flow, also a time step sufficient small enough to resolve the fastest 

fluctuations is needed, so the method can only be used in some cases and is 

yet not practical in industrial flow computations. 



In LES a spatial filtering is used instead of time averaging as in the case of 

RANS, the similarity is that the spatial filtering is also an integration but 

instead in space.  With this method the larger eddies is computed while the 

smaller eddies are filtered out and modeled. The method needs a large 

computational storage because of the unsteady flow equations that must be 

solved. The method has started to address more complex geometries and has 

proven to be useful for industrial applications. 

 

This method is generally less computer demanding than the other two since 

all turbulent length scales are modeled. With this approach the variables in 

Navier-Stokes equations are decomposed into a mean and a fluctuating 

component with a method called Reynolds decomposition (ui = ui + ′ui ). 

Substituting this in the Navier-Stokes transport equations and by skipping 

the bar for convenience for averaged quantities the Reynolds averaged 

transport equations then gets the following form: 

 

∂(ρui )
∂t

+
∂(ρuiuj )

∂x j
= −

∂p
∂xi

+
∂
∂x j

μ
∂ui
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+
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⎛
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⎞

⎠
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2
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⎣
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⎢

⎤

⎦
⎥
⎥
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+
∂(−ρ ′ui ′uj )

∂x j
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 (6) 

 

where the effect of turbulence is accounted for by the Reynolds stresses 

ρ ′ui ′uj . The Reynolds stress tensor consists of nine components in which six 



are unknown. To account for these unknowns received from the averaging a 

turbulence model is needed to close the RANS equations. In the eddy 

viscosity type of model used in this thesis closure is reached by the use of 

the Boussinesq eddy viscosity assumption (Schmitt, 2007). Here the 

Reynolds stresses are assumed to be proportional to the mean velocity 

gradients, then the momentum transfer caused by the eddies can be modeled 

with an eddy viscosity like: 

 

(−ρ ′ui ′uj ) = μt

∂ui
∂x j

+
∂uj
∂xi

⎛

⎝
⎜⎜

⎞

⎠
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2
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∂xk

⎛

⎝
⎜

⎞

⎠
⎟δij  (7) 

 

where μt is the eddy viscosity. These turbulent flux terms are added in both 

the momentum and the energy equation, that becomes: 

 

∂(ρhtot )
∂t

−
∂p
∂t
+
∂(ρujhtot )

∂x j
=

∂
∂x j

λ
∂T
∂x j
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μt
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∂h
∂x j

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

+
∂
∂x j
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⎣

⎤
⎦+ SE

 (8) 

 

were the eddy diffusivity hypothesis has been used in the diffusive term, Prt 

is the turbulent Prandtl number for energy that is used to relate turbulent heat 

flux with turbulent momentum flux and is approximated to 0.9. Also htot is 

defined as: 

 

 
(9) 

 

htot = h+
1

2
uiui +κ



The eddy viscosity or also commonly called turbulent viscosity, must be 

modeled in some way. This may be done with the k-ε model that is based on 

the turbulent kinetic energy and its rate of dissipation: 

 

 (10) 

 

where Cμ  is a constant and where both κ and ε originates from the additional 

transport equations: 

 

 (11) 

 

and 

 

. (12) 

 

In these equations Gκb and Gεb are the generation of turbulent kinetic energy 

due to buoyancy: 

 

. (13) 

 

Gκ is the generation of turbulent kinetic energy due to turbulent stress, 

modeled as: 

 

μt = ρCμ

κ 2

ε
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 (14) 

 

where the standard k-ε turbulence model closure constants are (Launder and 

Spalding, 1974): 

 

. (15) 

 

Closure models using two additional transport equations to represent the 

turbulent flow characteristics are called two-equation models. The basis for 

all these models is the Boussinesq eddy viscosity assumption already 

mentioned. The difference between the models lies in the way the eddy 

viscosity is calculated, other popular models are the RNG k-ε, k-ω and SST 

model to mention a few.  

 

In some flows there may be a need to have transport equations for all of the 

components of the Reynolds stress tensor. This is in cases were the turbulent 

transport or non-equilibrium effects are of high importance, i.e. the eddy 

viscosity assumption is invalid, this can for example be flows that are 

buoyant, secondary and have a sudden change in mean strain rate. Instead of 

the additional two transport equations in the two equation models six are 

solved for the Reynolds stresses and one for length scale (the dissipation 

rate). More about different turbulence models and the different methods can 
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be read in (Wilcox, 2010; Pope, 2006; Versteeg and Malalasekera, 2007). 

 

In this chapter focus is on the modelling of the SNCR process in the grate-

kiln plant. The flow within this process consists of several phases with both 

phase change and gas phase reactions. The process consists of injection of 

particles that either evaporates or sublime in the domain where it reacts with 

the flue gas.  

 

The grate-kiln process, in itself, is very complex involving drying, heating, 

oxidation, sintering and coal combustion. Therefore it involves chemistry, 

thermodynamics, turbulence and multiphase flows. All the zones are coupled 

to each other and consist of a broad spectrum of timescales. In the case of 

the use of the SNCR technique in the grate-kiln process the particles are 

injected into the last zone in the grate that is a high temperature zone 

enabling the particles to evaporate into water vapor and other species. The 

energy needed for the phase change is taken from the gas phase; therefore 

there is a need to model the exchange between the phases with help of 

source terms in the energy equation and suitable models for the interphase 

heat transfer. The interphase mass transfer is in the same manner modeled by 

source terms in the mass continuity equation and the drag in the momentum 

equation. The optimal would be to also model the thermal radiation, but it is 

ignored in all of the modelling in this thesis. The flow in the grate is 

turbulent by nature and there are several different ways to account for this. 

Since it is an industrial problem DNS and LES were judged to be unfeasible 



due to the complexity of the problem, instead the turbulence has been 

accounted by the use of RANS-models.  

 

The base for all the calculations is the transport equations consisting of the 

Navier-Stokes equations. Additional conservation equations have to be 

solved in the case of reacting flows with species transport. The reactions 

between the species occurring in the gas phase means that the gas 

composition is continuously changing and has to be modeled with reaction 

kinetics.   

 

Flows consisting of several phases it is called multiphase flows; this can be a 

combination of gas, liquid and solid flows. A multicomponent flow is where 

a multitude of fluids exits and are mixed on a molecular scale and share the 

same velocity and temperature field. This is the case for the flows in Paper 

A-C, where the continuous flow consists of species mixed on a 

microscopical scale. Each species has its own physical properties and mean 

values are derived based on these and the species fraction in each node.  

 

Since the chemistry is continuously taking place the mass fraction of each 

species has to be derived in every local cell to determine how they vary 

within the fluid. Hence the following equations, written in tensor notation, 

needs to be solved: 
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 (16) 

 

The first term on the left-hand side is the transient term, which accounts for 

the rate of change of Yi, the local mass fraction of species i inside the control 

volume. The second term is the convective term, which gives the net rate of 

flow of Yi out of the element boundaries due to the velocity field. The third 

tem is the rate of change of Yi due to diffusion, Di. In the case of turbulent 

flow and if the RANS model and the eddy viscosity assumption is used the 

fourth term appears. The fifth term is the rate of change due to reactions and 

the last term is a term that comprises all other sources except for the reaction 

source term, this can for example be the mass added to the system by droplet 

evaporation. 

 

In the case of multicomponent flow the energy transport equation can be 

modified to also involve an additional diffusion term: 
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The additional term due to species diffusion disappears if the assumption of 

unity Lewis (Le) number is done. The Lewis number is the ratio of thermal 

to mass diffusivity. For an ideal gas the enthalpy and other properties are 

calculated by adding all the mass fractions and enthalpies for each species 

together like: 



 

 (18) 

 (19) 

 (20) 

 

The local density in a cell becomes dependent not only on the mixture 

temperature and pressure, but also on species concentration and can be 

calculated by the well know ideal gas law as: 

 

 
(21) 

 

A change in species concentration and temperature affects the density that in 

its turn affect the flow field. The total set of equations solved in a reacting 

multiphase flow quickly becomes large, therefore more simple models with 

few reactions are often preferred in CFD simulations.  

 
Particles 

The main purpose of this section is to describe the modelling of particle 

injection with CFD with focus on injection into a hot gas phase. The use of 

injection of particles is important for several areas ranging from combustion 

and process industries to cooling of computer clusters. 

 

Yi =
ρi
ρ

h = Yihi
i

all species

∑

hi = cp,i (T )dT + hi,ref
Tref

T

∫

ρ =
p

RT
Yi

(MW )ii

all species

∑



In this work the spray has been modeled in the Lagrangian frame of 

reference while the continuous gas phase has been modeled in the Eulerian 

frame of reference. For the discrete phase the trajectories of the particles are 

computed as well as the exchange of heat and mass with the continuous 

phase. Only a small part of the actual particles are modeled which represent 

a larger number of particles with similar properties, which is characterized 

by the particle number rate N  along each calculated particle trajectory. The 

interaction between the phases can be either one- or two-way coupled. A 

two-way coupling means that additional source terms are added in the 

continuous energy, mass, and momentum transport equations and they are 

calculated both ways between the discrete particle and continuous phase. For 

a strictly one-way coupled solution only the continuous phase acts on the 

particles but the particles does not influence the continuous phase. A special 

case of coupling was used in Paper A, described in the article in question.  

 

Newton’s second law of motion is solved for each droplet and the 

trajectories are given by integrating the force balance of the particle. This 

equation describing the force balance can be written as: 

 

mp

du p

dt
= FD +FB+Fadd  (22) 

 

where mp is the particle mass and up the particle velocity. The equation states 

that the particle inertia is balanced by the forces acting on it, in this case FD 

is the drag force and can be written as: 

 



FD =
1

2
CDρ f A u f −u p u f −u p( ) . (23) 

 

The subscript f refers to the gas continuum mixture surrounding the particle 

and the subscript p denote the particle, A is the cross area of the particle, uf -

up the slip velocity and CD is a drag coefficient that is defined according to 

the modified correlation by Schiller and Naumann (1933): 

 

. (24) 

 

Here CD has been modified so that the coefficient becomes constant for Rep 

≥ 1000.  The buoyancy force due to gravity is modeled as: 

 

. (25) 

 

The additional term Fadd on the right hand side of Equation (22) accounts for 

additional forces that can be of importance under certain circumstances 

as ”virtual mass”, lift force etc. However these forces are expected to be   

negligible in the current application and are therefore not taken into account. 

 

The particle movement is calculated with the forward Euler method by 

integrating the particle velocity over the timestep as:  

 

xpi
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oldδt  (26) 
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where x stand for the position. Here it is assumed that the velocity in the last 

timestep velocity exists in the whole timestep. Thereafter the velocity is 

recalculated using (22). If the particles are two-way coupled the drag force 

also has a contribution in the continuous momentum equation like: 

 

. 
(27) 

 

The source added to the continuous phase in a steady-state simulation is 

multiplied with the particle number rate, N . 

 

The most important laws to consider when modelling droplet evaporation are 

the physics of heating, evaporation and boiling. When having a particle 

temperature that is less than the boiling temperature inert heating is applied. 

To calculate the particle temperature a heat balance is conducted similar to 

the one for momentum, ignoring the heat transfer due to radiation. The 

particle temperature is also bound to the latent heat transfer, therefore the 

heat balance that governs the particle temperature can be written as: 

 

mpcp,p
dTp
dt

= hAp(Tf −Tp )+
dmp

dt
V  (28) 

 

where cp,p is the heat capacity of the particle and Ap its surface area. Tf  is the 

continuous gas phase temperature, h is the convective heat transfer 

coefficient and V is the latent heat of vaporization. In this equation it is 

assumed that there is no gradient inside of the droplet, i.e. that the internal 

dS

dt
= −FD



resistance to heat transfer is negligible. The convective heat transfer 

coefficient is calculated with the correlation suggested by Ranz and Marshall 

(1952a, 1952b): 

 

Nu =
hdp
λ f

= 2+ 0.6Re1/2Pr1/3  (29) 

 

where dp is the particle diameter and λ the thermal conductivity. The Prandtl 

number is defined as: 

 

Pr =
μ f cp, f
λ f

 (30) 

 

here µf is the dynamic viscosity. The Reynolds number is calculated from 

the slip velocity in the following way: 

 

Re =
ρ f u f −u p( )dp

μ f

. (31) 

 

The heat from or to the particle as it goes through the computational domain 

appears as a source/sink in the calculation of the continuous phase equation.  

 

CFX’s Liquid Evaporation Model has been applied for the calculation of the 

water evaporation. The model uses one of two different mass transfer 

correlations depending on if the particle is above or below the boiling point.  

Below the boiling temperature a diffusive/convective model is applied until 

the boiling temperature is reached or until the whole particle is consumed. 



The mass transfer into the gas phase is proportional to the vapor 

concentration gradient as (ANSYS, 2013a; Sazhin, 2006): 

 

dmp

dt
=mp = πdpρ f DSh

Wc

Wf

ln
1− Xs

V

1− Xc

⎛

⎝
⎜

⎞

⎠
⎟  (32) 

 

where the subscript c denote the gas-phase properties of the evaporating 

component in the continuous phase. The variable W is the molecular 

weight, ρfD is the dynamic diffusivity of the evaporating component in the 

continuum and X is the mole fraction, the subscript s denotes the 

equilibrium vapor mole fraction at the particle surface calculated from 

Raoult’s law as: 

 

Xs
V =

pvap
pambient

. (33) 

 

The Sherwood number is calculated as: 

 

Sh = 2+ 0.6Re1/2 Sc1/3  (34) 

 
where the Schmidt number is computed from: 

 

Sc =
μ f

ρcDc

. (35) 

 

The boiling point is determined by the Antoine equation: 

 



pvap = pref exp A−
B
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where A, B and C are empirical coefficients. If the vapor pressure, pvap > 

pambient the droplet is assumed to boil and the mass transfer is determined by 

the latent heat of vaporization: 

 

dmp

dt
=mp = −

Qc

V
 (37) 

 

where Qc is the convective heat transfer. 

 

The model is a modification of the Liquid Evaporation Model and used in 

the simulations with urea in Paper A and Paper C, here the evaluation of Re, 

Nu and Sh in the heat and mass transfer correlations are based on average 

properties inside the boundary layer of the particle that depends on the 

Antoine equation instead of being evaluated for the properties of the 

continuum gas phase. The dimensionless numbers evaluation is made as: 

 

Re =
ρ film u f −u p dp

μ film

 (38) 

Pr =
μ filmcp, film
λ film

 (39) 

Sc =
μ film

ρcDc

 (40) 



 

where the film properties are evaluated with the generic expression: 
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here the quantity ϕ represents μ or cp. The relative molecular mass of the 

film mixture is calculated as: 
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with help of this the film density can be calculates in the following manner: 

 

ρ film =
pambientWfilm

RT
 (43) 

 
where the temperature is assumed to have the mean value T = 0.5(Tf +Tp). 

For more information regarding the implementation of the Liquid 

Evaporation Model or its modification please see ANSYS CFX-Solver 

Theory Guide (2013a). 

 

In this chapter the main errors and uncertainties in the CFD simulations are 

reviewed. Originally CFD was used in academic research to get a better 

understanding of flow problems and less effort was made to quantify the 



confidence levels of the simulations. When the industry during the 1990s 

discovered the profits of the method, the accuracy and level of confidence to 

the results from the CFD simulations grew in importance. This was due to 

the industry’s wish to quantify the uncertainties of different methods used 

(Versteeg and Malalasekera, 2007). To tackle this problem the factors that 

influence the simulation results have been reviewed in a systematic manner 

developed by the CFD community. This has led to the formation of several 

guidelines for best practice in CFD. The two ones that have the biggest 

influence are AIAA and ERCOFTAC (Versteeg and Malalasekera, 2007). 

The definition of errors and uncertainties is that errors can be defined as a 

deficiency that is recognizable and is not caused by lack of knowledge, 

while uncertainties is a potential deficiency due to lack of knowledge 

(Oberkampf and Trucano, 2002). 

 

Of the errors the coding and user errors are perhaps the most important. The 

history has shown that even the most knowledge based companies and 

organizations can be surprised by coding errors. User errors can be avoided 

by giving the users the right training and experience in their field of work. 

 

When doing CFD simulations systems of non-linear partial differential 

equations are solved in discretized form. This causes the problem with 

numerical error. The numerical error can be divided into three groups, 

namely round- off error, iterative convergence error and discretization error 

(Versteeg and Malalasekera, 2007). 



Round-off errors exist because of the computers representation of real 

numbers, which is a limited number of digits. Therefore round-off errors will 

always exist in the results. This error has been minimized by the use of 

double precision 64bit memory storage in all the simulations in this thesis.  

 

The numerical solution of a CFD problem requires an iteration process 

where the final solution should give an exact solution to all the equations 

that are solved. If the solution converges it should approach the final 

solution as the number of iteration steps increases. In practice the simulation 

is seldom continued so far that the final solution is obtained, instead due to 

lack of computer power and time the iteration process is stopped when the 

solution is acceptably close to the final solution. The values of the so-called 

residuals can be used to measure the convergence of the solution and provide 

a measure for the appropriate time to end the iteration process.  

 

Residuals can be described as the inequality in the discretized transport 

equations; in ANSYS CFX these are monitored during the solution process. 

They are displayed in two ways; as root mean square (RMS) and maximum 

(MAX) residuals. The RMS residuals for each solved equation are calculated 

as the root mean square of the residuals at all computational nodes. The 

MAX residual is the maximum error in the entire grid for each discretized 

equation. Generally the values of the RMS residuals are about a decade 

lower than the MAX residuals (ANSYS, 2013b).  



The discretization error emanates from the difference between the exact 

solution of the equations and a numerical solution to the equations, limited 

by the grid size and the time step size (Marklund, 2006). Reducing the 

element grid size and the time step as much as possible can reduce this error. 

But as usual some obstacles exist; the computer time and memory. 

It is very easy for the user to obtain colorful results from a CFD simulation; 

the difficulty is to identify which potential faults that can be responsible of 

making the simulation results uncertain. Uncertainties are due to the 

difference between reality and the exact solution of the solved numerical 

equations. This can be due to that a simplified model of reality is used, for 

example in the case of turbulence if the k-ε model is used to model the 

Reynolds stress.  

For input uncertainties, the differences between the actual flow and the 

problem defined in the CFD model are considered. As in the error case, the 

input uncertainties can be divided into three groups: domain geometry, 

boundary conditions and fluid properties. 

 

An uncertainty associated with the domain geometry is that the model of the 

geometry can never exactly be the same as the real geometry, due to 

production tolerances etc. Problems can also occur in the conversion from a 

CAD model to a CFD model. 

 



For CFD simulations, it is necessary to specify boundary conditions at all the 

surfaces in the domain, which can be difficult. For example, assumptions of 

heat transfer or wall roughness can influence the results and should be set 

correctly in order to obtain a trustworthy simulation. It is also important to 

use the correct type and location of open boundary conditions. It is, for 

example, essential to place the open boundaries sufficiently far away from 

the region of interest so that the flow there is not affected by the boundary. 

 

Incorrect assumptions for the fluid properties can also introduce inaccuracies, 

e.g. if a constant property is assumed when it is actually temperature 

dependent. Also inaccuracies can be introduced due to uncertainties in 

experimental relationships of the properties. (Versteeg and Malalasekera, 

2007) 

 

In computational fluid dynamics many semi-empirical sub models are used 

for complex phenomenon like turbulence, combustion, and heat and mass 

transfer. The sub models contain variable constants that have default values 

derived from measurements on limited cases of simple flows. When the sub 

models are used on cases that are more complex than for which the constants 

has been gathered for, it is often assumed that the physics/chemistry does not 

change so much. Then it can be assumed that the model constants do not 

need to be changed and that the sub model is applicable. This will lead to 

physical model uncertainties, even if the constants would be changed. 

Verification and validation of a CFD model is of high interest since errors 

and uncertainties are practically unavoidable, as discussed above. 



Verification means that the errors in the solving of the equations are 

quantified, i.e. verifying the code. Validation means that the result from a 

model is compared with the actual flow, which can determine if the right 

equations are solved. 

 

In the pollution field nitrogen oxides refers to NOx and the sum of NO and 

NO2. Nitrogen oxides are the source to many problems in the nature as acid 

rain and greenhouse effect and destruction of the ozone layer just to mention 

a few. Due to stricter regulations regarding emissions from combustion 

processes different type of methods for reducing the pollutions are 

investigated. The main mechanism for NO production can be divided into 

three categories: 

 

 Thermal NO 

 Prompt NO 

 Fuel bound NO 

 

The thermal NO is created from N2 in the air at high temperatures, as in 

combustion processes. At those high temperature enough energy is given to 

break the strong triple bound that nitrogen gas, N2 has (Warnatz et al., 2006). 

Because of this the main area of thermal NO production is in the flame 

region and generally considered negligible for temperatures  <1800K (Law, 

2006). 

 

The chemical mechanism for this is called the extended Zeldovich 



mechanism, in which an O-radical together with N2 forms NO and a N-

radical. This radical reacts with O2 and form an O-radical. Depending on the 

conditions there may be an additional route in which N reacts with an OH-

radical to produce additional NO. The reactions looks like (Warnatz et al., 

2006): 

 

 (44) 

 (45) 

 (46) 

 

Since the reactions are heavily radical dependent combined with the energy 

required to break the bonds the reactions occurs in the high temperature 

post-flame zone. 

 

In the case of hydrocarbon fuels a second mechanism called the Fenimore 

mechanism (Fenimore, 1971) is believed to describe the prompt NO 

production in the flame zone, which happens before the thermal mechanism. 

In the case of coal combustion a part of the combustion occurs around the 

particles, in this region it is believed that radicals of hydrocarbon reacts with 

nitrogen gas to form HCN that is later oxidized to NO. Fenimore (1971) 

suggested: 

 

 (47) 

 

The actual formation of the hydrocarbon radical and NO production is 

complex and is of no need to be explained here.  

O+ N2 ⇔ NO+ N

N +O2 ⇔ NO+O

N +OH⇔ NO+H

CH + N2 ⇔ HCN + N



 

Fuel bound NO originates from oxidation of the nitrogen that is bounded in 

the fuel. The amount of NO emission emanating from the fuel depends on 

the fuel used. HCN will be produced during the combustion process that is 

later going to react with different radicals in the flue gas to produce NO. 

 

Ammonia and urea are commonly used as reagents in the SNCR process to 

reduce NO emissions with a rather narrow temperature window for a high 

efficiency, 870−1150°C. The advantage of urea as compared to ammonia is 

easier handling and storage of the reagent. Experimental observations (Rota 

et al., 2002; Alzueta et al., 1998) have furthermore shown that the 

temperature window for efficient use of urea is, as compared to ammonia 

shifted toward higher temperatures with the same ratio between the nitrogen 

in the reagent used and the NO in the emission gases. Another reagent is 

cyanuric acid (CA) that is less commonly applied. Depending on the 

conditions in the injection zone one reagent can be more or less suitable, for 

example was it concluded in Caton and Xia (2004) that ammonia is more 

suitable for low oxygen concentrations while CA is better for high 

concentrations and urea for intermediate values. The model for SNCR 

chemistry with ammonia and urea was developed by Brouwer et al. (1996) 

and is a seven-step reduced kinetic mechanism as can be seen in Table 1. 

The decomposition of urea is modeled in the same way as in Rota et al. 

(2002) according to the two-step model in Table 2. The kinetic model used 

when injecting CA, see Table 3, is mostly derived from the article by 

Glarborg et al. (1994) despite a few that was taken from Rota et al. (2002) 



and Miller and Bowman (1991) to better fit the experimental data, see Paper 

B. For more information about the assumptions done for 

sublimation/decomposition/evaporation of the different reagents please see 

Paper A-C. 

The reaction rate, regardless of reagent, is modeled by the Arrhenius 

equation: 

 

k f ,r = ArT
br exp(−Er / RT )  (48) 

 
Where Ar is the pre-exponent, br the temperature exponent, Er the activation 

energy for reaction r and R the universal gas constant. If there are reversible 

reactions the backward reaction rate kb is calculated from the expression: 

 

kb,r =
k f ,r
Kr

 (49) 

 

Table 1: Seven-step reduced kinetic SNCR mechanism for urea and ammoniaa. 

 
 

Table 2: Two-step urea decomposition modela. 

 
 



Table 3: Kinetic mechanism for SNCR by cyanuric acida. 

 
 

where Kr is the equilibrium constant that is derived from the thermodynamic 

properties of the mixture. The reverse reaction rate can also be calculated by 

the same equation as the forward reaction rate if the parameters for the 

backward Arrhenius reaction rate are given.  

 

To exemplify, assume that the non-reversible elementary reactions are 

expressed as: 

 



(1) A+B→C +D+E

(2) A+F→ B+D+E

(3) G +B→H + I

(4) G + J→ B+ I +E

. (50) 

 

Then the change of A is calculated as: 

 

RA =
d A[ ]
dt

= −k1 A[ ] B[ ]− k2 A[ ] F[ ]  (51) 

 

and the change of B as: 

 

RB =
d B[ ]
dt

= −k1 A[ ] B[ ]+ k2 A[ ] F[ ]− k3 G[ ] B[ ]

+k4 G[ ] J[ ].
 (52) 

 

where [ ] denotes molar concentration. 

 

The pressure will change when a flow goes through a porous media. This 

must be accounted for in numerical models. In the current thesis the pressure 

drop through the pellets bed is included in the governing equations through a 

source term. This can be made by the use of an isotropic or directional loss 

model. One model that is often used for packed beds is the well-known 

Ergun equation (Ergun, 1952): 
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 (53) 

 

where Δp is the pressure drop over an length y in the streamwise direction, γ 

the fractional void volume, µ the dynamic viscosity of the fluid, Dp the 

diameter of the solid particles and Q is the flow rate through an area A. In 

the equation the first term to the right of the equivalent sign represents 

viscous energy losses and the second kinetic energy losses. Equation (53) 

can also be expressed with linear and quadratic resistance coefficients CR1 

and CR2 like: 

 

Δp
y
=CR1vs +CR2 vs vs

 
(54) 

 

where vs is the superficial velocity. 

 

A packed bed consists of solid particles in which a fluid phase can flow 

through. The packing of the solid material plays an important role in a wide 

range of important physical phenomenon such as interstitial velocity, 

pressure drop, and heat transport. Due to the often very complicated 

structure of the bed several different methods exists to model the transport in 

the bed. Generally the methods can be divided into two different groups 

namely a complete description of the voids and as a continuos model, see 

Figure 3, but there are several subcategories in each group, as well as 

between the groups, all of which will not be described here.  



 

 
Figure 3: Different modelling approaches to capture momentum, mass and energy 
transport in a porous medium and coupling to full-scale model; a: Complete 
description of the particles; b: Seen as a continuous model; c: A discrete model that 
can be seen as a middle step between a) and b). 
 

 

A complete description of the porous structure makes it possible to get 

transport phenomenon on a particle level but it is extremely computational 

heavy to solve the complex flow in each void in a larger domain. Here is 

every particle modeled with its certain location and dimension. This level of 

detail is currently not possible for industrial sized beds both due to the fact 

that tomography to get the detailed geometry is not possible and that the 

computational power needed for the fluid mechanical modelling would be 

unfeasible. Having the detailed information about the structure in the bed 

allows for improvement of exchange terms, as heat transfer coefficients, 

pressure drop correlations and source terms for turbulence as in the N-K 

model (Nakayama and Kuwahara, 1999) used in Paper E.  

 



 

The flow on a microscopically scale in a porous medium is often very 

complex and random. In practice the classical models of fluid dynamics has 

no practical bearing because it is in many cases impossible to model a larger 

complex porous media with the full Navier-Stokes equations (Amhalhel and 

Furmanski, 1997). When modelling flow through porous media an approach 

that is often used is to simplify the calculations by the use of volume-

averaged transport equations. This is done over a volume that represents the 

average structure of the porous media (Pathak and Ghiaasiaan, 2011). In this 

approach both phases are assumed to behave as a continuum filling up the 

domain. Taking this approach have several advantages, one of them is that 

there are no need for one in many cases impossible task to outline the 

interface boundaries. Another is that it is possible to use differentiable 

quantities to describe the transport processes in the medium. Obviously there 

are also drawbacks; one important is the loss of detailed information of the 

microscopic interface boundaries of the geometry and how different 

quantities vary within each of the phases. This is something that is taken into 

consideration in the different coefficients used, but then on a macroscopical 

scale.   

 

The discrete model used in this thesis, is in some way a middle way between 

these two modelling strategies. It is based on Stokes flow assumptions but 

has been show to work well also for flows in the inertia region.  

 

The model was first published 2010 (Hellström et al., 2010b) and since then 

a total of about 10 publications have been made ranging from further 

development of the model to the use in different applications. The first was 



about creeping flow-induced alternation in the permeability of deformable 

particle systems in 2D; in this article were also some dimensionless variables 

to the discrete model obtained from CFD. The model was later developed to 

also include mass and heat transport in Ljung et al. (2012) but with an 

assumption of incompressibility, based on several years of development and 

published work on flows in porous materials (Frishfelds et al., 2008, 2011; 

Lundström et al., 2010; Hellström et al., 2010a, 2010b) and drying of a 

single pellet (Ljung et al., 2011a, 2011b, 2011c). With the model local 

variations of the flow and thus drying can be studied under various 

conditions (Ljung et al., 2012). The model was extended to 3D (Jourak et al., 

2013) in a project with application-reactive filters and mass dispersion 

aiming to study the longitudinal and transverse dispersion. The limitation of 

the model is that the flow is modeled as laminar and incompressible while 

the flow is atleast partially turbulent in a pellet bed. 

 

In Paper D the three dimensional model is developed to also account for 

compressible fluids (gases) and heat transfer and in Paper E it is showed 

that the model works for non-Stokian flows up to a particle Reynolds 

number of about 1000.  

 

The approach shows a method for solving advection-diffusion flows that 

may have computational advantages by breaking the problem into a local 

flow solution in a Voronoi cell around the particle using a dual stream 

function approach and a global minimization of the dissipation of energy. 

The three-dimensional model can be used as it is but an alternative is also to 

implement it in a commercial CFD code in the future. 

 

 



The volume averaging approach is used to obtain the macroscopic transport 

equations for mass and heat transfer in porous media. When making the 

averaging, the size (V) of the representative elementary volumes (REV) is 

chosen in such a way that it is lager than the microscopic length, but much 

smaller then the macroscopic one (Vc
1/3), see Figure 4.  

 

Figure 4: Schematics of averaging volume when having a porous structure 
consisting of two phases. 

Below are two types of volume averaging defined. The first is the extrinsic 

bulk-volume (superficial) average of a quantity Φ over the whole volume V, 

consisting of both phases: 

 

 (55) φi =
1

V
φi dV

Vi

∫



where i stands for the constituent that the property is associated with. To get 

the intrinsic averaged quantity value, i.e. the averaged values for each 

individual phase, an averaging over the pore/particle volume is made as: 

 

 (56) 

. (57) 

Where the intrinsic value of the pressure represent the pressure read off a 

pressure gauge, as the gauge actually measures the average pressure inside 

the fluid and not over the fluid and solid volume. 

 

Based on the volume average method (Whitaker, 1967) the macroscopic 

transport equations can be derived from the microscopical ones. The 

continuity equation can be written in the following way for a compressible 

fluid: 

 

∂
∂t

γ ρ f

f( )+∇⋅ γ ρ f

f
v f

f( ) = 0
.
 (58) 

 

If the fluid can be assumed to be incompressible, the expression can be 

simplified by using to: 

 

∂
∂t

γρ f( )+∇⋅ ρ f v f( ) = 0  (59) 

φ f

f 1

Vf

φ f dV
Vf

∫

φs
s 1
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ρ f

f
= ρ f



 

and for a non-transient case it is simplified to: 

 

∇⋅ v f = 0
.
 (60) 

 

The momentum equation can be presented in the following form: 

 

∂
∂t

γ ρ f

f
v f

f( )+∇⋅ γ ρ f

f
v f

f
v f

f( ) =∇⋅ γ τ f

f( )
+ γ ρ f

f
− ρref( )g+ SM , f −∇ γ pf

f( )
 (61) 

 

where τ is the stress tensor, the second term to the right occur due to gravity 

and the third term to the right is a momentum source that represents the 

interaction between the solid and fluid phase, in this case through the Ergun 

equation. The gas phase energy equation can be expressed as: 

 

∂
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γ ρ f

f
H f

f( )+∇⋅ γ ρ f

f
v f

f
H f
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⎤
⎦⎥+

∂
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γ pf
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f
⋅ τ f

f( )
+hsf asf Ts

s
− Tf

f⎡
⎣⎢

⎤
⎦⎥ + Sf

 (62) 

 

where H is the total enthalpy and kfeff  is the effective conductivity. The 

temperature of the solid phase varies according to: 

 



∂
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(1−γ ) ρs

s
hs

s( )+∇⋅ 1−γ( ) ρs
s
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s
hs
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 (63) 

 

where χs =1/ζs is the reciprocal tortuosity factor and ζs is the tortuosity of the 

solid network. The second term disappears if the solid matrix is stationary. 

The additional source terms Sf and Ss will be described more explicitly soon. 

The specific (effective) surface area between gas and pellets is calculated as: 

 

asf =
6(1−γ )
Dp .

 (64) 

 

The correlation chosen for the heat transfer coefficients is the empirical one 

by Wakao et al. (1979; 1982) that can be used up to a particle Reynolds 

number of 8500: 
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 (65) 

 

where Pr is calculated as: 

 

Pr =
μcpf
k f .

 (66) 

 

The effective thermal conductivity for the fluid phase consists of the 

stagnant and dispersion conductivity and can be set as:  



 

k feff ,z = γk f + ρcp( )
f
0.5Dpvs  (67) 

k feff ,x = γk f + ρcp( )
f
(1 /12)Dpvs .

 (68) 

 

To take gradients inside of the spheres into account the additional 

conduction terms Sf and Ss can be added as (Ljung et al., 2012; Paper D; 

Paper E): 

 

Sf =
3 1−γ( )
20

Nu kf
f ∂2 Ts

s

∂z2
 (69) 

Ss =
3 1−γ( )
20

Nu kf
f ∂2 Tf

f

∂z2 .
 (70) 

 

When local thermal equilibrium can be assumed, i.e.  only 

one energy equation has to be solved, for an incompressible fluid with 

constant specific heat it can be written as (Nield and Bejan, 1999; Ingham 

and Pop, 2005): 

 

ρcp( )
e

∂ T

∂t
+ ρcp( )

f
v f ⋅∇ T = keff∇

2 T
 

(71) 

 

where (ρcp)e is the equivalent thermal capacitance and keff is the effective 

conductivity that is a combination of the equivalent thermal conductivity and 

the thermal dispersion: 

 

T
f
= T

s
= T



ρcp( )
e
= 1−γ( )ρscs +γρ f cpf  (72) 

keff = ke + kdisp  (73) 

ke = 1−γ( )ks +γk f . (74) 

 

The cause to dispersion is diffusion and advection, two simple physical 

mechanisms, but the porous media influence on the transport properties 

implies that the transverse and longitudinal dispersion coefficients (DT, DL) 

becomes dependent on the Péclet number. The Péclet number is the ratio 

between the time for a particle in the fluid to travel the length L by either 

advection or diffusion and is for mass diffusion defined as: 

 

. (75) 

 

Since the same physical mechanisms govern thermal dispersion one can take 

advantage of mass dispersion results by instead using the thermal diffusion 

and the thermal diffusivity α, so for thermal diffusion it is defined as: 

 

. (76) 

 

In general, porous media is a complex distribution of voids and solids. On 

the macroscopic level, the solid matrix is modeled with an equivalent 

continuum. To obtain the equivalent-continuum properties often experiments 

or numerical tools has been used to determine continuum parameters. On 

Pe =
tdiff
tadv

=
L2 /Dm

L / vav
=
vavL

Dm

Pe =
tdiff
tadv

=
L2 /α
L / vav

=
vavL

α
=

vavL

k / (ρcp )



this level the quantities can be seen as the averages of the local quantity over 

a finite volume. Dispersion is a combination of mechanical dispersion and 

diffusion. Mechanical dispersion depends on the different flow paths a fluid 

takes through a porous medium, see Figure 5. Since some flow paths are 

longer and some shorter depending on the voids they are travelling through 

there is mechanical mixing. Molecular diffusion is instead caused by the 

random molecular motion due to the thermal kinetic energy in the fluid and 

is not velocity dependent. The dispersion depends on the arrangement of the 

material, this is important to remember since the local mixing is different 

depending if it is a material of foam type or for example a packing of 

spheres, so any result or correlation is depending on the arrangement in 

which they were derived (Degroot and Straatman, 2012). 

 



Figure 5: Schematic of mechanical dispersion. 
 

Despite DT often is much smaller than DL it is still very important since it 

makes any profile smoother.  

 

Advection is mass or heat transport due to the fluid bulk motion and does not 

contain transport by molecular diffusion. Molecular diffusion, see Figure 6 

and Figure 7, is a mixing phenomenon where the net movement of 

molecules are due to the substance concentration gradient in the fluid. 

Convection heat transfer includes both diffusion and advection.  

 



Figure 6: Schematic of molecular diffusion. 
 

Figure 7: Diffusion in time, in case of mass diffusion it is a process where a 
molecule moves from a higher concentration to a lower. 

When having a turbulent flow the particles are mixed by the eddy diffusion, 

Figure 8, that is the turbulent part of the mixing of particles. In this work it 

has been handled by the k-ε turbulence model explained earlier. 



Figure 8: Eddy diffusion, mixing due to turbulence. 

The partial differential transport equations have to be approximated by 

discretization that after a few steps leads to a system of algebraic equations. 

A general transport equation for a quantity ϕ reads: 

 

 (77) 

 

where Γ is the diffusion coefficient. Integrating it over the control volume 

and using the Gauss’ divergence theorem yields the following transport 

equation: 

 

. (78) 

If the problem in question is transient, there is also a need for integration in 

time: 
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 (79) 

 

where the first term is the rate of change, the second is due to advection, the 

third is due to diffusion and the last one is due to sources. The next step is to 

express the PDEs as algebraic equations, in the solution of the integrals the 

faces need to be calculated with an interpolation scheme. There are many 

ways to discretize; the one showed is for an upwind scheme and for 1D, see 

Figure 9. 

 

Figure 9: One-dimensional grid. 

Here the nodes are W, P and E. In between these computational nodes there 

are the grid faces w and e.  If the advection-diffusion equation in 1D is taken 

as an example it can be written: 

 

 (80) 

If the equation is integrated over the finite volume Δx this gives: 
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. (81) 

 

The diffusion term and convective terms can be written as: 

 

, (82)

 

 (83) 

 

respectively. Here the velocities, at the faces, are expressed by the node 

values by using a differencing scheme. In this case the upwind advection 

scheme is used. Assuming that the flow moves to the right, ϕ at w is 

assumed to be the same as ϕ at the computational node W, the same is true 

for the value of ϕ at e, it is assumed to have the value of ϕ at the node P, i.e.: 

 

 (84) 

. (85) 

When all the governing equations have been replaced by algebraic equations 

a multigrid technique can be used to solve the systems of linear equations. 

This is iterative procedure which use several different grids, were results are 

obtained on virtually coarser grids and thereafter transferred to the finer grid. 

All advection schemes can be defined as (ANSYS, 2013a): 
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ρuAφ( )e − ρuAφ( )w = ΓA
dφ
dx

⎛

⎝
⎜

⎞

⎠
⎟
e

− ΓA
dφ
dx

⎛

⎝
⎜

⎞

⎠
⎟
w

ΓA
dφ
dx

⎛

⎝
⎜

⎞

⎠
⎟
e

− ΓA
dφ
dx

⎛

⎝
⎜

⎞

⎠
⎟
w

=
ΓAe
δxPE

φE −φP( )− ΓAw
δxWP

φP −φW( )

ρuAφ( )e − ρuAφ( )w = ρueAeφe − ρuwAwφw

φw = φW and φe = φP

ρueAeφP − ρuwAwφW =
ΓAe
δxPE

φE −φP( )− ΓAw
δxWP

φP −φW( )



 

Here the first term is the value at the integration point. The second is a value 

at the upwind node, the third term is the numerical advection correction that 

contains the vector r , which is the vector from the upwind node to the 

integration point. If β is zero the integration point value is the same as the 

upwind value, i.e. an upwind advection scheme is used. If β=1, a second 

order advection scheme is used. The upwind schemes can smear out 

gradients while the second order scheme may introduce oscillatory results 

where the gradients are high. A compromise between these two is the High 

Resolution scheme that calculates β locally as close to one as possible 

without causing the oscillatory behavior of the second order scheme.  

Therefore an upwind scheme is only used in regions with high gradients. As 

for the time integration it is done implicitly, this means that a backward 

Euler scheme is used. A more detailed description of the most widely used 

methods for discretization in CFD can be read in Ferziger and Perić (1999) 

and more information about the discretization in CFX can be found in the 

documentation (ANSYS, 2013a). 



Now that the details about the basic equations are sorted out the virtual CFD 

models will be described. 

 

A virtual model of the PH/TPH-zone in a grate-kiln plant is built and used in 

Paper A and C since the reagents will be injected into this section of the 

process. The purpose of this work was to model the flow through the PH and 

TPH-zone of the grate in order to scrutinize if it is a possibility to use the 

SNCR technology in a pelletizing plant. To reduce the calculation time only 

a part of the kiln and the air channel from the cooler into the TPH-zone are 

modeled and the chimneys in the PH and TPH-zone are also neglected. The 

resulting geometry used in the model can be seen in Figure 10 revealing that 

air enters the TPH zone through two channels from the circular cooler. In 

reality it is a channel that divides into two parts just before the TPH-zone. 

The windboxes do not perfectly match reality, but since the flow after the 

bed is not of interest in this first model it is a simplification that can be 

justified. The heated polluted flue gas from the burner enters into the PH-

zone from the kiln. 



Figure 10: Model of PH- and TPH-zone including the pellet bed. 

The grid used in Paper A and C is coarser after the bed in the windboxes 

and is refined in the bed and at the injection points, see Figure 11. 

 

 
(a) 

 
(b) 



 (c) 

Figure 11: Mesh with 943k nodes for steady state simulation: (a) Overview of the 
mesh, (b) Intersection at the centreline of grate and (c) Intersection at one of the 
injection positions. 

 

The full Navier-Stokes equations are solved for the flow and following 

(Brouwer et al., 1996; Nguyen et al., 1998) the RANS k-ε model was used to 

describe the influence of turbulence. The boundary conditions applied mimic 

typical process data of a specific grate-kiln plant. The mass flow settings 

from the outlets and inlets are the same in all simulations and all gases are 

treated as being ideal. An estimation of the kiln mass flow with an 

approximated leakage from the transition between kiln and grate has resulted 

in the assumed mass flow from the kiln. In addition, the motion of the grate 

plates is neglected as well as the rotation and angle of the kiln, since they are 

small compared to the mass flow rates. 

 

The walls are modeled as smooth adiabatic boundaries implying that 

radiation and heat transfer to the bed and through the walls are neglected. 

The air channel inlet is set as a pressure inlet with a total pressure of 1 atm 

with the flow direction normal to the boundary condition. For the other inlet 

and for the outlets mass flow is set at the boundary. Zero gradient is used as 



the turbulence option representing fully developed turbulence at the inlets. 

When using a second order scheme time-consuming simulations show a 

transient behavior in a small portion of the modeled volume. The timescale 

for the transient simulation was adaptive after the MAX courant number 5. 

The majority of the simulations were carried out with an upwind scheme that 

captures most features of the flow with a stationary assumption. Thermal 

heat transfer is modeled and the pressure drop over the porous pellet beds is 

dealt with by using an isotropic momentum loss and linear and quadratic 

resistance coefficients CR1 and CR2 according to a Forchheimer assumption 

(Forchheimer, 1901), see Table 4. 

 
Table 4: Linear and quadratic resistance coefficients. 

Zone PH TPH 
CR1 105.15 77.872 
CR2 145.34 128.15 

 

The simulations in Paper A are carried out in such a way that the flow is 

computed neglecting the particles and then the particle equations are solved 

assuming that the particles do not influence the continuous phase except for 

the mass fraction that is two-way coupled. Furthermore the thermal energy 

heat transfer model was used with finite rate chemistry.  The particles are 

one-way coupled with a Schiller-Naumann drag force and a Ranz-Marshall 

correlation for heat transfer. About 1000 droplets initially with the same 

diameter and with a temperature of 26.85° C are injected at the sides of the 

PH-zone from each injection point. The mass flow of the reagent is altered 

depending on the reagent used and the molar ratio. In Paper B and C the 

particles are two-way coupled.  

 



The injection is always done from four lances each time, the positions 

evaluated can be seen in Figure 12. 

 

 
Figure 12: The different injection positions evaluated, the injection is always done 
from both sides. 

When the flue gases from the kiln and the air from the air channels enter the 

grate, the flow becomes complex. The flue gas from the kiln is spread over 

the PH-bed as seen in Figure 13 and vortices emanate from the beginning of 

the PH-zone in the upper part. The vortices have their highest velocity at the 

beginning of the zone and weaken when moving further into the zone as can 

be seen in Figure 14 and Figure 15. These vortices will turn out to have an 

influence on were the reactions take place. The residence time becomes 

longer in the vortice regions and in the bulk down-stream closer to the TPH-

zone. 



Figure 13: Velocity contours on a plane through the centreline of grate. 

Figure 14: Streamlines colored by velocity. 



Figure 15: Velocity vectors in a plane through the first injection position, seen from 
the TPH-zone. 

No reduction is achieved when injecting ammonia; on the contrary a net 

production of NO is obtained. This is most probably because of the high 

temperature in combination with the high oxygen level. The NO profile 

through the centreline of the grate can be seen in Figure 16. 



Figure 16: NO molar fraction on a plane through the centreline of the grate when 
injecting ammonia. 

Using urea as reagent resulted in a reduction of NO, which will be presented 

as the mass flow of NO going into the beds in the two zones compared to the 

mass flow of NO leaving the kiln.  

 

The first result from the simulations is that urea should be injected as close 

to the inlet to the PH-zone as possible, see Figure 17. Otherwise the time for 

reaction becomes too short and a large part of the flue gases from the kiln 

has already passed through the bed earlier in the zone. The short reaction 

time gives high levels of HNCO and N2O at the inlet to the bed. The urea is 



therefore injected from position 1 and 2 in further simulations. At the lowest 

velocity tested the momentum of the droplets is too small to get any 

significant penetration into the domain while the largest velocity results in 

adequate mixing but also more HNCO at the inlet to the bed since the 

particles from the second injection position nearly reaches the bed. There is 

also an uncertainty if such a high injection velocity can be reached in a full-

scale plant therefore the medium injection velocity 20 m/s is used in the final 

sets of simulations. Notice that the reactions generated from the first 

injection position are accelerated by the vortices showed in Figure 15. With 

the particle size and injection velocity applied the cone angle does not 

influence the NO-reduction or the concentration of HNCO/N2O at the bed 

inlets. When varying the droplet size it can be concluded that the droplets 

with the size 100 µm are swept along the wall of the continuous phase and 

the distance until the droplets are vaporized are short while with the largest 

droplets some reaches the bed and the reactions takes place close to the bed 

for the second injection point which gives high levels of HNCO, see Figure 

18, and N2O at the bed inlet as for the highest velocity of the droplets. In 

addition a normalized stoichiometric ratio (NSR=2nurea/nNO, where nurea is the 

injected moles of urea into the PH-zone and nNO is the amount of moles NO 

coming from the kiln in the flue gases) gives a larger reduction but 

simultaneously a lager amount of HNCO and N2O at the bed inlet. How the 

angle of injection influences the reduction can be seen in Figure 19 - Figure 

21. 



Figure 17: Contours of the NO/HNCO/N2O molar fraction on a plane going 
through the inlet of the beds. 

Figure 18: Contours of the HNCO molar fraction on a plane going through the 
inlet of the beds, for the case of variation of particle diameter. 



Figure 19: Contours of the NO molar fraction on a plane going through the 
inlet of the beds, injection positions 1 and 2, variation of angle of injection 
direction. 



Figure 20: Contours of the NO molar fraction on a plane going through the 
centerline of grate, injection positions 1 and 2, variation of angle of injection 
direction. 



Figure 21: Contours of the HNCO molar fraction on a plane going through the 
inlet of the beds, injection positions 1 and 2, variation of angle of injection 
direction. 

All of the simulations were carried out with an upwind scheme that is 

believed to capture most features of the flow with a stationary assumption. 

When using a second-order scheme transient behavior in a small portion of 

the TPH-zone of the modeled volume resulted in very time-consuming 

simulations. Comparing averaged results from the transient simulation 

against the flow field from the steady-state upwind shows the same profile in 

the PH-zone, but a small increase in the residence time in the vortices, which 

may had given a slightly increased numerically derived reduction of NOx 

with a higher solution scheme, see Figure 22 -Figure 26. 



Figure 22: Streamlines colored by fluid age for temperature 1080°C, the time starts 
from the inlets. 

Figure 23: Streamlines colored by velocity for temperature 1080°C. 



Figure 24: Velocity vectors in a plane through the first injection position, seen from 
the TPH-zone. 

Figure 25: Velocity vectors in a plane through the second injection position, seen 
from the TPH-zone. 



Figure 26: Velocity vectors in a plane through the third injection position, seen 
from the TPH-zone. 

It is likely that CA is more suitable to use than urea to reduce nitric oxide in 

the grate-kiln becauce of its high oxygen concentration. It is, however, rarely 

used, hence comparisons have been made against reactor experiments. 

Simulations with the model developed in Paper B are here compared to the 

experiments by Caton and Siebers (1989) and Caton and Xia (2004) where 

concentrations of H2O, CO and O2 are varied. As a performance indicator 

the NO reduction is used, defined as: 

 

NO reduction = (1−
NOout

NOin

) ⋅100 (%)  (87) 

 



where NOout is the mass flow of NO out of the reactor and NOin is the NO 

entering the reactor. The CFD-model studied is design to mimic the 

experiments by Caton and Siebers (1989), see Figure 27. 

 

 
Figure 27: Schematic of the experiment based on a figure in Caton and Siebers 
(1989). 

For an O2-concentration of 1.9% the model captures the reduction well up to 

1100 K with 4.5% H2O and 1260 ppm CO. Above that temperature the 

reduction is higher in the simulations than in the experiments but the trend 

indicated by experimental data seems to be reproduced, see Figure 28. For 

4.5% H2O and 0.0 ppm CO the trend is captured but the reduction seems to 

be shifted about 50 K toward higher temperatures. The model only fails to 

predict the reduction with 0.0% H2O.  
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Increasing the O2 concentration to 12.3% does not change the overall 

reduction behavior (see Figure 29). However the reduction window is shifted 

towards lower temperature in the experiments as well as in the simulations. 

For higher O2 concentration the NO reduction is increased and initiated 

about 50 K earlier in the temperature cycle for both combinations of H2O 

and CO concentrations compared to that obtained for the lower O2 

concentration. The increased NO reduction is not captured in a correct 

fashion but it seems like the shift in temperature for the maximum reduction 

temperature is reproduced. Also for higher concentration of O2 the model 

fails to predict the case with 0% H2O. 

 

With a focus on the NO reduction as a function of the oxygen concentration 

it can clearly be seen that the reduction is over predicted for the 1.9% O2 

concentration case, see Figure 30. 

Figure 28: NO reduction using CA as a function of reactor temperature at O2 = 
1.9% and NO = 330 ppm. The experimental data is plotted from Caton and Siebers 
(1989). 



Figure 29: NO reduction using CA as a function of reactor temperature at O2 = 
12.3% and NO = 330 ppm. The experimental data is plotted from Caton and Siebers 
(1989). 

Figure 30: NO reduction as a function of oxygen concentration at 1200K with H2O 
= 4.5%, CO = 1260 ppm and NO = 330 ppm. The experimental data originates from 
Caton and Xia (2004). 

Going back to using the SNCR-technique in the grate, the kiln temperature is 

now varied in the range from 1080°C to 1290°C and also a case with low 

NO concentration (150 ppm) is investigated with urea and CA as reagents. A 

two-way coupling methodology is used between the injected reagents and 

the continuous gas mixture. A comparison between the more physical two-



way coupled solution and the ”one-way coupled” solution reveals a relative 

difference in the reduction of 7% for urea and 1% for CA, for NSR 2. This is 

caused by the local cooling of the flue gases, for more information please see 

Paper C. The use of CA as the reagent results in a reduction of NO over the 

entire temperature range for the high NO concentration (300 ppm) and up to 

approximately 1250°C for the low NO case (150 ppm). As shown in Figure 

31 and Figure 32, the reduction is decreased when the temperature increases. 

For the lower NO case, there is also a production of NO at the highest 

temperature and in the area above the jet. 

 

Figure 31: Contour of the NO molar fraction plotted on a vertical plane placed 
through the centreline of the grate and in the main flow direction for different 
temperatures. The reagent is CA with NO = 300 ppm, dp =190 μm and NSRHNCO = 4. 



The smaller reduction for low NO concentrations can also be seen for urea in 

the current study and has been reported both numerically (Quartucy et al., 

1993; Sun et al., 1993) and experimentally (Quartucy et al., 1993) in 

previous studies.  

Figure 32: Same as Figure 31 but with NO = 150 ppm. 

For the high NO case reduction is achieved up to the maximum temperature 

in question, as shown in Figure 33. It can also be observed that a maximum 

reduction occurs at T ≈ 1140°C. 



 

Figure 33: NO reduction using CA as a function of temperature with NO = 300 
ppm, dp = 190/350 μm and NSRHNCO = 4.

Examination of the lower NO concentration results reveals that no 

significant maximum peak is achieved as in the high NO case, and the 

reduction over the entire range is lower than for the higher NO concentration 

case; at approximately 1250°C, there is actually production of NO. 

With an increased mass flow of the aqueous urea, the continuous phase is 

locally cooled, and the cooling increases with increasing NSR as can be seen 

in Figure 34. The local cooling can also be seen for CA, but not to the same 

extent, here illustrated in Figure 35 for the case of higher NO concentration.  



Figure 34: Temperature contours plotted on a vertical plane placed through the 
centreline of the grate and in the main flow direction for inlet kiln temperature 
1080°C. The reagent is urea with NO = 300 ppm, dp = 300 μm and NSR= 1 and 3. 

Figure 35: Temperature contours plotted on a vertical plane placed through the 
centreline of the grate and in the main flow direction for inlet kiln temperature 
1080°C. The reagent is CA with NO = 150/300 ppm, dp = 190 μm and NSRHNCO = 4. 



Use of urea as the reagent did not result in a reduction of NO in the entire 

temperature window. The NO profiles for the urea are similar to those for 

CA but with a different absolute value of the NO molar fraction. The 

temperature window for the high NO case (300 ppm) is shown in Figure 36. 

Reduction is achieved up to approximately 1225°C; after that, production of 

NO is observed. 

 

Figure 36: NO reduction using urea as a function of temperature with NO = 300 
ppm, dp= 300/425 μm and NSR = 4. 



When modelling the heat transfer through the bed, the size of the pellets is 

fixed with a diameter of 12.0 mm. The porosity of the system is set to 0.41 

and the superficial inlet velocity is 1.0 m/s with a temperature of 300°C. 

Comparing the discrete and continuous results with a similar setup reveals a 

natural spreading of temperature in a cross-section normal to the flow 

direction in the case of the discrete model. Overall there is a good match of 

the mean values in temperature between the models. The different quantities 

vary a lot in the cross section of the discrete model and this is illustrated for 

the temperature in Figure 37 and with the tripled mean standard deviation 

from the mean value in the cross section in Figure 38 - Figure 39. The 

comparison is not perfect meaning that there is a variation of the dispersion 

coefficient inside the layer. Disagreement between the discrete and 

continuous cases is largest near the inlet and is decreasing with thickness of 

the porous layer and practically coincides for long systems, see Figure 39.  



Figure 37:  Snap-shots of temperature distribution as derived from the discrete 
model for a 0.20 m long system. 



Figure 38: Length of system = 0.10 m, Vsup = 1.0 m/s, Ddisp = 0.008 m2/s. Averaged 
temperature as a function of time. Positions: z = 0.02375 m –red, z = 0.048750 m –
black, z=0.073750 m-blue. Dashed - discrete, continuous -continuous model. 
Tripled mean standard deviation from the average value at given cross section is 
shown for the middle height. 
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Figure 39: Length of system = 1.00 m, Vsup = 1.0 m/s, Ddisp = 0.005m2/s. Averaged 
temperature as a function of time. Positions: z = 0.2375 m –red, z = 0.4875 m –
black, z = 0.7375 m-blue. Dashed - discrete, continuous -continuous model. Tripled 
mean standard deviation from the average value at given cross section is shown for 
the middle height. 

In Paper E Equation (67) is used instead of a static longitudinal dispersion 

coefficient. Making the same comparison as earlier with the discrete model, 

but now with a full Navier-Stokes model gives nearly the same mean values 

in temperature history for the gas and for the pellets at different horizontal 

positions in the bed for vsup = 1 m/s, see Figure 40. Also a higher inlet 

velocity of vsup = 3 m/s gives a good agreement, but the matching regarding 

the gas temperature is not as perfect as for the lower velocity, see Figure 41. 

It is also shown that the discrete model can be used for non-Stokian flow by 
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incorporating a macroscopic turbulence model in the CFD model, for more 

information, see Paper E. 

Figure 40: Length of system = 0.2 m. Comparison between discrete and continuous 
laminar model, even temperature case. Averaged temperature as a function of time. 
Positions z = 0.0475 m, z = 0.0975 m and z = 0.1475 m, vsup =1 m/s, Eq (67). 



Figure 41: Length of system = 0.2 m. Comparison between discrete and continuous 
laminar model, even temperature case. Averaged temperature as a function of time. 
Positions z = 0.0475 m, z = 0.0975 m and z = 0.1475 m, vsup =3 m/s, Eq (67).



A first model of SNCR-injection into a grate-kiln process has been 

successfully demonstrated. Although several simplifications are introduced 

on the geometry and on the description of the fluid flow it is shown that the 

flow in itself is complex. Main observations when adding the SNCR-

technique are the short time available for reaction and the slow decay of 

HNCO, as the reactions leading to N2O and CO can result in an increase of 

other emissions than NO. 

 

The present model indicates that the SNCR technique can be used in grate-

kiln pelletizing plants with both urea and CA as reagents under certain 

conditions while ammonia most probably fails. Urea and CA is better 

designed for the temperature and level of oxygen in a grate-kiln plant. Caton 

and Xia (2004) concluded, for instance, that ammonia is suitable for low 

oxygen concentrations while CA adapt to high oxygen concentrations and 

urea for intermediate values. The reduction when using urea at a flue gas 

temperature of 1080 °C from the kiln varies in the range of 20-56 % 

depending on injection positions, penetration depth and NSR. The best 

reduction is achieved when the injection is made close to the kiln, which 

increases the reaction time and more of the flow from the kiln is reached.  

The design of the injection system is very important for the reduction 

efficiency since the reagent should be mixed as fast and homogenous as 



possible. The injection, when using the SNCR technique, should be done as 

close to the transition between the kiln and grate as possible. Injection 

techniques should be evaluated and compared to this study where the 

injection is done from the walls. The latter may not be the best way when 

having a large cross-area and high velocity flow. An alternative could be to 

use some kind of Ecotube solution were a pipe goes through the whole zone, 

equipped with injection nozzles. The injection should not be made against 

the bed as it is most probably to hot or can be acting as a catalyzer which 

could increase the pollutions.  

 

When modelling and comparing the two different modelling strategies for 

heat transfer through a packed bed of spheres, the simulations show that the 

continuous model can be used for mean predictions with even inlet boundary 

conditions to the bed. The matching is poorer for a thin 0.10 m long system 

where the discrete and continuous models give different results, especially 

for positions close to the inlet. If local values are of great importance the 

discrete model should be used. The fitted dispersion slightly decreases when 

the length of the system is increased but saturates at a length around 1.0 m. 

However, the variation of dispersion yields that the continuous model with 

constant dispersion is not well suited for higher velocities and a thin bed. It 

can also be concluded that the discrete model can be used for non-Stokian 

flow. For an uneven temperature on the inlet the dispersion is shifting within 

the bed in the discrete model that cannot be matched in the continuous 

model by the use of dispersion correlation from a thick bed. 

 

The drawbacks with the discrete model is that it cannot model what happens 

above/below the bed, this can however be solved by coupling it to a CFD 



model, and for the moment it can not handle uneven velocity profiles at the 

inlet boundary.  





The simulations for the reduction of NOx yields that it is difficult to reach 

the whole cross section when doing injections from the wall. The problem is 

the spread of the agent. It is no problem to achieve different injection flows 

from one or more given points, but for a high reduction ratio, low ammonia 

slip and low consumption of reagent in relation to NOx content, a good 

distribution over the current volume in the right temperature window of the 

agent is required. Not much can be done regarding the temperature, but a 

method that can be used to reach more of the cross section is a kind of 

Ecotube system where a lance equipped with nozzles is penetrating the 

whole cross section. Preliminary simulations with the same methodology 

used in Paper A shows a relative increase in reduction in the order up to 

40 % compared with the values reach in that article with the use of multiple 

nozzles directed at two different angles against the flow, see Figure 42-

Figure 43. The main concern regarding such a system is dust getting stuck 

on the lance, since the process has a lot of dust from the coal burning and 

from the pellet bed, but it may be a non issue.  



Figure 42: Injection of the urea reagent is done through 16 nozzles evenly spaced 
out over the lance penetrating the PH-zone. 

 

 

Figure 43: Contour of the NO molar fraction plotted on a horizontal plane going 
through the inlet to the beds with the use of a lance penetrating the PH-zone 
injecting urea from a multitude of nozzles. 

Even better reduction was achieved by injection by nozzles in the kiln 

positioned away from the walls in a circled pattern, see Figure 44. A main 

issue here is, however, how to technically do the injection in the rotating kiln 

and due to the uncertainty associated with the profiles of different quantities 

in the kiln, a parallel project is further scrutinizing the flow field in the kiln. 



Figure 44: NO molar fraction on a plane through the centreline of the grate with 
injection of urea in the end of the kiln. 

By doing simulations of the stand alone air channel (Figure 45) to the TPH-

zone and by solving the flow field having it attached to the zone (Figure 46-

Figure 47) the conclusion can be drawn that reliable results is not achived by 

only simulating the stand-alone air channel, at least not in the end of it, the 

channel has to be coupled to the zone it is attached to, to get a realistic flow 

profile in the end of it.  

Figure 45: Model of theTPH-air channel. 



Figure 46: Air channel connected to the TPH-zone. 

Figure 47: Example of snap-shot of the velocity contour on a plane through the end 
of the air channel. 

A preliminary study has also been done for flow though the bed. Using a 

2D-model and just modelling the pressure drop through the pellet bed and 

the grate plates some initial observations has been done. In the case were the 



flow goes through the bed from upwards it looks like rebuilding of the 

winboxes below the beds would not improve process performance to any 

considerable degree. But an inhomogeneity in the bed like its shape or 

inhomogeneities inside the bed caused by a bed collapse or local differences 

in the packing of the bed have an influence on the flow through it. Also the 

grate plates below the pellet bed influences the flow profile in the bed, this 

can be seen in Figure 48-Figure 49.  

 

Figure 48: Velocity profile, 2D-model with air channel connection from above. 



 

Figure 49: Velocity profile, 2D-model with air channel connection from the side.  
 

The simulations shows how crucial it is to design the channel connections in 

the right way to avoid a uneven temperature and velocity profile above the 

bed. Also 3D effects are missed when simplifying the geometry as 2D, 

trends can be seen but if the real flow is of importance, the parameter study 

should be continued with a 3D-model. Chemistry and drying in the bed 

could also increase the effect of different parameters giving a uneven profile 

in the bed. 
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1 Introduction 

In this paper the flow through part of a grate in an iron ore 
pelletisation plant is modelled with CFD with the aim  
of investigating methods to reduce emissions of NOx.  
Of particular interest is the injection of ammonia or urea 
with a technique called SNCR with the final goal of 
optimising the process (Marjavaara et al., 2007) of reduction 
of NOx. 
 

LKAB’s main business is iron-ore mining. After mining, 
the ore is crushed into separate the waste rock. In a second 
stage the ore is ground down in several stages to slurry and 
separated with the use of magnetic separators to remove 
unwanted components. The slurry is pumped to the 
pelletising plant, where it is de-watered with filters and 
mixed with different binders and additives. 

The mixture is then fed into balling drums where the ore 
is rolled into balls. The balls are recycled through the drums  
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until they have the size of about 0.01 m in diameter, 
thereafter the so-called green pellets are loaded into the 
grate-kiln, see Figure 1. 

Figure 1 Flow schematic for a typical pelletising plant based  
on a sketch by Roger Tegel, LKAB 

 

The four stages of the grate-kiln process are: drying, 
heating, firing, and cooling, see Figure 2. In the first stage 
the green pellets are dried by forcing air through the  
pellet bed first upwards, Up Draught Drying (UDD) then 
downwards, Down Draught Drying (DDD). In the second 
stage the green pellets are heated in the Tempered Preheat 
(TPH) zone from about 400°C to about 1000°C. After this 
the temperature is increased to about 1100°C in the Preheat 
(PH) zone, which is the last zone in the grate and it is here 
that most of the green pellets oxidise from magnetite  
to hematite. In the third stage the green pellets are fed into  
a rotating kiln in which the temperature is about 1250°C  
in order to sinter the green pellets. In the last stage the 
pellets are cooled down in an annular cooler, which consists 
of four zones, each supplying the rest of the system with 
heated air. 

Figure 2 Flow scheme for a typical grate-kiln plant (Forsmo and 
Hägglund, 2003) 

 

The energy required in this process is partly generated  
by oxidation of the pellets, when magnetite is used but is 
also partly supplied by a coal burner in the rotating kiln.  
From this burner several emissions are released, including  
nitrogen oxides. The regulations of such emissions are  
becoming more stringent at the same time as the production 
rate is anticipated to increase. Hence, there is a need to  

reduce the fraction of emissions per ton of pellets produced.  
One way of doing this is to use reagents to reduce the 
emission of NOx by the SNCR-technique. Obviously,  
this must be done without affecting the production.  
The principle of the SNCR process is rather simple. A fluid 
reagent of a nitrogenous compound is injected into,  
and mixed with, the hot gas. The reagent then reacts with 
the NOx, converting it into nitrogen gas and water vapour. 
SNCR is selective since the reagent reacts mainly with NOx, 
and not with other major components of the gas. 

Nothing has, to the authors’ knowledge, been published 
on NOx reduction by the usage of SNCR in grate-kiln 
plants, but the technique is commonly applied in cement  
and waste incineration plants. The cement process is 
characterised by higher temperatures in the kiln, with 
resulting NOx emissions, but often with a more optimal 
temperature, oxygen level and residence time in the volume 
of interest for the SNCR than in the grate-kiln process.  
It has been found that the temperature, the NOx profile and 
the extent of mixing between the reagent and the flue gases 
are important variables for a successful installation of the 
SNCR technique (Javed et al., 2007). Also, the resident  
time within a pre-defined temperature window must be long 
enough. All of this must be fulfilled in order to get a good 
reduction. 

In what follows, the theoretical setup of the reagents  
and the reactions is presented. Then the geometry, mesh and 
the settings used for the simulations of the flow are outlined. 
This is followed by the results, which are discussed and 
finally, the conclusions are drawn. 

2 Theory 

2.1 Urea evaporation 

Urea evaporation/decomposition is not fully understood and 
several assumptions need to be made. Following Birkhold  
et al. (2007) the first is that the aqueous urea solution  
(urea-water-solution) is assumed to heat up to the boiling 
point at which the water evaporates. When all the water is 
gone the thermal breakdown of the urea is initiated 
according to: 

1 (NH2)2CO(aq) → (NH2)2CO(l) + H2O(g) 

2 (NH2)2CO(l) → (NH2)2CO(g) 

3 (NH2)2CO(g) → NH3(g) + HNCO(g). 

The liquid evaporation model used handles the evaporation 
of the water in the first step. In the second step the rate is 
assumed to follow the following relationship: 

/121 10 e 1/sdV RT−× ×  (1) 

where the heat of vapourisation V is set to 87.4 kJ/mol 
(Birkhold et al., 2007). 

For aqueous ammonia (ammonia-water-solution)  
the evaporation of the water is derived by the liquid  
evaporation model, and the ammonia mass transfer by the 
Ranz-Marshall correlation. 
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2.2 Water evaporation 
The temperature of the injected droplets is controlled by 
both the convective heat transfer with the flue gases from 
the rotating kiln and the transfer coupled with the latent heat 
of vapourisation. The convective heat transfer is modelled 
with the following expression: 

Nu( )c g g dQ d T Tπ λ= −  (2) 

where d is the droplet diameter, λ the thermal conductivity 
and T the temperature. The subscripts g and d refer to  
the continuum gas phase and the droplet, respectively.  
The Nusselt number, Nu, is calculated by the empirical 
correlation by Ranz and Marshall: 

1/ 2 1/ 3Nu 2 0.6Re Pr ,= +  (3) 

where the Prandtl number is defined as: 

,Pr g p g

g

cμ
λ

=  (4) 

where μg is the dynamic viscosity and cp,g is the specific 
heat capacity. The Reynolds number is calculated from the 
slip velocity in the following way: 

(| |)
Re g d

g

u u dρ
μ
−

=  (5) 

where u is the gas velocity and ud is the droplet velocity. 
The evaporation of the water in the urea-water droplet is 

estimated with a liquid evaporation model. The model uses 
one of two mass transfer correlations depending on whether 
the droplet has reached the boiling point or not. The boiling 
point is determined by the Antoine equation: 

sat ref exp Bp p A
T C

= −
+

 (6) 

where A, B and C are empirical coefficients. If the vapour 
pressure is higher than the gaseous pressure the droplet is 
assumed to boil and the mass transfer is determined by the 
latent heat of vapourisation: 

d
d

cQm m
t V

= = −  (7) 

where V is the latent heat of evaporation and Qc is the 
convective heat transfer. If the droplet is below the boiling 
point the mass transfer is given by: 

d 1d Sh log
d 1

c
g

g g

Wm Xm D
t W X

π −= =
−

 (8) 

where the subscript g refers to the gas continuum mixture 
surrounding the droplet and the subscript c denotes the gas-
phase properties of the evaporating component. The variable 
W is the molecular weight, d is the droplet diameter, D is the 
dynamic diffusivity and X is the molar fraction. 

The Sherwood number is calculated as: 
1/ 2 1/ 3Sh 2 0.6Re Sc= +  (9) 

where the Schmidt number is calculated from: 

Sc .g

c cD
μ

ρ
=  (10) 

The model does not account for condensation, hence the 
mass transfer rate in Equation (8) can only be negative and 
the current version of the model is only suitable for one 
component mass transfer.  

For the simulation with urea a modified version of the 
liquid evaporation model is used which is designed for the 
evaporation of oil droplets, see ANSYS CFX-Solver  
Theory Guide (2006). This tactic is applied since the  
multi-phase reaction mechanism for urea and the modified 
version of the liquid evaporation model use similar 
approaches to calculate averaged properties.  

2.3 SNCR chemistry 

Ammonia and urea are commonly used as reagents in  
the SNCR process to reduce NO emissions, with a rather 
narrow temperature window for high efficiency,  
870–1150°C. The advantage of urea as compared with 
ammonia is easier handling and storage of the reagent. 
Experimental observations (Alzueta et al., 1998; Rota et al., 
2002) have, furthermore, shown that the temperature 
window for efficient use of urea is, as compared with 
ammonia, shifted towards higher temperatures, with the 
same ratio between the nitrogen in the reagent used and  
the NO in the emission gases. 

The reaction rate, regardless of reagent, is modelled by 
the Arrhenius equation: 

exp( / )bk AT E RT= −  (11) 

where A is the pre-exponent, b the temperature exponent,  
E the activation energy and R the universal gas constant. 
The model used for the SNCR chemistry is developed by 
Brouwer et al. (1996) and is a seven-step reduced kinetic 
mechanism that is outlined in Table 1, where the ammonia 
pathway is described by the first two reactions. An often 
used assumption is that the decomposition of urea in an 
SNCR process is instantaneous (Brouwer et al., 1996; 
Nguyen et al., 2008). In this work, however, we apply the 
same two-step model as done in Rota et al. (2002). In this 
model urea is decomposed into ammonia and HNCO as 
shown in Table 2. 

To deal with the radicals in the reactions a couple of 
assumptions of equilibrium are introduced (Baulch et al., 
1992; Löffler et al., 2005; Westbrook and Dryer, 1984): 

2OH + M ↔ O + H2O + M, which gives 

[OH] = 212.9 T–0.57 e–4595/T [O]1/2 [H2O]1/2 mol/m3  

and the O approach is according to Löffler et al. (2005) and 
Warnatz (1990): 

O2 + M ↔ O + O + M, resulting in 

[O] = 36.64 T1/2 e–27123/T [O2]1/2 mol/m3  

where [ ] denotes molar concentration. 
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Table 1 Seven step reduced kinetic SNCR mechanisma 

 Reaction A b E 

Brouwer reaction 1 NH3 + NO → N2 + H2O + H 4.24E+02 5.30 349937.06 

Brouwer reaction 2 NH3 + O2 → NO + H2O + H 3.50E-01 7.65 524487.005 

Brouwer reaction 3 HNCO + M → H + NCO +M 2.40E+08 0.85 284637.8 

Brouwer reaction 4 NCO + NO → N2O + CO 1.00E+07 0 –1632.4815 

Brouwer reaction 5 NCO + OH → NO + CO + H 1.00E+07 0 0 

Brouwer reaction 6 N2O + OH → N2 + O2 + H 2.00E+06 0 41858.5 

Brouwer reaction 7 N2O + M → N2 + O + M 6.90E+17 –2.50 271075.646 
aUnits of A are m-mol-s-K and for E units are J/mol. 
 
Table 2 Two-step urea decomposition modela 

Reaction A b E 

CO(NH2)2 → NH3 + HNCO 1.27E+04 0 65048.109

CO(NH2)2 + H2O → 2NH3 + CO2 6.13E+04 0 87819.133
aUnits of A are m-mol-s-K and for E units are J/mol. 

3 CFD modelling 

Now that the details about the reagents and the reactions 
have been sorted out, the CFD model will be described. 
ANSYS CFX11 was used for the numerical simulations and 
the simulations where carried out on a PC-cluster with a 
capacity of more than 150 nodes. A previous study has 
shown that CFX parallelises very well on this cluster 
(Hellström et al., 2007). In this study a virtual model of the 
PH/TPH-zone in the grate is built since the reagents will be 
injected in this section of the process. To reduce the usage 
of CPUs, only a part of the kiln and the air channel into the 
TPH-zone are modelled, see Figure 3. The heated polluted 
flue gases from the burner enter into the PH-zone from the 
kiln. 

Figure 3 Model of PH- and TPH-zone including the pellet bed 

 

3.1 Mesh 

The mesh used consists of 943k nodes, see Figure 4.  
The mesh is designed to be coarser after the bed  
in the windboxes and is refined in the bed and close  
to the injection points. The boundary layer is not fully 
resolved with the aim of keeping the usage of CPUs at a 
realistic level. This is a crude assumption but it is believed  
 

that it will not influence the bulk flow to any large extent; 
see the section on mesh independence. 

Figure 4 Mesh with 943k nodes: (a) overview of the mesh and 
(b) intersection at one of the injection position 

     
 (a) (b) 

3.2 Boundary conditions and simulation settings 

The full Navier-Stokes equations are solved for the flow 
and, following (Brouwer et al., 1996; Nguyen et al., 2008)  
the RANS k–ε model, have been used to describe the 
turbulence in this initial study. The boundary conditions 
applied mimic typical process data of a grate-kiln plant.  
The mass flow settings from the outlets and inlets are the 
same in all simulations and all gases are treated as ideal.  
An estimation of the kiln mass flow with an assumed 
leakage from the transition between kiln and grate has 
resulted in the assumed mass flow from the kiln.  
As mentioned earlier the geometry is simplified. In addition, 
the motion of the conveyor belt is neglected, as well as the 
rotation and angle of the kiln. 

The walls are modelled as smooth adiabatic walls 
implying that radiation and heat transfer to the bed and 
through the walls are neglected in the current model. The air 
channel inlet is set as a pressure inlet with a total pressure of 
1 atm with the flow direction normal to the boundary 
condition. For the other inlet and for the outlets, mass  
flow is set at the boundary. Zero gradient is used as  
the turbulence option for fully developed turbulence at the 
inlets. Most simulations were carried out with an upwind 
scheme that is believed to capture most features of the flow, 
with a stationary assumption. When using a second order 
scheme time consuming simulations show a transient 
behaviour in a small portion of the modelled volume. 
Thermal heat transfer is modelled and the pressure drop 
over the porous pellet beds is dealt with by using an  
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isotropic momentum loss and linear and quadratic resistance 
coefficients CR1 and CR2 according to a Forchheimer 
assumption, see Table 3. The boundary conditions for the 
inlets and the outlets can be seen in Figure 5. 

Table 3 Linear and quadratic resistance coefficients 

Zone PH TPH 

CR1 105.15 77.872 
CR2 145.34 128.15 

Figure 5 Default flow boundary conditions 

 

3.3 SNCR/injection settings 

The simulations are carried out in such a way that the flow 
is computed neglecting the particles and then the particle 
equations are solved assuming that the particles do not 
influence the continuous phase except for the mass fraction 
that is two-way coupled. This can be done since the total 
injected solution mass flow is very small compared to the 
gas mass flow into the PH/TPH-zone. To exemplify,  
the injected aqueous urea for a normalised stoichiometric 
ratio of 2 is 0.16 kg/s, where the solution used consists of  
32 wt% urea. This is about 0.08% of the total gas flow 
entering the PH/TPH-zone, see Figure 5, and it is likely that 
any influence on variables such as velocity and temperature 
of the continuous phase can be neglected. Also notice that 
the aqueous ammonia used consistso of 25 wt% ammonia. 
Furthermore, the thermal energy heat transfer model was 
used with finite rate chemistry. The particles are one-way 
coupled with a Schiller Naumann drag force and a Ranz 
Marshall correlation for heat transfer. About 1000 droplets 
with a temperature of 26.85°C are injected at the sides of  
the PH-zone from each injection point. The mass flow of the 
reagent is changed depending on the reagent used and the 
normalised stoichiometric ratio urea NO(NSR 2 / ,n n=  where 

urean  is the injected moles of urea into the PH-zone and NOn  
is the number of moles NO originating from the kiln in the 
flue gases). The following parameters were varied when 
using urea: 

• Injection positions: 1, 2, 3, 4, 5 

• Injection velocity: 10, 20, 50 m/s 

• Injection cone angle: 15°, 30°, 45° 

• Particle diameter: 100, 300, 600 μm 

• NSR: 1, 2, 3 

• Angle of injection direction. 

The default settings used for the reagent injection is given  
in Table 4. 

Table 4 Default settings for injection of reagent 

Parameter Ammonia Urea 

Injection positions 1, 2 1, 2 
Injection velocity [m/s] 20 20 

Injection cone angle [°deg] 45 45 

Particle diameter [μm] 200 300 

NSR 2 2 
Angle of injection direction Normal to wall Normal to wall 
Solution [wt%] 25 32.5 

The injection is always done from four lances, the positions 
of which can be seen in Figure 6. 

Figure 6 The injection positions evaluated, the injection  
is always done from both sides 

 

3.4 Mesh independence 

It is important to know whether the solution is grid 
independent or not. It is not possible so far to do a grid 
study on the 3D-mesh since refining the mesh even more 
results in too time-consuming simulations as previously 
discussed. Therefore, a grid study was made on a 2D-model 
to give an indication of the mesh resolution required to 
capture the physical processes in the model, disregarding 
3D-effects that exist in reality. The same boundary 
conditions were applied as in the 3D-flow case with the 
exception that in the advection scheme High Resolution  
was used and it was run transient. Hence, the parameters 
scrutinised are averaged in time. The grid study was made 
with a 2D-model representing a vertical plane through the 
centreline of the 3D-model with the air channels on the top, 
see Figure 7. 

Figure 7 2D-model of PH- and TPH-zone including  
the pellet bed 
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Five hexahedral meshes were built with the number of cells 
ranging from about 7.000 to 212.000. The variable  
chosen to for investigation is the pressure recovery factor,  
Cp, which is an integrated quantity according to the 
following expression:  

out inout in
2

in

in

1 1d d
.

1
2

A A
p A p A

A ACp
Q
A

ρ

−
=  (12) 

In this equation A is the area, p is the total pressure, ρ is the 
average density over the whole domain and Q is the flow 
rate. The inlet is defined as the kiln inlet and the outlet is 
chosen as the outlet from the TPH-bed. The average grid 
size, h, is defined as: 

1/ 2

1

1 ( ) ,
N

i
i

h A
N =

= Δ  (13) 

where N is the total number of cells and A is the area. 

4 Results 

4.1 Mesh independence 2D-model 

The grid refinement study shows that the coarsest meshes 
are not in the asymptotic range, putting these simulations 
into jeopardy. On the other hand, making a polynomial of 
second order fit through the three finest meshes the true 
value is calculated to be –27.92, giving an error not more 
than about 0.7% for the mesh that differs the most from  
the assumed true value, see Figure 8. The mesh size for  
the coarsest mesh is an overall representative for the  
3D-simulation and can, therefore, be regarded as a rough 
estimate of the errors expected for these calculations. 
Returning to the problem that the mesh is not in the 
asymptotic range, it can be seen from Figures 9 and 10 that 
the overall flow behaviour despite this is captured in the 
coarsest mesh. The main difference as to flow features is 
that the length of the recirculation area that exists from the 
beginning of the PH-zone at the roof is less pronounced for 
the coarser meshes. It should also be noted that the 3D-mesh 
at the more important zones is closer to the finer 2D-meshes 
than the courser ones.  

Figure 8 Plot of the pressure recovery factor, Cp 

 

Figure 9 Streamlines coloured by velocity 

 

Figure 10 Plot of velocity x along a line ranging from the bed  
up to the roof just before the PH-bed begins 

 

4.2 Flow 3D-model 

When the flue gases from the kiln and the air from the  
air channels enter the grate, the flow becomes complex.  
The flue gas from the kiln is spread over the PH-bed as  
seen in Figure 11 and vortices emanate from the beginning 
of the PH-zone in the upper part. The vortices have the 
highest velocity at the beginning of the zone and weaken 
when moving further into the zone, as can be seen in 
Figures 12 and 13. It will turn out that the vortices  
have a large influence on where the reactions take place. 
The residence time becomes longer in the area of high 
vorticity and in the bulk down-stream closer to the  
TPH-zone.  

Figure 11 Velocity contours on a plane through the centreline  
of grate 
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Figure 12 Streamlines coloured by velocity 

 

Figure 13 Velocity vectors in a plane through the first injection 
position, seen from the TPH-zone 

 

4.3 Ammonia injection 3D-model 

No reduction is achieved when injecting ammonia. On the 
contrary a net production of NO is obtained. This is 
probably due to the high temperature, as well as the high 
oxygen level. The NO profile through the centreline of  
the grate is presented in Figure 14, where it can be seen 
where the NO is increasing. 

Figure 14 NO molar fraction on a plane through the centreline  
of the grate when injecting ammonia 

 

4.4 Urea injection 3D-model 

Using urea as reagent resulted in a reduction of NO, which 
will be presented as the mass flow of NO entering the beds 
in the two zones compared to the mass flow of NO leaving 
the kiln. The result for the different cases examined can be 
seen in Table 5. 

Table 5 Summary of NO-reduction for the cases studied 

Parameter Settings  
NO-reduction 

(%) 
Position 1, 2 38.5 
Position 2, 3 29.3 
Position 3, 4 24.4 

Variation  
of injection 
positions  

45°deg, 300 μm, 
20m/s, NSR = 2 

Position 4, 5 20.0 
10 m/s 35.6 
20 m/s 38.5 

Variation  
of injection 
velocity 

45°deg, 300 μm, 
NSR = 2, 
position 1 and 2 50 m/s 39.0 

15°deg 38.2 

30°deg 38.5 
Variation of 
cone angle 

300 μm, 20 m/s, 
NSR = 2, 
position 1 and 2 

45°deg 38.5 

100 μm 27.4 

300 μm 38.5 
Variation  
of particle 
diameter 

30°deg, 20 m/s, 
NSR = 2, 
position 1 and 2 

600 μm 35.1 
NSR = 1 24.6 
NSR = 2 38.5 

Variation  
of NSR 

30°deg, 300 μm, 
20m/s, position 
1 and 2 NSR = 3 42.6 

Normal 38.5 
Second 45°deg up 32.2 

Variation  
of angle of 
injection 
direction 

30°deg, 300 μm, 
20m/s, NSR = 2, 
position 1 and 2 

Both 45°deg up 32.2 

The first result from the simulations is that urea should be 
injected as close to the inlet to the PH-zone as possible,  
see Figure 15. Otherwise, the time for reaction becomes too 
short and a large part of the flue gases from the kiln has 
already passed through the bed earlier in the zone. The short 
reaction time gives high levels of HNCO and N2O at the 
inlet to the bed. The injection is, therefore, done from 
positions 1 and 2 in the rest of the simulations. 

Figure 15 Contour of the NO molar fraction on a plane going 
through the inlet of the beds 
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At the lowest injection velocity tested, the momentum of the 
droplets is too small to get any significant penetration into 
the domain, while the largest velocity results in adequate 
mixing but also more HNCO at the inlet to the bed since  
the particles from the second injection position nearly reach 
the bed. There is also an uncertainty about whether such  
a high injection velocity can be reached in a full-scale plant. 
A medium injection velocity of 20 m/s is thus used in the 
final sets of simulations. Notice that the reactions generated 
from the first injection position are accelerated by the 
vortices showed in Figure 13. With the particle size and 
injection velocity used the cone angle does not influence the 
NO-reduction or the concentration of HNCO/N2O at the bed 
inlets. When varying the droplet size it can be concluded 
that the droplets of size 100 μm are swept along the wall of 
the PH-zone by the continuous phase and the distance until 
the droplets are vapourised is short, while with the largest 
droplets the reactions take place close to the bed for the 
second injection point, which gives high levels of HNCO 
and N2O at the bed inlet as for the highest velocity of the 
droplets. In addition, a normalised stoichiometric ratio gives 
a larger reduction but, simultaneously, a larger amount of 
HNCO and N2O at the bed inlet.  

5 Conclusions 
A first model of SNCR-injection into a grate-kiln process 
has been successfully demonstrated. Although several 
simplifications are introduced into the geometry and on the 
description of the fluid flow it is shown that the flow in  
itself is complex. The main observations when adding  
the SNCR-technique are the short time available for reaction 
for urea and the slow decay of HNCO, as the reactions 
leading to N2O and CO can result in an increase of other 
emissions than NO. 

The present model indicates that the SNCR technique 
could be used in pelletising plants with urea as reagent 
while ammonia fails. Urea is better designed for the 
temperature, level of oxygen in a grate-kiln plant.  

Caton and Xia (2004) concluded, for instance, that 
ammonia is suitable for low oxygen concentrations while 
cyanuric acid adapts to high oxygen concentrations and urea 
to intermediate values.  
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1 Introduction 

A number of reagents may be used to decrease the content 
of nitric oxides (NO) in flue gases. This is important for 
several processes such as cement and waste incineration 
plants and a whole range of wood fired units. Typical 
reagents are ammonia and urea, which are often added to 
the flue gases through different kinds of nozzles. Of 
particular interest here is, however, injection of cyanuric 
acid (CA) with a technique called selective non-catalytic 
reduction (SNCR). Systems for NOx reduction can be 
divided into primary and secondary systems. Primary 
systems refer to a change in the combustion process and 
thus a reduction at the source. This can be exemplified with 
a modified air supply to the burner. Secondary systems 
eliminate NOx that has been formed. The most common 
secondary systems are SNCR and selective catalytic 
reduction (SCR), see Figure 1. The SCR system obviously 
uses a catalyser and both systems are selective since the 
reagent mainly reacts with the NO. The principle of the 
SNCR process is rather simple. A fluid reagent of a 
nitrogenous compound is injected into, and mixed with, the 
hot gas. The reagent then reacts with the NOx converting it 
to nitrogen gas and water vapour. The reagent reacts mainly 
with NOx, and not with other major components of the gas. 
The temperature window in which the reduction is efficient 
depends on a combination of several factors such as the 
composition of the flue gas, temperature, residence time and 
reagent used. 

NOx reduction by the usage of SNCR is commonly 
applied in cement and waste incineration plants and the 
technique was shown to work in iron ore grate-kiln 
pelletising plants for a certain temperature window, see 
Burstöm et al. (2010). It has been found that in addition to 
the temperature, the NOx profile and the extent of mixing 
between the reagent and the flue gases are important 
variables for a successful installation of the SNCR 
technique (Javed et al., 2007). Also the resident time within 
a predefined temperature window must be long enough. All 
these aspects have to be considered in order to achieve 
proper reduction. 

It is likely that CA is more suitable to use than urea to 
reduce NO in processes with high temperatures such as iron 
ore grate-kiln pelletising plants (Burstöm et al., 2010). 
Initial simulations with computational fluid dynamics 
(CFD) have, however, shown that a direct implementation 
of CA into a previously used model for gas phase SNCR-
chemistry for ammonia and urea does not produce the same 
results as the experimental data by Caton and Siebers 
(1989). To exemplify there are poor agreements as to 
reduction when varying O2 and H2O concentration in a 
reactor when injecting CA. 

 
 

Figure 1 Flow scheme for (a) SCR and (b) SNCR 

 
(a) 

 
(b) 

Hence, in this study, a new simplified CA SNCR-chemistry 
model has been developed and the flow through a reactor 
has been modelled with CFD. The aim is to investigate if 
the new SNCR-chemistry model can capture the 
experimental data better so it can be used to study reduction 
of NOx for other applications like the reduction of NOx in 
the iron ore grate-kiln pelletising process. 

In the following sections the theoretical setup of the 
reagents and the reactions are presented. Then the geometry, 
mesh and the settings used for the simulations of the flow 
are outlined. Thereafter follows the results, which are 
discussed and conclusions are drawn. 

2 Theory 

2.1 CA evaporation 

The CA is injected as a powder and the evaporation of the 
water does not have to be taken into account. Having this 
in-mind a couple of assumptions are introduced for the 
mechanism of CA sublimation/decomposition. To start with 
the sublimation/decomposition is modelled as: 
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where it is assumed that the first step is realised through 
sublimation following the relationship: 

/   1 / ssub dH RTk a e−Δ= ⋅  (2) 

where ΔsubH is the sublimation enthalpy and a = 1 ⋅ 1012. 
This is a large value indicating that the reaction is fast. 
Following Chickos and Acree (2002) this enthalpy is set to 
133 kJ/mol and assumed to be independent of temperature. 

2.2 Heat transfer 

The temperature of the particles injected is determined from 
the convective heat transfer from the carrier gas and the 
transfer coupled with the sublimation. The former is 
modelled with the following expression: 

( )c g g pQ d Nu T T= −  (3) 

where d is the diameter of the particles, λ the thermal 
conductivity and T the temperature. The subscripts g and p 
refer to the continuum gas phase and the particle, 
respectively. The Nusselt number, Nu, is computed from the 
empirical correlation by Ranz and Marshall (Ranz and 
Marshall, 1952a; Ranz and Marshall, 1952b) according to: 

1/2 1/32 0.6Re Pr ,Nu = +  (4) 

where the Prandtl number is defined as: 

,Pr .g p g

g

c=  (5) 

In this equation μg is the dynamic viscosity and cp,g is the 
specific heat capacity. The particle Reynolds number is 
calculated from the slip velocity in the following way: 

( )
Re

g p
p

g

u u d−
=  (6) 

where u is the gas velocity and up the particle velocity. 
A Mass Arrhenius approach is used to model the mass 

transfer in the numerical calculations since the mass transfer 
in step (1) in equation (1) is assumed to follow the 
mechanism of the sublimation multiphase reaction. The 
mass Arrhenius option in CFX uses analogous 
implementation for calculation of the mass transfer as used 
for single-phase reactions as will be outlined in the next 
subchapter. The only difference is that the former involves 
simultaneous phase change and conversion of the CA into 
CA gas. For more detailed information about the model 
please see Ansys CFX-Solver Modelling Guide (2009). 

2.3 SNCR chemistry 

A reduced global reaction mechanism for the gas-phase 
reduction of NO in flue gases by the rapid reduction of 
nitrogen oxides (RAPRENOx) process has been developed 
and compared with experimental data obtained by Caton 

and Siebers (1989) and Caton and Xia (2004). First a short 
introduction will be given about the modelling of the 
reactions in CFD in general. The equations involved in the 
chemistry are then shortly discussed to give an overall 
understanding on the fundamentals of the physics and 
chemistry in the process modelled. 

For a multicomponent fluid, as in this case, different 
scalar equations have to be solved for mass, momentum, 
energy and other properties. In addition the mass fraction of 
each species has to be derived in every local cell to 
determine how they vary within the fluid. Hence the 
following equations written in tensor notation needs to be 
solved: 

( ) ( ) ,,
,

  ( 1)         (2)           (3)           (4) (5) .

i
k i i k i ik

p k

Y
u Y Y R S

t c
∂

+ = + +
∂

+ = + +

 (7) 

The first term on the left-hand side is the transient term, 
which accounts for the rate of change of Yi. This is the local 
mass fraction of species i inside the control volume. The 
second term is the convection term, which gives the net rate 
of flow of Yi out of the element boundaries due to the 
velocity field. The third tem is the rate of change of Yi due 
to diffusion, or in other words the transport due to gradients. 
The fourth term is the rate of change due to reactions and 
the last term is a term that comprises all other sources 
except for the reaction source term. 

The reactions listed in Table 1 can also be expressed in 
the following manner: 

,

,
, ,

1 1

  
f r

b r

N Nk

i r i r
k

i i

v i v i
= =

′ ′′⇔  (8) 

where ,i rv′  is the stoichiometric coefficient for reactant i in 
the reaction r and ,i rv′′  is the same for the product i also in 
reaction r. The stand alone (large) i denotes the symbol of 
species i and the N is the number of species in the reactions. 

The rate of change due to reactions Ri can either be 
production or consumption of species i and is computed as 
the sum of the reaction rates for all the elementary reactions 
that the species in question is involved in. The reactions can 
be written as: 

,
1

RN

i i i r
r

R M R
=

=  (9) 

where Mi is the molecular weight of species i and Ri,r is the 
molar reaction rate of species i in the reaction r and NR is 
the number of reactions in the system that the species is 
involved in. 

The reaction rate Ri,r is given by: 

( ) [ ] [ ]
,

,

,

, , , , , ,
1 1

j rr
j r

i r

nNNr
n

i r i r f r j r b r j r
j j

R

v v k C k C
′′

′

= =

′′ ′= Γ − −∏ ∏  (10) 
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where Nr is the number of chemical species in reaction r, 
Cj,r is the molar concentration of the reactant and the 
product species j in the reaction r, ,j rn′  is the forward rate 
exponent and ,j rn′′  is the backward rate exponent for each 
reactant and product species j in reaction r. 

In some reactions a so-called third body can be required 
for the reaction to take place. The third body is denoted with 
an M that can be seen in several of the reactions in  
Table 1. The certain identity is not of importance but the 
concentration and the third body efficiency affects the rate 
of the reaction involved. In the reactions where a third body 
is involved the reaction rate is scaled by the factor Γ being 
defined by the following expression: 

,

rN

j r j
j

CΓ =  (11) 

where γj,r is the third body efficiency for species j for 
reaction r. 

The forward reaction rate coefficient kf,r, is derived from 
the Arrhenius equation according to: 

( ), exp /rb
f r r rk A T E RT= −  (12) 

where Ar is the pre-exponent, br the temperature exponent, 
Er the activation energy and R the universal gas constant. If 
there are reversible reactions the backward reaction rate kb  
is calculated from the expression: 

,
,

f r
b r

r

k
k

K
=  (13) 

where Kr is the equilibrium constant that is derived from the 
thermodynamic properties of the mixture. 

The reverse reaction rate can also be calculated by the 
same equation as the forward reaction rate if the parameters 
for the backward Arrhenius reaction rate are given. 

Ammonia and urea are commonly used as reagents in 
the SNCR process to reduce NO emissions with a rather 
narrow temperature window for a high efficiency,  
870°C–1,150°C. The advantage of urea as compared to 
ammonia is easier handling and storage of the reagent. 
Experimental observations (Alzueta et al., 1998; Rota et al., 
2002) have furthermore shown that the temperature window 
for efficient use of urea is, as compared with ammonia, 
shifted towards higher temperatures with the same ratio 
between the nitrogen in the reagent used and the NO in the 
emission gases. The NO is mostly formed from oxidation of 
nitrogen in the flue gas depending on the high temperatures 
that occur during the combustion. CA, the reagent that will 
be scrutinised in this study, is less commonly applied. It has 
been shown that different reagents can be more or less 
suitable depending on the condition in the injection zone. 
Caton and Xia (2004) concluded, for instance, that ammonia 
is more suitable for low oxygen concentrations while CA 
adapts to high oxygen concentrations and urea for 
intermediate values. Hence, CA is likely to be a good choice 
for processes with high temperatures and concentrations, 

which is the case for the iron ore grate-kiln pelletising 
process. 

A reaction kinetic model involving CA has been 
suggested by Brouwer et al. (1996) but the comparison to 
the experimental data of Caton and Siebers was ambiguous, 
the referred experimental results actually concerns 
ammonia, NH3. Initial simulations with this model to 
reproduce experimental data in the present study also 
yielded negative results. An improved or new model needs 
thus to be derived. 

The model used for RAPRENOx SNCR chemistry is 
based on the article by Glarborg et al. (1994) with some of 
the reactions rate taken from Rota et al. (2002) and Miller 
and Bowman (1991) to better fit the experimental data 
compared to the set of reaction rates given in Glarborg et al. 
(1994). In Table 1 the references are given to the origin of 
the rates and third-body efficiencies. This comprises the 
following three references Glarborg et al. (1994), Rota et al. 
(2002) and Miller and Bowman (1991). 

In the present work the decomposition of CA into 
HNCO in step (2) in equation (1) is modelled with: 

7 /6.3 10  1/ saE RTk e−= ⋅ ⋅  (14) 

where the activation energy Ea is 1.19E5 J/mole (Mercadier 
et al., 1994). 

The most important reactions for the HNCO pathway 
R1–6 was deducted from Rota et al. (2002) and following 
Burström et al. (2010) the same partial equilibrium model 
was applied as when using urea as reagent (Burström et al., 
2010). After that, R9–10 reactions were added to reproduce 
the influence of CO. It was however discovered that the 
partial equilibrium model did not handle the radicals O and 
OH in a correct fashion. Therefore a set of reactions R7–8 
and R11 was added to the reaction model. Adding R12–25 
improved agreement of process predictions with the 
experimental data. 

Additionally R12_1 was replaced with the 
corresponding reaction rate coefficient constants from 
Miller and Bowman (1991) together with that corresponding 
to R16 from Rota el al. (2002), which further improved 
quality of predictions, especially for the cases where water 
was added in the absence of CO. 

2.4 Aerodynamics 

Since the Reynolds number in the main reactor is just above 
100 the flow is laminar resulting in the following governing 
equations for the motion of a compressible fluid: 

( ),i miu S
t

∂ + =
∂

 (15) 

( ) ( ) , ,,

    (1)         (2)         (3)  (4)

i
j i i ji j Mij

u
u u p S

t
∂

+ = − + +
∂

+ = +
 (16) 

( ) ,,
,

( )
j j E Rj

p j

h u h h S S
t c

∂ + = + +
∂

 (17) 



 A validated CFD model for prediction of selective non-catalytic reduction of nitric oxide by cyanuric acid 5 

where ui is the velocity vector, t the time, p the pressure ρ 
the density,  the viscous stress, h the enthalpy and  the 
thermal conductivity. Sm is the mass added to the continuous 
phase from the dispersed Lagrangian phase, SM is a 
momentum source, that include body forces such as gravity 
and drag and in a similar manner SE is an exchange term for 
energy between the Lagrangian and Eulerian phase and SR 
is due to chemical heat release. In a similar way as for 
equation (7) the first term is a transient term, in this case the 
local acceleration, the second term is the convective 
contribution, the third term the pressure gradient and the 
fourth is the viscous term. The simulations performed in this 
paper were assumed to be stationary so the first terms in 
(15) to (17) are not accounted for. 

3 CFD modelling 

Now when the details about the reagent and the reactions 
have been sorted out and the equations for the flow 
presented, the CFD model will be described. The CFD-
model studied is designed to mimic the experiments by 
Caton and Siebers (1989), see Figure 2. The CFD-model 
consists of a flow reactor that can be divided into a 
vaporiser, a preheater and a main reactor. The flow reactor 
has a diameter of 16.5 mm. At the end of both the preheater 
and the vaporiser the gas flows into the main reactor 
through orifices with a diameter of 1.6 mm. Since the only 
information given is that these orfices are located near the 
top of the tube (Caton and Siebers, 1989) it has been 
assumed that the orifice centre is located 1/8 of the tube 
diameter from the top of the tube. 

Table 1 Kinetic mechanism for SNCR by CAa 

 Reaction A b E Reference 

R1 HNCO +OH ↔ NCO + H2O 6.4E–01 2.00 10,715.776 (Glarborg) 

R2 NCO + NO ↔ N2O + CO 6.2E+11 –1.73 3,193.80355 (Glarborg) 

R3 NCO + NO ↔ N2 + CO2 7.8E+11 –1.73 3,193.80355 (Glarborg) 

R4 NCO + O2 ↔ NO + CO2 2.0E+06 0 83,717 (Glarborg) 

R5 NCO+M ↔ N + CO +M 3.1E+10 –0.50 200,920.8 (Glarborg) 

R6 NCO +O ↔ NO + CO 4.7E+07 0 0 (Glarborg) 

R7 H +O2 ↔ O + OH 1.7E+08 0.00 67,526.1322 (Glarborg) 

R8 OH +OH ↔ H2O + O 9.2E+03 0.77 –284.6378 (Glarborg) 

R9 CO + OH ↔ CO2 +H 1.5E+01 1.30 –3,202.17525 (Glarborg) 

R10 CO + O2 ↔ CO2 +O 2.5E+06 0.00 199,665.045 (Glarborg) 

R11 O + O +M↔ O2 + M 1.9E+01 0.00 –7,484.2998 (Glarborg) 

R12_1 H + O2 + M ↔HO2 + M 3.61E+05 –0.72 0 (Miller) 

R12_2 H + O2 + N2 ↔ HO2 + N2 6.7E+07 –1.42 0 (Glarborg) 

R12_3 H + O2 + H2O ↔HO2 +H2O 2.4E+04 0.00 –4,185.85 (Glarborg) 

R13 HO2 +H ↔ H2 + O2 6.3E+07 0.00 8,899.1171 (Glarborg) 

R14 HO2 +H ↔ OH + OH 1.7E+08 0.00 3,662.61875 (Glarborg) 

R15 HO2 +O ↔ OH+O2 1.8E+07 0.00 –1,674.34 (Glarborg) 

R16 HO2 + OH↔ H2O + O2 2.9E+07 0.00 –2,080.36745 (Rota) 

R17 HO2 + HO2 ↔ H2O2 + O2 1.3E+05 0.00 –6,822.9355 (Glarborg) 

R18 HO2 + HO2 ↔ H2O2 + O2 4.2E+08 0.00 50,146.483 (Glarborg) 

R19 HNCO + O ↔ NH + CO2 9.6E+01 1.41 35,663.442 (Glarborg) 

R20 HNCO +O2 ↔ HNO + CO2 1.0E+06 0.00 146,504.75 (Glarborg) 

R21 NCO + HCO ↔ HNCO + CO 3.6E+07 0.00 0 (Glarborg) 

R22 NO2 + M ↔ NO + O +M 7.0E+08 0.00 221,850.05 (Glarborg) 

R23 NO + HO2 ↔ NO2 +OH 2.1E+06 0.00 –2,009.208 (Glarborg) 

R24 NO2 + O ↔ NO + O2 1.0E+07 0.00 2,511.51 (Glarborg) 

R25 N2O + M ↔ N2 + O + M 4.0E+08 0.00 234,826.185 (Glarborg) 

Note: aUnits of A are m-mol-s-K and for E units are J/mol. 
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Figure 2 Schematic of the experiment based on a figure in  
Caton and Siebers (1989) 

 

All the walls are modelled as smooth adiabatic walls except 
for the first 0.368 m of the reactor where the reactor 
temperature from the experiments is set on the walls.  
Based on this data the virtual model of the 
vaporiser/preheater/reactor is built, see Figure 4 where it 
can be noticed that the flue gas enters through the preheater. 

3.1 Mesh 

The final mesh used consists of 104 k nodes and is built 
from tetrahedral cells as shown by the horizontal 
intersection through the centreline of the reactor presented 
in Figure 3. The mesh is refined at the orifices and at the 
walls separating the vaporiser and preheater from the 
reactor. 

3.2 Boundary conditions 

The CA was injected as a solid powder, fed from an 
imaginary syringe into the heated region upstream the 
reactor. The heated region acts as a vaporiser in which the 
CA sublimes before it enters the main reactor. 

The mass flow rate was constant in each experimental 
setup in Caton and Xia (2004) and consequently the 
residence time varied with the temperature. The mass flow 
was calculated in the same way as in Caton and Xia (2004), 
see equation (18), with the residence time 0.85 s at 1,025 K, 
the upper range inlet species concentrations for CO and H2O 
and the middle value of O2 in Table 2 

act

res

Volm ⋅=  (18) 

where Vol is the reactor volume, ρact is the actual gas 
density and τres is the residence time. Worth mentioning is 
that the values given for the inlet species are taken after 
mixing in the main reactor. 

The oxygen concentration was assumed to be 1.9% for 
the given residence times in Caton and Xia (2004). The 
residence time for 1,025 K is about 1.2 s for the whole 
reactor. The mass flow distribution between the vaporiser 
and preheater was applied according to Caton and Siebers 
(1989): 

0.2
1.2vaporizer

slpmm m
slpm

= ⋅  (19) 

Pr
1.0
1.2eheater

slpmm m
slpm

= ⋅  (20) 

where 53 10   kg / sm −= ⋅  results in that 1/6 of the flow 
originates from the vaporiser and 5/6 from the preheater. 
The carrier gas in the vaporiser was in its turn calculated as: 

,  .vaporizer carrier gas vaporizer CAm m m= −  (21) 
 

Figure 3 (a) A horizontal intersection at the centreline of the reactor showing the mesh used in the simulations (b) Zoomed figure of the 
intersection between the vaporiser/preheater/reactor (c) An intersection through the centreline of the orifice between vaporiser 
and reactor (see online version for colours) 
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Figure 4 Virtual model of the vaporiser/preheater and reactor 

 

Table 2 Conditions used in the simulation to mimic the 
experiments 

Parameter 
Agent Cyanuric acid 
Phase of agent Solid 
CA vaporiser  
 Inlet temperature 740 K 
Preheater  
 Inlet temperature 720 K 
Reactor 
Inlet species concentrations: 
 CA (ppm) 470 
 CO (ppm) 0 or 1,260 
 H2O (%) 0 or 4.5 
 O2 (%) 0, 1.9 or 12.3 
 NO (ppm) 330 
   

Analysis of the set-up in Caton and Siebers (1989) 
furthermore yields that only N2 was used as carrier gas. 

The outlet temperatures given in Caton and Siebers 
(1989) for the vaporiser and preheater are also used as the 
input temperature to the preheater and the vaporiser, see 
Table 2. The inlets are set as mass flow inlets with mass 
flows given from equation (20) and 21. The outlet is set as a 
pressure outlet with the average static pressure zero Pa. 

The inlet CA concentration was selected in such a way 
that the NO reduction was as close to the maximum as 
possible for all conditions (Siebers and Caton, 1990). 

3.3 SNCR/injection settings 

Normalised stoichiometric ratio (NSR) is used to describe 
the ratio of the reagent versus the NO. Since CA 
decomposes to isocyanuric acid (HNCO), which is the 
active agent being involved in the chemistry, and hence the 
NSR used in this article is referred to HNCO. In the 
experiments the NSR corresponding to isocyanuric acid and 
CA was 4.27 and 1.42, respectively. The NSR 
corresponding to HNCO is calculated according to: 

( )3 /3
/

CA CACA
HNCO

NO NONO

m MNNSR
m MN

⋅= =  (22) 

where M is the molecular weight of CA and NO. 
Furthermore, the thermal energy model is applied 

including finite rate chemistry (Ansys CFX-Solver Theory 
Guide, 2009). The particles are two-way coupled with the 
Schiller Naumann drag force and a Ranz Marshall 
correlation for the heat transfer. About 1,000 CA particles 
with the diameter 150 μm with a temperature of 300 K are 
injected at the inlet to the vaporiser with a zero slip velocity. 

3.4 Solver set-up 

ANSYS CFX12.1 was used for the numerical simulations 
and the simulations where carried out on a PC-cluster with a 
capacity of more than 250 nodes. A previous study has 
shown that CFX parallelise very well on this cluster 
(Hellström et al., 2007). The full Navier-Stokes equations 
are solved for the boundary conditions given in Table 2. The 
mass flow is as mentioned before constant for all cases and 
all gases are treated as being ideal. All simulations were 
carried out with a high-resolution advection scheme and 
with a stationary flow assumption. 

During the simulations all concentrations and variables 
were tracked in several monitor points throughout the 
domain to ensure a converged solution. These points are 
defined in Figure 5. Grid refinement studies were also 
carried out and to exemplify runs with 62 k and 104 k nodes 
resulted in 12.1386 ppm and 12.1535 ppm NO at the outlet, 
respectively. Hence, the difference is only about 0.12%. For 
CO, being of less importance for this study, the grid 
dependence is somewhat larger (max 5.5 %) for the grids 
studied. 

Figure 5 Monitor points throughout the domain (see online 
version for colours) 

 

4 Results 

To start with the influence of wall interaction on the 
particles in the horizontal part of the vaporiser was 
investigated. This is done to reveal the importance of this 
mechanism on the processes in the main reactor. There was 
no noticeable difference in effluent gases when changing 
the restitution coefficients to mimic the cases of loosing 
50%, 75% or 90% of the velocity perpendicular and parallel 
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to the wall after hitting it. Based on the fact that there is no 
difference at the species at the reactor outlet it is from now 
on assumed that the particles do not lose velocity when 
hitting the walls. This implies that in the rest of the 
simulations the particle bounces against the walls in the 
horizontal part of the vaporiser until they get fully sublimed. 

4.1 Comparison to experiments 

Simulations with the model developed are here compared to 
the experiments by Caton and Siebers (1989) and Caton and 
Xia (2004) when concentrations of H2O, CO and O2 are 
varied. As a performance indicator the NO reduction is 
used, defined as: 

 1 100 (%)out

in

NONO reduction
NO

= − ⋅  (23) 

where NOout is the mass flow of NO out of the reactor and 
NOin is the NO entering the reactor. 

For an O2-concentration of 1.9% the model captures the 
reduction well up to 1,100 K with 4.5% H2O and 1,260 ppm 

CO. Above that temperature the reduction is higher in the 
simulations than in the experiments but the trend indicated 
by experimental data seems to be reproduced, see Figure 6. 
For 4.5% H2O and 0.0 ppm CO the trend is captured but the 
reduction seems to be shifted about 50 K toward higher 
temperatures. The model only fails to predict the reduction 
with 0.0% H2O. 

Figures 6 and 7 show the NO reduction for the three 
different combinations of H2O and CO concentrations. The 
figures correspond to two different O2-concentrations, 1.9% 
and 12.3%. Notice that simulations are presented for 
temperatures up to 1,550 K mimicking maximal 
temperatures used in the grate-kiln process, while there is 
no experimental data to validate conversion progress above 
1,340 K. It is still interesting to disclose the behaviour of the 
model in the larger range of T and discuss its credibility also 
for relatively large T. According to suggestions by Caton 
and Siebers (1989) the NO reduction may be significant at 
temperatures above 1,350 K. This is confirmed by the 
simulations, see Figures 6 and 7. Notice that only the case 
with 0.0% H2O is an exception. 

Figure 6 NO reduction using CA as a function of reactor temperature at O2 = 1.9% and NO = 330 ppm (see online version for colours) 

 
Source: The experimental data is plotted from Caton and Siebers (1989) 

Figure 7 NO reduction using CA as a function of reactor temperature at O2 = 12.3% and NO = 330 ppm (see online version for colours) 

 
Source: The experimental data is plotted from Caton and Siebers (1989) 
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Figure 8 Species concentrations as a function of reactor temperature at O2 = 12.3%, H2O = 4.5%, CO = 1,260 ppm and NO = 330 ppm 
(see online version for colours) 

 
Source: The experimental data originates from Caton and Siebers (1989) 

Figure 9 NO reduction as a function of oxygen concentration at 1,200 K with H2O = 4.5%, CO = 1,260 ppm and NO = 330 ppm  
(see online version for colours) 

 
Source: The experimental data originates from Caton and Xia (2004) 

 
Increasing the O2 concentration to 12.3% does not change 
the overall reduction behaviour (see Figure 7). However the 
reduction window is shifted towards lower temperature in 
the experiments as well as in the simulations. For higher O2 
concentration the NO reduction is increased and initiated 
about 50 K earlier in the temperature cycle for both 
combinations of H2O and CO concentrations compared to 
that obtained for the lower O2 concentration. The increased 
NO reduction is not captured correctly but it seems that the 
shift in temperature for the maximum reduction temperature 
is reproduced well. Also for higher concentration of O2 the 
model fails to predict the case with 0% H2O. 

Adding CO lowers the reduction temperature window in 
a similar manner as for O2. This effect is present in the 
experiments and captured by the simulations. There is also a 
general trend of increased NO reduction when adding more 
CO that also is reproduced by the simulations. 

Another measure that can be used to validate the model 
is the concentration of different species at the reactor outlet. 
The trends of concentration changes as a function of reactor 

temperature are in general reproduced correctly as well as 
the maximum NO reduction, see Figure 8 for the case with 
12.3% O2, 4.5% H2O and 1,260 ppm CO. A small 
discrepancy is the decrease in HNCO concentration that is 
shifted towards higher temperature. The peak of the N2O 
concentration is not as large in the simulations as in the 
experiments. This can be explained by higher than predicted 
conversion of HNCO to N2O, but as in the experiment, the 
simulated N2O concentration decreases at temperature 
above 1,200 K as the CO2 goes to a constant value and the 
NO increases. 

With a focus on the NO reduction as a function of the 
oxygen concentration it can clearly be seen that the 
reduction is over predicted for the 1.9% O2 concentration 
case, see Figure 9. A final remark is that since the maximum 
O2 concentration used is 12.3%, this percentage may serve 
as an upper limit for the validity of the model. 
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5 Conclusions 

A model for CA as NO reducing agent has been derived and 
validated. The validation was carried out by comparing 
experiments and simulations of the flow in a simple reactor. 
The objective was to determine if a derived reaction model 
can capture several experimentally derived trends. This 
includes high O2 concentrations in the presence of H2O in 
the flue gases, as this is one typical state in the grate-kiln 
process. The parameters that were varied were the reactor 
temperature and the concentration of O2, CO and H2O. 
Almost all of the trends of NO reduction and species 
concentration as a function of temperature from the 
experiments were reproduced by the numerical model. The 
agreement is especially good for high O2 concentrations but 
the model failed to reproduce the reduction in the absence 
of H2O. The results indicate that CA is appropriate to use at 
higher temperatures and high oxygen concentration. 
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1 Introduction 

The flow through a grate in an iron ore pelletising plant is 
modelled with computational fluid dynamics (CFD) to 
investigate the function of different reagents in the reduction 
of emissions of nitric oxide (NO). One focus is the injection 
of urea and cyanuric acid (CA) using a technique called 
selective non-catalytic reduction (SNCR). 

In the iron ore pelletising process, the ore is ground 
down by several stages into slurry, and unwanted 
components are removed. The slurry is pumped to the 
pelletising plant where it is de-watered with filters and 
mixed with binders and additives. The mixture is then fed 
into balling drums or disks in which the ore is rolled into 
balls, and the so-called green pellets are then loaded into the 
grate-kiln, as shown in Figure 1. 

The four stages of the grate-kiln process are: drying, 
heating, firing, and cooling. These stages are shown in 
Figure 2. In the first stage, the green pellets are dried by 
forcing air through the pellet bed, first in the upwards 
direction via up draught drying (UDD), then downwards via 

down draught drying (DDD) (Ljung et al., 2011a, 2011b). In 
the second stage, the green pellets are heated in the 
tempered preheat (TPH) zone to approximately 1,000 C and 
then in the preheat (PH) zone to approximately 1,100 C. In 
the third stage, the green pellets are fed into a rotating kiln 
in which the temperature is raised to 1,250 C to sinter the 
green pellets with the aid of a burner that is fuelled by coal, 
gas or oil. The burner releases several gaseous emissions, 
including nitrogen oxide. The regulations for such emissions 
are becoming more stringent simultaneously with an 
anticipated rise in the production rate. Hence, there is an 
immediate need to reduce the fraction of emissions per ton 
of pellets produced. In the last stage, the pellets are cooled 
in an annular cooler, supplying the rest of the system with 
heated air.  

In this study, the flows in the TPH and PH zones are 
modelled because these are expected to be the proper 
locations for adding reagents that may reduce the emissions 
from the burner without affecting the production. 

Figure 1 Principle of a typical pelletising plant 

 



34 P.E.C. Burström et al.  

Figure 2 Main components of a typical grate-kiln plant 

 

 
Among the techniques available for the reduction of NOx, 
focus is here set on SNCR. The concept behind this 
technique is the injection of a nitrogenous compound 
reagent that mixes with the hot gas. The reagent then reacts 
with the NO, converting it into nitrogen gas and water 
vapour. SNCR is selective because the reagent reacts mainly 
with NO and not with other major components of the gas. 
The temperature, the NO profile and the extent of mixing 
between the reagent and the flue gases are the important 
variables for a successful installation of the SNCR 
technique (Javed et al., 2007). Additionally, the residence 
time within a predefined temperature window must be 
sufficiently long. All of these aspects must be considered to 
achieve an effective NO reduction. 

Nothing has to the authors’ knowledge been published 
on NOx reduction by usage of CA and the SNCR-technique 
in grate-kiln plants while it has previously been shown that 
urea can be used as a suitable reagent for certain processing 
conditions (Burström et al., 2010). To further generalise 
these results, however, it is necessary to extend the study to 
higher temperatures and to additional reagents. A driving 
force for this effort is that different grate-kiln plants operate 
at different temperatures, and because the temperature 
window for the SNCR technique is narrow, it is critical to 
characterise the temperature window to be able to decide 
how to apply the SNCR-technique and how to choose the 
reagent for different plants. A chemistry model for CFD 
with CA was developed in Burström (2012) and it was 
shown that CA might be an attractive alternative especially 
for higher temperatures and oxygen concentrations. 

In the following, the theoretical setup of the reagents 
and the reactions are presented. Then, the geometry, mesh 
and settings used for the simulations of the flow are 
outlined. Finally, the results are discussed, and conclusions 
are drawn. 

2 Theory 

2.1 Urea evaporation 

The urea evaporation/decomposition process is not fully 
understood, and several assumptions must be introduced 
when modelling this process (see Birkhold et al., 2007; 
Burström et al., 2010). One main assumption is that the 
aqueous urea solution is assumed to heat up to the point at 
which the water evaporates. When all of the water is 

completely evaporated, the thermal breakdown of urea is 
initiated according to: 

2 2 2 22

2 22 2

2 32

1) (NH ) CO(aq) NH CO(l) H O(g)

2) NH CO(l) NH CO(g)

3) NH CO(g) NH (g) HNCO(g).

 (1) 

The liquid evaporation model used here handles the 
evaporation of water in step (1). The rate of sublimation in 
the step (2) is assumed to follow the relationship: 

/ 1 /sub dH RTk a e s  (2) 

where a = 1· 1012, and the heat of sublimation subH is set to 
87.4 kJ/mol (Birkhold et al., 2007). 

2.2 CA evaporation 

Several additional assumptions are introduced for the CA 
sublimation/decomposition reaction, according to Burström 
(2012). The CA is injected as a powder since it is not 
soluble in water to any considerable degree (Caton and Xia, 
2004), therefore, there is no evaporation of water. Instead, 
the sublimation/decomposition is modelled in the following 
manner:   

3 3

3

1) (CNOH) ( ) (CNOH) ( )
2) (CNOH) ( ) 3HNCO( )

s g
g g

 (3) 

where it is assumed that the first step is realised via 
sublimation following the relationship: 

/ 1 /sub dH RTk a e s  (4) 

where a = 1· 1012 and subH  is the sublimation enthalpy. 
The large value of a indicates that the reaction is fast. Using 
the results in Chickos and Acree (2002), subH is fixed to 
133 kJ/mol and thus assumed to be independent of 
temperature. 

2.3 Heat and mass transfer 

The convective heat transfer from the flue gases, the transfer 
coupled with the latent heat of vaporisation/sublimation, 
depending on the reagent and radiation from the walls of the 
grate, control the temperature of the injected particles. The 
convective heat transfer is expressed as: 
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c g g pQ d Nu T T  (5) 

where d is the particle diameter,  the thermal conductivity 
and T the temperature. The subscripts g and p refer to the 
continuous gas phase and the particle, respectively. The 
Nusselt number, Nu, is derived from the empirical 
correlation suggested by Ranz and Marshall (1952a, 1952b): 

1/2 1/32 0.6Re Pr ,Nu  (6) 

where the Prandtl number is defined as: 

,Pr .g p g

g

c
 (7) 

In expression (7), g is the dynamic viscosity and cp,g is the 
specific heat capacity. The Reynolds number is derived 
from the slip velocity according to: 

Re
g p

g

u u d
 (8) 

where u is the gas velocity and up is the particle velocity. 
The evaporation of the water in the urea-water droplet is 

estimated with a liquid evaporation model. The model uses 
one of two mass transfer correlations depending on whether 
the droplet has reached the boiling point. The boiling point 
is determined by the Antoine equation: 

expsat ref
Bp p A

T C
 (9) 

where A, B and C are empirical coefficients, and pref is the 
reference pressure. If the vapor pressure is higher than the 
gaseous pressure, the droplet is assumed to boil, and the 
mass transfer is determined by the latent heat of 
vaporisation: 

.
c rdm Q Qm

dt V
 (10) 

where V is the latent heat of evaporation and Qc is the 
convective heat transfer and Qr is the radiative heat transfer. 
If the droplet temperature is below the boiling point, the 
mass transfer is instead given by: 

. 1log
1

c
F

g g

dm W Xm dD Sh
dt W X

 (11) 

where the subscript g refers to the gas continuum mixture 
surrounding the droplet and the subscript c denotes the  
gas-phase properties of the evaporating component. The 
variable W is the molecular weight, d is the droplet 
diameter, DF is the dynamic diffusivity of the mass fraction 
in the continuum, and Xg is the molar fraction vapor in the 
gas phase and X is the equilibrium mole fraction of water at 
the droplet surface. The Sherwood number is calculated as: 

1/2 1/32 0.6 ReSh Sc  (12) 

where the Schmidt number is derived from: 

.g

c c
Sc

D
 (13) 

The model does not account for condensation; hence, the 
mass transfer rate defined by equation (11) can only be 
negative, and the current version of the model is only 
suitable for one-component mass transfer systems.  

For the simulation with urea as a reducing agent, a 
modified version of the liquid evaporation model is 
introduced that is designed for the evaporation of oil 
droplets (see ANSYS CFX-Solver Theory Guide, 2009). 
This tactic is applied because the approach to calculate the 
averaged properties with the modified version of the liquid 
evaporation model is similar to the derivation of the 
multiphase reaction mechanism for urea. This implies that 
the variables used are based on both the volatile component 
and the bulk fluid at the surface of the particle, without a 
modification the local fluid bulk properties will be used. 

A mass Arrhenius approach was applied to model the 
mass transfer in the simulations since the mass transfer in 
step (2) in equation (1) and step (1) in equation (3) was 
assumed to be modelled with sublimation multiphase 
reactions. The multiphase reaction acts in the same manner 
as the single-phase Arrhenius reaction, as will be explained 
in the next subchapter. The only difference is that the 
former involves a simultaneous phase change and 
conversion of the CA into CA gas. For more detailed 
information on the model, please see Ansys CFX-Solver 
Modeling Guide (2009). 

2.4 SNCR chemistry 

Ammonia and urea are commonly used as the reagents in 
the SNCR process to reduce NO emissions, but the 
temperature window for high efficiency is rather narrow, 
i.e., in the range of 870–1,150 C. The advantages of urea as 
compared to ammonia are that urea allows easier handling 
and storage of the reagent. Furthermore, experimental 
observations (Alzueta et al., 1998; Rota et al., 2002) have 
shown that the temperature window for efficient use of urea 
is, as compared to ammonia, shifted toward higher 
temperatures with the same ratio between the nitrogen in the 
reagent used and the NO in the emission gases. Regarding 
the performance as a function of oxygen concentration, it 
has been shown that urea is most effective for intermediate 
concentrations of oxygen, while CA is appropriate for high 
concentrations (Caton and Xia, 2004). Therefore, CA has 
the potential to both increase the temperature and oxygen 
window and to contribute to the palette of reagents that can 
be used in the SNCR process. 

The forward rate constant, regardless of the reagent, is 
modelled by the Arrhenius equation: 

exp( / )b
fk AT E RT  (14) 

where A is the pre-exponent, b the temperature exponent, E 
the activation energy and R the universal gas constant. If 
there are reversible reactions, the backward rate constant kb 
is calculated from the expression: 
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f
b

k
k

K
 (15) 

where K is the equilibrium constant that is computed from 
the thermodynamic properties of the mixture. 

Following Burström et al. (2010), the reduced kinetic 
model developed by Brouwer et al. (1996) was applied to 
model the SNCR chemistry with the urea. The model is a 
seven-step reduced kinetic mechanism, as outlined  
in Table 1. An often-used assumption is that the 
decomposition of the urea in an SNCR process is 
instantaneous (Brouwer et al., 1996; Nguyen et al., 2008). In 
this work, however, the urea is decomposed into ammonia 
and HNCO, as shown in Table 2 (i.e., the same model as in 
Rota et al. (2002)). 

The reduced kinetic model of Brouwer was first tested 
for CA, but initial simulations with the model yielded 
negative results when compared to the experimental data 
(Burström, 2012). To exemplify there are poor agreements 
as to reduction when varying O2 and H2O concentration in a 
reactor when injecting CA. Therefore, a new model for 
SNCR with CA was developed and is shown in Table 3 

(Burström, 2012). This RAPRENOx SNCR chemistry is, in 
essence, copied from Glarborg et al. (1994) with some of 
the reaction rates taken from Rota et al. (2002), and Miller 
and Bowman (1991) to better fit the experimental data. The 
reactions selected were the minimum numbers necessary to 
reproduce the experimental data for CA as reported in Caton 
and Siebers (1989). The parameters that were varied was the 
reactor temperature and the concentrations of O2, CO and 
H2O. The agreement turns out to be especially good for high 
O2 concentrations but the model fails to reproduce the 
reduction in the absence of H2O. In Figure 3 below a typical 
comparison against experiments can be seen for a high 
concentration of O2. 

In this work, the decomposition of CA into HNCO in 
step (2) in equation (3) is modelled with: 

7 /6.3 10 1/aE RTk e s  (16) 

where the activation energy Ea is 1.19E5 J/mole (Mercadier 
et al., 1994). 

Figure 3 NO reduction using CA as a function of reactor temperature at O2 = 12.3% and NO = 330 ppm (see online version for colours) 

 

Table 1 Seven-step reduced kinetic SNCR mechanism for ureaa 

 Reaction A b E 

Brouwer reaction 1 NH3 + NO  N2 + H2O + H 4.24E+02 5.30 349,937.06
Brouwer reaction 2 NH3 + O2  NO + H2O + H 3.50E-01 7.65 524,487.005 
Brouwer reaction 3 HNCO +M  H + NCO +M 2.40E+08 0.85 284,637.8 
Brouwer reaction 4 NCO + NO  N2O + CO 1.00E+07 0 –1,632.4815 
Brouwer reaction 5 NCO + OH  NO + CO + H 1.00E+07 0 0 
Brouwer reaction 6 N2O + OH  N2 + O2 + H 2.00E+06 0 41,858.5 
Brouwer reaction 7 N2O +M  N2 + O +M 6.90E+17 –2.50 271,075.646 

Note: aUnits of A are m-mol-s-K and for E, units are J/mol. 
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The normalised stoichiometric ratio (NSR) is used to 
describe the ratio of the reagent to the nitric oxide. For CA, 
two different ratios can be applied: the ratio of CA to NO or 
the ratio of isocyanuric acid (HNCO) to NO. The reason for 
this is that CA decomposes into HNCO (see Eq. 3), which is 
the active agent that is involved in the chemistry. For this 
reason, the latter description is used in this article according 
to: 

3 /3
/

CA CACA
HNCO

NO NONO

m MNNSR
m MN

 (17) 

where M is the molecular weight of CA and NO. In a 
similar manner, the NSR for urea is expressed as: 

2 /2
/

Urea UreaUrea
Urea

NO NONO

m MNNSR
m MN

 (18) 

where in both cases, the molar flow of the reagent N  is the 
number of moles injected into the PH zone and NON  is the 
number of moles originating from the kiln in the flue gases. 

 

Table 2 Two-step urea decomposition modela 

Reaction A b E 

CO(NH2)2  NH3 + HNCO 1.27E+04 0 65,048.109 
CO(NH2)2 + H2O  2NH3 + 
CO2 

6.13E+04 0 87,819.133 

Note: aUnits of A are m-mol-s-K and for E, units are 
J/mol. 

To deal with the radicals in the reactions involving urea, a 
few assumptions of equilibrium are introduced according to 
(Baulch et al., 1992; Löffler et al., 2005; Westbrook and 
Dryer, 1984): 

2OH + M  O + H2O + M, which gives 

[OH] = 212.9 T–0.57 e–4595/T [O]1/2 [H2O]1/2 mol/m3. 

The O radicals are accounted for according to the following 
approach (Löffler et al., 2005; Warnatz, 1990): 

O2 + M  O + O + M, resulting in 

[O] = 36.64 T1/2 e-27123/T [O2]1/2 mol/m3 

where [ ] denote molar concentration. 

Table 3 Kinetic mechanism for SNCR by cyanuric acida 

 Reaction A b E Reference 
R1 HNCO +OH  NCO + H2O 6.4E-01 2.00 10,715.776 (Glarborg) 
R2 NCO + NO  N2O + CO 6.2E+11 –1.73 3,193.80355 (Glarborg) 
R3 NCO + NO  N2 + CO2 7.8E+11 –1.73 3,193.80355 (Glarborg) 
R4 NCO + O2  NO + CO2 2.0E+06 0 83,717 (Glarborg) 
R5 NCO + M  N + CO +M 3.1E+10 –0.50 200,920.8 (Glarborg) 
R6 NCO +O  NO + CO 4.7E+07 0 0 (Glarborg) 
R7 H +O2  O + OH 1.7E+08 0.00 67,526.1322 (Glarborg) 
R8 OH + OH  H2O + O 9.2E+03 0.77 –284.6378 (Glarborg) 
R9 CO + OH  CO2 +H 1.5E+01 1.30 –3,202.17525 (Glarborg) 
R10 CO + O2  CO2 +O 2.5E+06 0.00 199,665.045 (Glarborg) 
R11 O + O + M  O2 + M 1.9E+01 0.00 –7,484.2998 (Glarborg) 
R12_1 H + O2 + M  HO2 + M 3.61E+05 –0.72 0 (Miller) 
R12_2 H + O2 + N2  HO2 + N2 6.7E+07 –1.42 0 (Glarborg) 
R12_3 H + O2 + H2O  HO2 + H2O 2.4E+04 0.00 –4,185.85 (Glarborg) 
R13 HO2 + H  H2 + O2 6.3E+07 0.00 8,899.1171 (Glarborg) 
R14 HO2 + H  OH + OH 1.7E+08 0.00 3,662.61875 (Glarborg) 
R15 HO2 + O  OH + O2 1.8E+07 0.00 –1,674.34 (Glarborg) 
R16 HO2 + OH  H2O + O2 2.9E+07 0.00 –2,080.36745 (Rota) 
R17 HO2 + HO2  H2O2 + O2 1.3E+05 0.00 –6,822.9355 (Glarborg) 
R18 HO2 + HO2  H2O2 + O2 4.2E+08 0.00 50,146.483 (Glarborg) 
R19 HNCO + O  NH + CO2 9.6E+01 1.41 35,663.442 (Glarborg) 
R20 HNCO + O2  HNO + CO2 1.0E+06 0.00 146,504.75 (Glarborg) 
R21 NCO + HCO  HNCO + CO 3.6E+07 0.00 0 (Glarborg) 
R22 NO2 + M  NO + O + M 7.0E+08 0.00 221,850.05 (Glarborg) 
R23 NO + HO2  NO2 + OH 2.1E+06 0.00 –2,009.208 (Glarborg) 
R24 NO2 + O  NO + O2 1.0E+07 0.00 2,511.51 (Glarborg) 
R25 N2O + M  N2 + O + M 4.0E+08 0.00 234,826.185 (Glarborg) 

Note: aUnits of A are m-mol-s-K and for E, units are J/mol. 
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3 CFD modelling 

The flow in the PH- and TPH-zones was modelled and 
solved in ANSYS CFX12.1, and the simulations were run 
on a PC cluster with a capacity of about 300 nodes. A 
previous study has shown that CFX parallelises very well on 
this cluster (Hellström et al., 2007). To reduce the usage of 
CPUs, only a part of the kiln and the air channel in the TPH 
zone are modelled (see Figure 4), following Burström et al. 
(2010). The heated and polluted flue gases from the burner 
enter into the PH zone from the kiln. 

Figure 4 Model of PH zone and TPH zone, including the pellet 
bed (see online version for colours) 

 

3.1 Mesh 

A mesh that was built and successfully verified with a mesh 
refinement study in Burström et al. (2010) is used in this 
study. This mesh consists of 943 k nodes, as shown in 
Figure 5. The mesh is designed to be coarser in the location 
after the bed in the windboxes and is refined in the bed 
location and closer to the injection points. The boundary 
layer is not fully resolved with the aim of keeping the CPU 
usage at a realistic level. 

Figure 5 Mesh with 943k nodes, (a) overview of the mesh  
(b) intersection at one of the injection positions 

 

 
(a) 

 
(b) 

3.2 Boundary conditions and simulation settings 

The full Navier-Stokes equations are solved, and as in 
(Brouwer et al., 1996; Nguyen et al., 2008, 2009), the 
RANS k-  model has been applied to model the turbulence. 
The boundary conditions employed mirror the typical 
process data from a grate-kiln plant. The mass flow settings 
from the outlets and inlets are the same in all simulations, 
and all gases are treated as ideal. An estimation of the kiln 
mass flow with an assumed leakage from the transition 
between the kiln and grate has resulted in the assumed mass 
flow from the kiln. As mentioned earlier, the geometry is 
simplified. In addition, the motion of the conveyor belt is 
neglected as well as the rotation and angle of the kiln. 

The walls are modelled as smooth adiabatic walls, 
implying that the radiation and heat transfer to the bed and 
through the walls are neglected. The air channel inlet is set 
as a pressure inlet with a total pressure of 1 atm with the 
flow direction normal to the boundary condition. For the 
other inlet and for the outlets, mass flow boundary 
conditions are applied. Zero gradient is used as the 
turbulence option for fully developed turbulence at the 
inlets. All of the simulations were carried out with an 
upwind scheme that is believed to capture most features of 
the flow with a stationary assumption. When using a 
second-order scheme transient behaviour in a small portion 
of the TPH-zone of the modelled volume resulted in very 
time-consuming simulations. Comparing averaged results 
from the transient simulation against the flow field from the 
steady-state upwind shows the same profile in the PH-zone, 
but a small increase in the residence time in the vortices, 
which may had given a slightly increased numerically 
derived reduction of NOx with a higher solution scheme. 
The thermal heat transfer is modelled, and the pressure drop 
over the porous pellet beds is dealt with by using an 
isotropic momentum loss and linear and quadratic resistance 
coefficients CR1 and CR2, according to the Forchheimer 
assumption (see Table 4). The boundary conditions for the 
inlets and outlets are shown in Figure 6. The default settings 
for the injection with the reagents are defined in Table 6. 

Figure 6 Default flow boundary conditions (see online version 
for colours) 
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Table 4 Linear and quadratic resistance coefficients 

Zone PH TPH 

CR1 105.15 77.872 
CR2 145.34 128.15 

The boundary conditions and simulations settings are almost 
the same as in Burström et al., (2010); the only operating 
parameters that are changed are the temperature of the gas 
from the kiln, the NSR and the particle diameters. In this 
article, a case with a low NO concentration (150 ppm) is 
additionally investigated. The temperatures of the gas from 
the kiln analysed in this study range from 1,080 C to 
1,290 C in steps of 30 C. 

When the dependence on the residence time is 
investigated, the total mass flow is reduced by 20% to 
obtain a longer residence time in the PH zone; 
consequently, all of the mass flows given in Figure 6 are 
reduced by 20%, as compared to the default 1,080 C case. 

3.3 SNCR/injection settings and initial simulations 

Instead of using a type of one-way coupling approach as in 
Burström et al. (2010), a two-way coupling methodology 
was chosen, and the entire model was solved at once. In a 
one-way coupling or uncoupled approach as it also can be 
called, the discrete particle phase is predicted based on a 
pre-derived continuous phase flow field and the discrete 
phase do not affect the continuous phase. In two-way 
coupling the interaction between the discrete and continuous 
phase is included. The approach in Burström et al. (2010) 
was not exactly a one-way coupled calculation, as a  
two-way coupling was applied for the mass fractions. 
Furthermore, the thermal energy heat transfer model was 
used with finite rate chemistry. The radiation of heat from 
the walls to the particles is for the moment ignored. This 
assumption can be validated by comparing the radiate heat 
transfer per unit area qr against the convective qc calculated 
as: 

/r cq q  (19) 

where 

4 4
12 1 1 2 ,rq q T T  (20) 

,g
c cq h T Nu T

d
 (21) 

and where  is the Stefan-Boltzmann constant. By setting 
the radiation exchange to the one for a small convex object 
in a large cavity following Incropera et al. (2007), the 
emissivity  to unity and the temperature of the walls to 
900 C the equations above yields that the relative 
contribution from radiation would be 10% to 15%. The 
particles are two-way coupled with a Schiller Naumann 
drag force and a Ranz Marshall correlation for the heat 
transfer [see equation (6)]. Approximately 1,000 droplets 
with a temperature of 26.85 C are injected from each 
injection point at the sides of the PH zone. The mass flow of 

the reagent is changed depending on the reagent and the 
NSR. The injection is always performed from four lances; 
the positions used are position one and two, which are 
shown in Figure 7, because this pair provides the best 
reduction when comparing different combinations of lances 
at positions 1–5 (Burström et al., 2010). To be able to 
compare the simulations performed with CA to those 
carried out with urea, preliminary simulations were carried 
out. One result was that a particle diameter of 190 m for 
the CA injection gave the same mean injection distance as 
the reference urea case. The reference urea case and the CA 
case with the above given diameter and NSR = 2 was then 
run as fully coupled with an upwind advection scheme or as 
in the approach used in Burström et al. (2010); this step was 
carried out to determine the difference in the results 
between the two approaches. For the 300 ppm NO case, 
with the mass flows given in Figure 6 and the injection 
settings given in Table 5, the injected stream of the aqueous 
urea is 0.16 kg/s, whereas for the CA injected as solid 
particles, the same NSRHNCO results in a CA mass flow of 
0.07 kg/s, which is approximately 0.08% of the total gas 
flow entering the PH/TPH zone (see Figure 6) for urea and 
0.04% for CA. The relative percent difference in the 
reduction was 7% and 1% for urea and CA, respectively, 
when comparing the more physical two-way coupled 
solutions to the ‘one-way coupled’ solution. This result 
means that the reduction reported in Burström et al. (2010) 
is slightly underestimated. 

Table 5 Reference case for the injection of urea 

Parameter Urea 

Temperature 1,080 C 
Injection positions 1, 2 
Injection velocity [m/s] 20 

Injection cone angle [ deg] 30 

Particle diameter [ m] 300 
NSR 2 
Angle of injection direction Normal to wall 
Solution [wt%] 32.5 

Source: Taken from Burström et al. (2010) 

Table 6 Default settings for the injection of reagent 

Parameter Urea CA 

Injection positions 1, 2 1, 2 
Injection velocity [m/s] 20 20 

Injection cone angle [ deg] 30 30 

Particle diameter [ m] 300/425 190/350 
NSR 4 4 
Angle of injection direction Normal to 

wall 
Normal to 

wall 
Solution [wt%] 32.5 100 
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Figure 7 The injection positions evaluated; the injection is 
always done from both sides 

 

For both reagents, the diameter of the particles is varied 
over a broad range to investigate whether a larger reduction 
is achieved with a larger mean travel distance (see Table 6). 
After that, the NSR is altered [see equations (17) and (18)] 
for both reagents to determine at which point an increase in 
NSR does not give an apparent increase in the rate of 
reduction. Finally, when the optimal NSR, together with the 
two different particle diameters is found, the simulations are 
run both for the high NO case (300 ppm) and the low NO 
case (150 ppm) to produce a maximum and a minimum 
reduction under the conditions investigated for the  
grate-kiln process. 

Figure 8 Velocity contours plotted on a vertical plane placed 
through the centreline of the grate and in the main flow 
direction for different temperatures (see online version 
for colours) 

 
Note: The reagent is CA with NO = 300 ppm,  

dp = 190 m and NSRHNCO = 4. 
 
 
 
 
 
 
 
 
 

Figure 9 Velocity contours on a vertical plane directed 
perpendicular to the main flow direction and through 
the first injection position for different temperatures 
(see online version for colours) 

 
Note: The reagent is CA with NO = 300 ppm,  

dp = 190 m and NSRHNCO = 4. 
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Figure 10 Velocity vectors on a vertical plane directed 
perpendicular to the main flow direction and through 
the first injection position for different temperatures 
(see online version for colours) 

 
Notes: The reagent is CA with NO = 300 ppm,  

dp = 190 m and NSRHNCO = 4. In this illustration 
the vorticies in the upper part of the grate are 
clearly seen. 

 

 

 

 

Figure 11 Temperature contours plotted on a vertical plane 
placed through the centreline of the grate and in the 
main flow direction for inlet kiln temperature 
1,080 C (see online version for colours) 

 
Note: The reagent is CA with NO = 150/300 ppm,  

dp = 190 m and NSRHNCO = 4. 

Figure 12 Streamlines coloured by velocity for temperature 
1,080 C (see online version for colours) 

 

4 Results 

4.1 Flow  

The flue gas from the kiln spreads over the PH bed, as 
shown in Figure 8, and vortices emanate from the beginning 
of the PH zone in the upper part, see Figures 9 to 10. The 
vortices have the highest velocity at the beginning of the  
zone and weaken when moving further into the zone. The 
velocity from the kiln increases with higher temperatures 
(see Figure 8 to 10) and, in a similar way, the residence time 
is decreased because of the static mass flow boundary 
conditions. The temperature profile through the centreline 
of the grate can be seen in Figure 11 for NO = 150 ppm and 
300 ppm. It can be seen that the local cooling in the upper 
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part of the PH-zone becomes larger when increasing the NO 
concentration. The lower temperature in the down-stream 
end of this zone is caused by gas entering from the  
TPH-zone, see Figure 12. 

4.2 CA injection 

To expose the NO profiles when injecting the reagents in 
the grate, contours are plotted on a vertical plane placed 
through the centreline of the grate and in the main flow 
direction for three different temperatures as well as for the 
high and low NO concentration (see Figure 13 to 14). The 
use of CA as the reagent results in a reduction of NO over 
the entire temperature range for the high NO concentration 
and up to approximately 1,250 C for the low NO case. As 
shown in Figure 13 and 14, the reduction is decreased when 
the temperature increases. For the lower NO case, there is 
also a production of NO at the highest temperature and in 
the area above the jet (see Figure 14). Figure 15 and  
Figure 16 also show the NO molar fraction, but from a top 
view of a horizontal plane penetrating the inlet to the beds. 
The reason for the smaller reduction in the case of low NO 
concentration and also the production of NO for the highest 
temperature is the NO production via reaction R4. This 
reaction competes with reaction R2 and R3 in Table 3 more 
effectively when the NO concentration is low in 
combination with the decreased local cooling. The smaller 
reduction for low NO concentrations can also be seen for 
urea in the current study and has been reported both 
numerically (Quartucy et al., 1993; Sun et al., 1993) and 
experimentally (Quartucy et al., 1993) in previous studies. 

Figure 13 Contour of the NO molar fraction plotted on a 
vertical plane placed through the centreline of the 
grate and in the main flow direction for different 
temperatures (see online version for colours) 

 
Note: The reagent is CA with NO = 300 ppm,  

dp =190 m and NSRHNCO = 4. 

Figure 14 Same as Figure 13 but with NO = 150 ppm  
(see online version for colours) 

 

Figure 15 Contour of the NO molar fraction plotted on a 
horizontal plane penetrating the inlet to the beds 

 
Note: The reagent is CA with NO = 300 ppm,  

dp = 190 m and NSRHNCO = 4. 

Figure 16 Same as Figure 15 but with NO = 150 ppm  
(see online version for colours) 

 



 A CFD-based evaluation of selective non-catalytic reduction of nitric oxide in iron ore grate-kiln plants 43 

Figure 17 NO reduction using CA as a function of CA diameter 
for 1080 C with NO = 300 ppm and NSRHNCO = 2 
(see online version for colours) 

 

The particle diameter affects the reduction, as exemplified 
for the case of 1,080 C and NSR = 2 shown in Figure 17. 
The reduction increases with the diameter and seems to 
reach a maximum of 40% for a diameter of approximately 
400 m. However, at a diameter of 375 m or larger the 
particles are not decomposed before they enter the bed. 
Because a prerequisite is that particles at the chosen 
diameter should not travel into the bed, and to be on the safe 
side the maximum reduction is set to be accomplished for a 
diameter of 350 m. In addition, in order to have the same 
injection distance as the urea reference case simulations 
yield a particle diameter of 190 m. 

Figure 18 NO reduction using CA as a function of NSRHNCO at 
1080 C with NO = 300 ppm and dp = 190 m  
(see online version for colours) 

 

The NO reduction is also dependent on NSR. To exemplify 
a relatively large increase is observed when NSR is 
increased from 1 to 2, as shown in Figure 18. When the 
NSR reaches 4, no apparent increase in reduction is 
observed, and this value is therefore chosen for the rest of 
the simulations. When the two particle diameters of interest 
and an appropriate NSR are found, simulations can be 
performed to define the temperature window for CA. 

For the high NO case (300 ppm) and for both diameters 
reduction is achieved up to the maximum temperature in 
question, as shown in Figure 19. It can also be observed that 
a maximum reduction occurs at T  1140 C. It is also 
obvious that the particles with larger diameters give larger 
reduction regardless of temperature. 

 
 
 
 
 

Figure 19 NO reduction using CA as a function of temperature 
with NO = 300 ppm, dp = 190/350 m and  
NSRHNCO = 4 (see online version for colours) 

 

The reason for this is the longer travelling distance into the 
grate for the larger particles. To exemplify, for T = 1,080 C, 
a particle with a diameter of 350 m results in a mean 
injection length of approximately 1.1 m, while a particle 
diameter of 190 m gives a length of approximately 0.46 m. 
Hence, in the former case, a greater reduction is achieved 
because more of the flue gas going through the bed is 
reached. The temperature window for 350 m is similar to 
that for 190 m, even though the overall NO reduction is 
increased.  

Examination of the lower NO concentration in Figure 20 
reveals that no significant maximum peak is achieved as in 
the high NO case, and the reduction over the entire range is 
lower than for the higher NO concentration case; at 
approximately 1250 C, there is actually production of NO 
for both particle diameters investigated. 

Figure 20 NO reduction using CA as a function of temperature 
with NO = 150 ppm, dp = 190/350 m and  
NSRHNCO = 4 (see online version for colours) 

 

As mentioned earlier, to determine whether the temperature 
or the residence time has the largest impact on the reduction 
at higher temperatures, the simulation of case of 1290 C for 
the high NO concentration with CA, a diameter of 190 m 
and NSR of 4 was run with a total reduced mass flow of 
20%. This gives an increased residence time of 25% and 
thereby a larger residence time than the reference 1,080 C 
case. However, this action did not yield any increased 
reduction, which shows that the temperature is the 
dominating factor effecting the reduction. Notice that the 
diameter of 190 m was selected to enable a comparison to 
the case with urea. 
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4.3 Urea injection 

The injection with urea is also done at positions 1 and 2 in 
all of the simulations. As for CA, the diameter of the 
particles was varied, in this case from 300 to 600 m (see 
Figure 21) for 1,080 C with NO = 300 ppm and NSR = 2. 
The particles with a diameter of 600 m reach the bed, and 
therefore, that value is not of interest. Instead, a diameter of 
425 m gives the best, reduction increases with less than 
3% compared to the reference urea case presented in Table 
5. The particle diameter may depend on the nozzle type, 
hole size and atomising pressure in the urea SNCR system. 

Figure 21 NO reduction using urea as a function of particle 
diameter for 1080 C with NO = 300 ppm and  
NSR = 2 (see online version for colours) 

 

For urea, there is no obvious value of NSR above which the 
reduction stabilises when increasing the NSR value, as was 
the case for CA (see Figure 22). 

Figure 22 NO reduction using urea as a function of NSR for 
1080 C with NO = 300 ppm and dp = 300/425 m 
(see online version for colours) 

 

To investigate whether the continuous increase of the 
reduction efficiency originates from the increasing travel 
distance related to increasing NSR values, the NSR is also 
varied for the particle diameter of 425 m. However, as 
shown in Figure 22, the same trend is observed for the 300 
and 425 m cases. The most probable reason for this 
phenomenon is that with the increased mass flow of the 
aqueous urea, the continuous phase is locally cooled, and 
the cooling increases with increasing NSR as can be seen in 
Figure 23. Because the reduction upgrade is rather small at 
NSR > 4, the NSR number is set to 4. 
 
 
 
 

Figure 23 Temperature contours plotted on a vertical plane 
placed through the centreline of the grate and in the 
main flow direction for inlet kiln temperature 1080 C 
(see online version for colours) 

 
Note: The reagent is urea with NO = 300 ppm,  

dp = 300 m and NSR= 1 and 3. 

The derivation of a NSR value and two particle diameters 
for urea [the optimal 425 m and the 300 m case that is 
kept to facilitate comparison to Burström et al. (2010)], 
makes it possible to carry out simulations to find a 
temperature window. 

Use of urea as the reagent did not result in a reduction of 
NO in the entire temperature window. The NO profiles for 
the urea are similar to those for CA but with a different 
absolute value of the NO molar fraction (cf. Figure 13 to 
Figure 16). 

The temperature window for the high NO case  
(300 ppm) is shown in Figure 24. Reduction is achieved up 
to approximately 1,225 C; after that, production of NO is 
observed for both particle diameters investigated. 

Figure 24 NO reduction using urea as a function of temperature 
with NO = 300 ppm, dp = 300/425 m and NSR = 4 
(see online version for colours) 

 

The 425 m, gives a higher reduction (or lower production) 
in the temperature range investigated. The reason for the 
much higher NO production in the 300 m case for high 
temperatures is that more urea gas is transported to the 
upper part of the PH zone by the vortices in the first 
injection point, similar to those illustrated in Figure 10. 
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Analysing the low NO case in Figure 25, both the 
reduction of NO at low temperatures is decreased and the 
highest temperature for the reduction is lowered. This is 
partly due to the fact that the local temperature cooling is 
reduced and the same phenomena as described for CA that 
the reduction is lower for a lower NO concentration which 
has also been shown both experimentally and numerically 
by others (Quartucy et al., 1993; Sun et al., 1993). 

Figure 25 NO reduction using urea as a function of temperature 
with NO = 150 ppm, dp= 300/425 m and NSR = 4 
(see online version for colours) 

 

With an increased injection distance for the particles with a 
diameter of 425 m compared to 300 m, the same effect 
takes place as for the corresponding CA case: the reduction 
and production of NO are increased very little. 

5 Conclusions 

The model simulations indicate that the SNCR technique 
could be used in grate-kiln plants with both urea and CA as 
reagents. However, the technique is very sensitive to the 
temperature, especially regarding the use of urea. The CA 
reagent is usable over the entire temperature range for the 
high NO content, with a peak NO reduction occurring 
around 1,140 C. The low NO case gives an NO reduction 
up to approximately 1,250 C. Urea is usable at temperatures 
up to approximately 1,225 C for the high NO case and just 
under 1,200 C for low NO content. For the case studied, the 
temperature has a stronger influence on the NO reduction 
than the residence time.  

To further improve reduction alternative injection 
strategies must be considered enabling direct NO reduction 
in the jet emanating from the kiln. 
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Convective heat transport in a relatively thin porous layer of monosized particles is here 
modeled. The size of the particles is only one order of magnitude smaller than the thickness of 
the layer. Both a discrete three-dimensional system of particles and a continuous one-
dimensional model are considered. The methodology applied is Voronoi discretization with 
minimization of dissipation rate of energy. The technique was originally developed to study 
flow-induced deformations (i.e. internal erosion) of porous media, but with some extensions 
and modifications it is also applicable for heat and mass transfer problems as exemplified in 
this work. The discrete model captures local effects, including low heat transfer in sections 
with low speed of the penetrating fluid and large velocity and temperature variation in a cross 
section of the bed. The advantage with a continous porous media flow model is that it is easier 
to couple it to a fully Navier-Stokes flow model. The discrete and continuous model compares 
well for low velocities for the studied uniform boundary conditions. When increasing the 
speed or for a thin porous layer however, the continuous model diverge from the discrete 
approach if a constant dispersion is used in the continuous approach. The influence is larger 
from the d/H ratio than from increaced velocity. The new result is thus that a special 
correlation must be used for a thin layer to predict the dispersion in proper manner, especially 
for a thin layer in combination with higher velocities. 

Heat transport; porous media; voronoi diagrams; delaunay; thin layer; discrete model; 
continuous model; dispersion; convection; conduction; packed beds; dual stream function; 
pellets; iron ore. 



Heat and mass transport in systems of particles being much smaller than the size of the system 
is well studied using porous media approaches where the medium is seen as a homogen body. 
However, when the size of particles is not much smaller than the size of the system, the 
porous media approach may not be valid. Particularly, the dispersion may not be considered 
as a constant variable for flow perpendicular to a thin layer of particles. The problem with 
flow perpendicular to a thin layer from a modeling point of view is that the velocity will vary 
in a relatively large portion of the layer, see the initially large dispersion captured in (Jourak 
et al., 2013a; Jourak et al., 2014).  To investigate this further, heat transfer through thin 
systems of mono-sized spheres with ratio from d/H=0.12 is here considered, where d is the 
diameter of the spheres and H the height of the bed. It is shown that the results may differ 
using a porous layer approximation or a discrete modelling approach where the detailed 
geometry and flow fields are included.  

Direct numerical fluid dynamics transient simulations of the microscopic flow arround beds 
of spheres are computationally heavy, especially for 3D cases that require 1000 particles or 
more. Thus, a special methodology is needed that accounts for the microflow around the 
individual particles. The discrete modeling approach in this work is based on Voronoi 
discretization of the system and calculation of the stream function by minimization of the 
dissipation rate of energy (Hellström et al., 2010), a method that has successfully been used 
for a number of applications (Ljung et al., 2012; Jourak et al., 2013a; Lundström et al., 2013).  

Hellström et al., (2010) studied creeping flow-induced alternation in the permeability of 
deformable particle systems in 2D. The model was later developed to also include mass and 
heat transport in Ljung et al. (2012) but with an assumption of incompressibility. In Jourak et 
al. (2013b) the model was extended to 3D. In the present study, the three dimensional model 
is developed to also account for compressible fluids (gases) and heat transfer. 

Important applications for this kind of modeling is heat exchangers (Jiang et al., 2001), 
pelletization of different products like iron ore pellets (Burström et al., 2010; Ljung et al., 
2011, Burström et al., 2015; Larsson et al., 2015) and wood pellets for bio energy (Gronli and 
Melaaen, 2000), and flow in blast furnaces (Guo et al., 2008; Qing et al., 2010). 

The packing of particles is generated with fixed size and porosity of the system (Frishfelds et 
al., 2014). The initial distribution of particles is made random with overlapping particles, in 
which the amount of particles corresponds to the intended porosity of non-overlapping 
particles. Then, the system is virtually shaken until none of the particles overlap. The shaking 
of the system is made by a kind of Brownian motion, whereby particles can jump in a random 
direction at a random but small distance in each step (Chen and Papathanasiou, 2008) where 
the motions that increases overlapping are penalized. 

Using Voronoi diagrams (Anikeenko et al., 2009), the system of particles is divided into cells 
that each contains one particle. The particles are regarded as impermeable and stationary and 



there is a non-slip condition on their surfaces implying that the stream function is constant 
along these surfaces. The general methodology is based on the fast Bowyer-Watson algorithm 
as described in Thompson (2002). The handling of the periodic boundary conditions for the 
mutually related Delaunay tessellation is done as in Thompson, where 26 equal systems or 
domains surround the primary system. The system is divided in Delaunay tetrahedrons, where 
each corner of the tetrahedron represents a particle. The microflow through such a tetrahedron 
depends on a number of geometrical parameters, e.g. spacing between the particles. The idea 
is to carry out multiple direct numerical simulations with different geometries of a single 
tetrahedron to build a database  as was done in the two-dimensional case (Hellström et al., 
2010) and then apply the results for a particular location inside the large system of > 1000 
particles divided in Delaunay tetrahedrons. The microflow inside each tetrahedron depends on 
the flow rate and the direction. To account for this, a stream function (ψψ) – vorticity (ω) 
approach is applied, where the relationship between the values of ψ  at the corners of the 
tetrahedron and an averaged ω  within the tetrahedron is used. 

To simulate convective heat transfer within any packed bed of spheres the complete flow field 
within it has to be known. To start with the fluid is considered to be incompressible using the 
ψ  - ω   approach implying that continuity is automatically fulfilled. Since the stream function, 
ψ , and ω  are vectors with 3 components each, the approach is relatively complex. There are 
infinite numbers of ways to obtain the same velocity distribution ψv ×= ∇∇  and thus ψψ  is not 
strictly defined. A large porous system in the shape of a rectangular parallelepiped is 
considered with a superficial (averaged) velocity U directed along the z-axis. Proper boundary 
conditions need to be defined for ψ  that yield a U that agrees with the periodic boundary 
conditions for the velocity (Jourak et al., 2013b; Jourak et al., 2014). The linear system of 
equations with respect to ψ  can then be solved independently. The trivial solution 0=zψ  
satisfies the boundary conditions and the 3-D flow field can be described by the x and y 
components of ψψ . This is often called the dual-stream function approach. The vorticity is now 
given from: 

)( ψvω ××=×= ∇∇∇∇ .  (1) 

For low Re, the energy dissipation rate tends to decrease to a minimum ( ; 
Berlyand and Panchenko, 2007). This can be expressed in the following manner: 

∫ ==Φ min,
2

][ 2dVωψ μ   (2) 

where µ is the fluid dynamic viscosity and the integral is taken over the total volume of the 
system. The dissipation rate of energy is thus minimized with respect to the distribution of ψψ  
that satisfies the boundary conditions. In this way dispersion of temperature and mass is 
introduced in a natural way through the randomness of the arrangement of pellets and need 
not to be modeled. 



Consider a Delaunay tetrahedron that has four faces and each face consists of three spherical 
particles. If the tetrahedron is densely packed, then there are channel-like openings through 
each of the faces. The flow distribution in it can therefore be approximated as in a channel 
with slowly varying shape along the length of it, the lubrication approximation (Batchelor, 
2000; Akbari et al., 2011; Kress et al., 2012). Hence, the largest contribution to ωω 2 is the part 
of the channel that has the smallest cross section. The cross-section can be further separated 
into 6 sections, i.e., two sections per particle. If the cross-section forms a regular triangle, then 
the flow pattern for the velocity component normal to the cross-section can be obtained from 
a Laurent series as: 
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where R is the radius of the particle as viewed in the given cross-section while rpel is the radius 
of particle; r and ϕ are polar co-ordinates with the reference point in the center of the particle; 
A, B0 and Bn are constants; and k is the order of rotational symmetry, which for a regular 
triangle is 6, i.e., 6 regular triangles fits around one particle in the given plane. The Laurent 
series automatically satisfies the viscous-flow equation for the velocity component v normal 
to the cross-section for any values of the constants B0 and Bn (Drummond and Tahir, 1984). 
Moreover, a non-slip boundary condition at the surface of the particles is automatically 
satisfied. The constants B0 and Bn should be chosen in a way to fit the boundary conditions. 
The summation over n in the Laurent series, Equation (3), convergences very fast especially 
for a looser packing (Frishfelds et al., 2003) therefore, it is enough to take into account just 
the first 3 terms in the summation. Equation (3) is extended to a general case of a non-regular 
triangle, where the circumcenter of the triangle takes the role of the center-point. The order of 
rotational symmetry, k, is not an integer for an irregular case, but just a reciprocal of the angle 
of the triangle: ϕπ Δ= /k .  

The total flow through the face of the triangle can be expressed by a contour integral of ψψ  
over the perimeter of the cross-section as: 

∫∫ = lψdvdS ,   (4) 

which allows us to determine the proportionality constant A in Equation (3). The vorticity can 
be readily calculated from Equation (3) by differentiation. Thus, the integral of dissipation 
rate of energy, Equation (2), in a tetrahedron can be expressed in a quadratic form in the 
following manner: 
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where id )(∫ lψ  is the total flow through the i-face of the tetrahedron, and Cij = Cji are 

coefficients for the particular shape of the tetrahedron. The volume integral of ω  as derived 



from Equation (3) makes it possible to obtain these coefficients, but it is also possible to 
derive them from CFD as done for 2D in Hellström et al. (2010). The distribution of ψψ  
follows from the minimization of the total dissipation rate of energy along all Voronoi lines 
for the system, which creates systems of linear equations. 

For compressible flow the incompressible condition need to be relaxed, since the significant 
variation in gas temperature will change the density of the gas. The continuity equation 
written for a stationary case taking compressibility into account is ∇(ρv) = 0 . If the 
substitution V = ρv is introduced for the volumetric flow rate then the stationary Stokes 
equation becomes 0 =∇×∇×ωω =∇×∇×∇× (V / ρ) . In porous materials in general, the 
variations of V are much larger than that of ρ. Therefore, the equations becomes
0 = (1 / ρ)∇×∇×∇×V , i.e., 0 =∇×∇×∇×V . Consequently the incompressible solution to a 
compressible solution in porous material can simply be scaled with 1/ ρ . As the characteristic 
velocities in the beds considered are, at least partly turbulent, the Ergun equation for the 
pressure drop is applied (Ergun, 1952): 

   (6) 

instead of the Darcy equation. Nevertheless, the gas density is primarily dependent on the gas 
temperature as the relative pressure drop in the thin porous layer is small.  Due to decrease of 
the temperature after the inlet, the velocities will also decrease due to the alternation in 
density. 

Internal energy is primarily conducted along the Voronoi faces. The vertice of each Voronoi 
face is the circumcenter of the corresponding Delaunay tetrahedron. Thus, the flow between 
two neighboring vertices goes through the face of three spheres of the corresponding 
tetrahedrons. The transfer is modeled in the same way as mass diffusion in Jourak et al. 
(2013b). The narrow gap between the three spheres has a channel-like form with varying area 
of the cross-section, S(ξ), with the smallest area at ξ = 0 when S(ξ) = S0. If the absolute value 
of ξ is equal to the radius of the sphere, then the area, Sm is obtained. In other cases, the area 
S(ξ) is: 
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where αk is the angle of the corner at the corresponding sphere S0 = Sm −
1
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As can be seen, the most important part in the flow resistance originates from a small interval 
− S0 ≤ ξ ≤ S0 for dense packing, which is typically much shorter than the radius of the 
particles. Therefore, arctangent yields just ±π / 2  in this case. The flow rate through the same 
face of three triangles is given by the integral (4). Thus, the mass transport between two 
adjacent vertices can be derived. Then, by pairing all adjacent vertices, the global mass 
transport is obtained.  By setting a proper heat resistance to each channel the discretized heat 
transport equation is set up and by summation a global heat transport is obtained.  

During the heating process the pellets are gradually heated up. Since the flow rate past each 
pellet is computed a local Nusselt number (Nu) can be used for each pellet to obtain a local 
heat transfer. The heat transfer coefficient is estimated by the use of local Reynolds (Re) and 
Prandtl (Pr) numbers. The following Nusselt correlation by Wako et al. (1979, 1982) is used: 

    (9) 

 where Pr and Re are obtained from: 

Pr =
μcpf
k f

   (10) 

Re =
UρDpel

μ    (11)
 

The dynamic viscosity is represented by μ, cpf is the fluid specific heat capacity and kf is the 
thermal conductivity.  An assumption is made that heat transport between the gas and pellet 
are dependent only on the velocity along the Voronoi line at local positions around the pellets 
according to: 

Qka = NukaSka
k(Tpel,a )

dpel,a
(Tk −Tpel,a )    (12) 

where Ska is the area between cell k and pellet a. This gives a local averaged value of the heat 
transfer coefficient over the whole pellet surface.  

Apart from the convective heat transport between gas and particles the particles may also be 
in contact with each other. Thus, there might be conduction of heat between these particles 
through their contact area. For ideal spheres the contact is just a single point with 
infinitesimally small heat transport but a small compressing deformation results in a finite 
contact area through which conduction can take place. However, to correctly predict such a 
deformation a number of additional parameters have to be included. Therefore, it is assumed 
that the spheres have a soft tiny and completely plastic outer shell with a thickness 
Δ0 = rpel / 2000 . If the distance between the pellets becomes smaller than this prerequisite, there 

is a plastic deformation of the shell, resulting in a contact area of ≈ πrpel (Δ0 −Δh ) , where Δh is 

the distance between the solid particles without shell. Integrating the heat transfer from a 

Nu = 2+1.1Pr1/3 Re0.6



pellet to a neighboring one gives a logarithmic dependence on the spacing between the 
particles:

 (13)

Notice that for the simulations performed in this paper the contribution from this type of 
conduction turned out to be negligible. The importance of this mechanism of heat transfer 
naturally increases for lower flow rates and/or much higher conductivity than used in the 
current study.  

Along with the discrete model a continuous model is derived for the simulation of heating. To 
derive this model it is assumed that the temperature of the gas between spheres is a 
continuous function of the distance from the inlet to the outlet. For this case the solutions are 
well defined and the derivations are fast. Basically, the same equations as in the discrete 
model are used but it is assumed that the radius of the spheres is much smaller than the length 
of the system.  

Based on the volume average method the gas phase energy equation can be expressed as:
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where H is the enthalphy and kfeff is the effective conductivity. The temperature of the pellets 
varies according to:
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where χs is a dimensionless coefficient defined in the interval 0 < χs < 1 describing the 
reciprocal tortuosity of the solid particle system. Fittings with discrete simulations yielded 
that χs is typically 0.2 for the system studied. Since the energy equations are coupled the 
whole system of equations is derived simultaneously. The source terms Sf and Ss are 
additional terms that will be described more explicitly soon.  

The specific surface area between gas and spheres is calculated as: 

(16)

A proper Nu in Equation (14) and (15) must be specified for the spheres. The heat transfer 
coefficient between the phases is estimated from the correlation given by Wakao et al. (1979; 
1982) according to: 

                   (17)
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where 

Nu = 2+1.1Pr1/3 Re0.6 (18)

To use the lumped model for forced convection, a Biot number criterion must be satisfied 
according to, Bi  < 0.1. For larger values the lumped capacitance assumption will lead to an 
increased inaccuracy (Incropera et al., 2007). This should be satisfied between a solid body 
and its surrounding fluid and implies that there is a negligible internal conductional resistance. 
Hence there should be a small temperature difference between the surface of a particle and its 
center and a large gradient between the surrounding gas and the surface. If this is the case the 
solid can be treated as a lumped body with spatially uniform temperature for each particle, 
and the solid temperature calculated in Equation (15) is without taking into account that the 
temperature inside the pellets is varying. However, the assumption that the temperature of a 
particle is equal throughout the volume due to its high thermal conductivity results in that 
additional heat is transferred from the warmer exterior of the spheres to their colder interior. 
To account for the energy transported within a sphere by conduction additional terms are 
added to the energy equations. Consider that each particle has a finite radius rpel and that the 
temperature of the particle, as function of centre coordinate x may be expressed as a Taylor 
series near a given local position x0 according to: 
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With this assumption it is possible to substitute the temperature of the pellets in (14) with a 
normalized integral along the pellet in the following manner: 
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Which results in the following extra conduction term on the right hand side of the gas phase 
energy Equation (14): 

Sf =
3(1−ε)
20

⋅Nu ⋅ k f
∂2Tpel
∂z2

(21)

The term accounts for additional heat transfer through the spheres and does not depend on the 
radius of the sphere. Usually, this transfer is smaller than the convective transport around the 
spheres and can be neglected. It is, however, included in the results here presented. The same 
analysis shows that Equation (15) has an additional conduction term on the right hand side 
that is written as: 



Ss =
3(1−ε)
20

⋅Nu ⋅ k f
∂2T
∂z2

. (22)

One drawback with the derived one-dimensional continuous model is that the dispersion 
properties of the temperature must be known due to the natural randomness of the distribution 
of the spheres. In this work a constant dispersion constant is used in the continuous 
simulations that gives the best match against the discrete model that naturally takes the 
dispersion into account.  The effective thermal conductivity for the fluid phase consists of two 
different parts, the stagnant and dispersion conductivity and can be written as: 

k feff = εk f + (ρcp ) f Ddisp (23)

due to high interstitial velocity and low thermal conductivity the first term in Equation (23) is 
negligible. The dispersion constant has been matched to give the best agreement with the 
discrete model.  

The size of the pellets is fixed with a diameter of 12.0 mm. The length of the system is set to 
be 0.10 m, 0.20 m, 0.50 or 1.00 m in the main flow direction. The other dimensions of the 
discrete model are 0.12 m being sufficient for the statistics inside parallel layers normal to the 
flow direction.  The porosity of the system is set to 0.41 and the superficial velocity at the 
inlet is 1.0 m/s. The superficial velocity may vary inside the system, since the density ρ ρ 

The inlet gas temperature is 573.15 K while the initial temperature of gas and pellets is 
308.15 K. The sidewalls have periodic boundary conditions. The Ergun equation is used for 
pressure estimations in both modeling strategies. By matching discrete and continuous cases 
for low velocity a solid-solid dimensionless parameter χs = 0.2 was found. 

The discrete results are compared with that of the continuous model with a similar setup. For 
the discrete model there is a natural spreading of temperature in a cross-section normal to the 
flow direction. An example of how the temperature propagates through the bed is shown in 
Figure 1. Overall there is a good match of the mean values in temperature between the two 
models as can be seen in Figure 2-Figure 5. The different quantities vary a lot in a cross 
section and are illustrated for the middle heights for each system by showing the tripled mean 
standard deviation from the mean value in the cross section in Figure 2-Figure 5. Scrutinizing 
the results for the superficial velocity 1.0 m/s, yields that a constant dispersion around 0.006 
m2/s fits the discrete simulation best, but the dispersion is slightly decreased when increasing 
the size of the system. The comparison is not perfect meaning that there is a strong variation 
of the dispersion coefficient inside the layer. Disagreement between the discrete and 
continuous cases is largest for positions near the inlet and is decreasing with thickness of the 
porous layer and the curves practically coincides for long systems. Initial simulations with 
higher velocities for the thinner systems shows that the disagreement in the matching 
increases for higher velocities, but the influence is larger from the d/H ratio than from 



increased velocity. This means that another correlation must be used for a thin layer to predict 
the dispersion in a proper fashion, especially for higher velocities.  
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The simulations show that the continuous model can be used for mean predictions and there is 
a good matching for the 0.50 and 1.0 m cases with d/H = 0.024 and 0.012, respectively. For 
the 0.20 m case the agreement is reasonable but for a thin 0.10 m long system the discrete and 
continuous models give different results, especially for positions close to the inlet. For these 
cases d/H = 0.06 and 0.12. If local values are of importance the discrete model should always 
be used. The fitted dispersion slightly decreases when the length of the system is increased 
but saturates at a length around 1.0 m. However, the variation of dispersion yields that the 
continuous model with constant dispersion is not well suited for higher velocities and a thin 
bed  

To further compare the differences between the two model strategies a parameter study also 
has to be done for uneven boundary condition on the inlet. The drawback with the discrete 
model is that it cannot model what happens above/below the bed, this can be solved by using 
a  Computational Fluid Dynamics (CFD) and a fully Navier-Stokes flow model, the discrete 
model can for the moment not handle uneven velocity profiles at the inlet boundary.  
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Abstract: Heat transfer in a random packed bed of monosized iron ore pellets is modelled 
with both a discrete three-dimensional system of spheres and a continuous Computational 
Fluid Dynamics (CFD) model. Results show a good agreement between the two models for 
average values over a cross section of the bed for even temperature profiles at the inlet. The 
advantage with the discrete model is that it captures local effects such as decreased heat 
transfer in sections with low speed. The disadvantage is that it is computationally heavy for 
larger systems of pellets. If averaged values are sufficient, the CFD model is an attractive 
alternative that is easy to couple to the physics up- and downstream the packed bed. The good 
agreement between the discrete and continuous model furthermore indicates that the discrete 
model may be used also on non-Stokian flow in the transitional region between laminar and 
turbulent flow, as turbulent effects show little influence of the overall heat transfer rates in the 
continuous model. 
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1 INTRODUCTION 

Iron ore pellets is a highly refined product supplied to the 
steel making industry to be used in blast furnaces or direct 
reduction processes. The use of pellets offers many 
advantages such as customer adopted products, 
transportability and mechanical strength. Yet the 
production is time and energy consuming. Being such, 
there is a natural driving force to enhance the pelletization 
in order to optimize production and improve quality. 
LKAB, a Swedish mining company, has several 
pelletizing plants of grate-kiln type. The grate-kiln plant 
consists of a grate, a rotating kiln and an annular cooler. 
Before being loaded onto a moving roster that goes 
through all the zones in the grate, the iron ore has already 
been processed in several steps, in the last step before the 
roster the ore has been rolled into so-called green pellets 
that consists of a relatively large amount of water, 
magnetite and different additives chosen to fit the demand 
from the customer. When these pellets are loaded onto the 
roaster a bed is formed with a mean height of 0.2 m. The 
grate is divided into four zones, see Figure 1, in which the 

green pellets are first dried by forcing air through the 
pellet bed upwards, up draught drying (UDD), and 
downwards, down draught drying (DDD) (Ljung et al., 
2011a; Ljung et al., 2011b). In the third zone the green 
pellets are heated to high temperatures in the tempered 
preheat (TPH) zone and then in the preheat (PH) zone 
where the pellets are oxidized to some extent. After the 
grate the green pellets are fed into a rotating kiln to sinter 
the pellets with aid of a burner fuelled with coal. In a last 
stage the pellets are cooled in an annular cooler supplying 
the rest of the system with heated air. Throughout these 
zones a temperature gradient is formed in the bed.  This 
gradient should be as even as possible throughout the 
zones to ensure an even quality of the pellets.  
 
Heat transfer in a porous media is of great importance in a 
large number of areas, as the use of metal foams in 
applications such as heat exchangers (Degroot and 
Straatman, 2011) solar dryers for food and crop drying 
(Chen and Qu, 2014) and in pebble bed reactors (Yamoah 
et al., 2012) to mention a few. 
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Previous work has been conducted to study fluid dynamic 
phenomena in the traveling grate zone of a grate-kiln plant 
(Burström et al., 2010; 2015b) as well as in rotary kiln 
(Larsson et al., 2012; 2015a; 2015b). Of special interest is 
how the incoming process gas, leakage, and the detailed 
composition of the pellet bed influence the heat transfer 
through the bed. To be able to study this coupled behavior 
numerical models are here developed with which the heat 
transfer can be examined. To achieve the goals and create 
a trustful model for the heat transfer the model must be 
built up in steps. Heat transfer to a bed of iron ore pellets 
is therefore examined numerically on several scales. In an 
earlier work by Burström et al. (2015a) a continuous 
model was compared against a discrete Voronoi 
discretization model showing that mean values can be 
approximated with a 1D model. Here a full Navier-Stokes 
model is added to the comparison with a turbulent flow 
and an uneven temperature profile on the inlet. Two 
different modelling strategies for the porous bed are 
compared. The first is a macro model approach that uses 
Computational Fluid Dynamics (CFD) with a continuum 
based porous media model for the bed of iron-ore pellets. 

In the second strategy a discrete micro-level model is 
applied where the pore space between the pellets is 
divided into cells with modified Voronoi diagrams. The 
convective heat transfer of hot fluid flow through the 
system including dispersion due to random configuration 
of the pellets is then modelled (Hellström et al., 2010a; 
Ljung et al., 2012; Jourak et al., 2014). A random packing 
of spheres is considered and temperature distributions in 
time are compared resulting in conclusions about the 
advantages and drawbacks of respective model.                                            

The discrete model in this article has earlier been used to 
model mass and heat transfer in a two-dimensional system 
of pellets (Ljung et al., 2012). The model has now been 
developed to handle a three-dimensional system of pellets 
(Jourak et al., 2013) and it can now also be used to model 
compressible flows (Burström et al., 2015a). 
 
 
 
 
 

 

 

Figure 1: Main components of a typical grate-kiln plant.

2 THEORY 

A main issue for a continuous model is the large quantity 
of pores in the domains of the porous media. This makes 
simulations that resolve the flow within each pore difficult 
to perform, or in many cases impossible. To solve the 
problems some kind of simplification is often required. 
One method is to volume average the transport equations 
to get averaged flow fields through the porous media 
(Whitaker, 1967). 

2.1 Heat Transfer 

When the thermal properties between the heated air and 
the pellets are similar, a Local Thermal Equilibrium (LTE) 
model can be used, i.e. in a LTE model just one energy 
equation has to be solved. The concept is that an effective 
thermal conductivity is introduced that takes care of both 
the dispersion and effects of tortuosity (Degroot and 
Straatman, 2012). If the thermal properties differ to a 
certain degree a Local Thermal Non-Equilibrium (LTNE) 
model has to be used. In that case two energy equations 
are set-up and solved, one for each phase. In models like 
this there are a need for exchange terms between the 
phases that are modelled either empirically (Amiri et al., 
1995) or by using constitutive equations (Degroot and 
Straatman, 2011; Quintard et al., 1997). 
 
In a packed bed of pellets were the pellets are regarded as 
impermeable (Ljung, 2010) heat can be transferred in 
various ways (Yuan and Sundén, 2013), including:

 
 Conduction (Pellet-roster, pellet-pellet, within 

pellet)  
 Convection (Pellet-fluid, roster-fluid) 

 
 Radiation (pellet-pellet, pellet-roster)  

 
as illustrated in Figure 2.
 

 
Figure 2: Heat transfer in a porous bed: 1) Heat 
convection between wall and fluid; 2) Convective heat 
transfer between fluid and spheres; 3) Heat conduction 
between wall and sphere; 4) Heat conduction between 
spheres; 5) Radiation between wall and spheres; 6) 
Radiation between spheres; 7) Radiation between sphere 
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and fluid; 8) Conduction through the fluid and heat 
transfer due to fluid mixing between particles (dispersion).   

 
In addition heat is generated and absorbed during phase 
changes and chemical reactions. This is primarily 
vaporization of water during the drying process and 
oxidation of magnetite to hematite. In the current study 
focus is on convection and how alterations in the flow 
influence the heat transfer. Conduction is considered as 
well as the influence from the convection by a defined 
relationship between the Nusselt number (Nu), Reynolds 
number (Re) and Prandl number (Pr) and will be outlined 
in an upcoming subchapter. Saying this, it should be 
mentioned that as temperature increases radiation becomes 
more and more important and chemical reactions kick-off 
generating heat. These mechanisms are, however 
neglected in the current study. 

2.2 Fluid flow 

Defining for the convection of heat in the bed is the fluid 
flow through it. In a random packed bed of mono-sized 
spheres the size of the pores will alter and there can be 
easy flow paths were the penetrating fluid may move 
faster than in other areas. This will be scrutinized in the 
current study. Wall effects are however, left for future 
studies. 
 
The Darcy law is often used to model the flow through 
porous media for Re below 10 where viscous forces 
dominate, (Hellström et al., 2010b). It is a linear 
continuum model that states that the superficial velocity is 
proportional to the pressure gradient in the same direction 
according to: 
 

              
vs = −

K

μ
∇p

 
(1) 

 
where K is the permeability, μ the dynamic viscosity and p 
the pressure. Notice that vs is the averaged velocity outside 
the porous media and to get the averaged velocity inside it, 
it should be divided with the porosity, γ. For a media 
consisting of spherical particles the equation often 
refereed to as the Blake-Kozeny-Carman equation 
provides an estimation of the permeability as (Ergun, 
1952): 
 

K =
γ 3Dp

2

150(1−γ )2
    (2) 

 
where Dp is the diameter of the spheres. For inertia 
dominated flow experiment have yielded that there is a 
dependence on the velocity squared and the pressure 
gradient can be predicted according to the Burke-Plummer 
equation (Ergun, 1952): 
 

∇p = −
ρ
K
vs
2      (3) 

K =
γ 3Dp

1.75(1−γ )
.    (4) 

 
It has turned out that these expressions are valid for 
turbulent flow, as well. It may also be argued that in a 
packed bed of spheres there is a wide range of Re and the 

flow can simultaneously be Darcian, inertia dominated and 
turbulent. An alternative should therefore be chosen that 
takes all the flow regimes and the transition between them 
into account. This may be done by usage of the empirical 
Ergun equation (Ergun 1952): 
 

Δp
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2

Dp  (5)
 

where Q is the flow rate through an area A.  

2.3 Transport phenomena  

An important transfer mechanism in porous media is 
dispersion. Dispersion is caused by mechanical mixing 
achieved by motion of the fluid through the pore space and 
is caused by two different mechanisms: different paths 
caused by the tortuosity of the porous media and velocity 
differences within the pores, see Figure 3. Dispersion is 
thus caused by the multitude of velocities existing in a 
porous media.  
 

 
Figure 3: Schematic of mechanical dispersion. 

The dispersion is not equal in all directions, the one taking 
place in the mean flow direction is called longitudinal 
dispersion and the other is called transverse dispersion and 
the effect can be seen in Figure 4. The one taking place in 
the longitudinal direction is typically the larger one and 
for a certain Pe the dispersion coefficients are proportional 
to the averaged velocity. The dispersion depends on the 
arrangement of the material and the local mixing is, for 
instance, different for a material of foam and a packing of 
spheres. Any result or correlation is therefore dependent 
on the arrangement in which they were derived (Degroot 
and Straatman, 2012). Dispersion coefficients are often 
reported in terms of the Pe. This dimensionless number is 
the ratio of advective transport to the diffusive transport. It 
is expressed in different ways dependent on which 
transport mechanism of dispersion that is of interest 
according to: 
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Pe = ReSc or RePr     (6) 

 
in the case of species transport and heat transfer, 
respectively. Here Sc denotes the Schmidt number.   
 
In a general sense the turbulent region for flow in porous 
media can be defined from a graph for pressure drop data. 
For a plot made for spheres, like the one in Ergun (1952), 
Equation (2) is valid for low Re, moving over to the 
turbulent regime where the effects of inertia takes over 
and where the Burke-Plummer equation, Equation (4), is 
valid. It has been shown that the flow is Darcian for Re < 
10 (Hellström et al., 2010b) thereafter there is a transition 
region, which includes effects of inertia up to the point 
where fully developed flow is achieved at about 1000, see 
Figure 5. Experiments yield that there is a gradual 
transition between the two regions and the turbulence is 
affected by the packing and particle geometry (Perkins and 
Johnston, 1963). Hence there is no definite limit for 
turbulent flow. 

 .  

Figure 4: Schematic of the effect of longitudinal and 
transverse dispersion on mass/heat transport. 

 

 

 
Figure 5: Comparison of different empirical representations for the pressure drop in a packed bed where the dimensionless 
pressure drop is plotted as a function of Re.  

 
2.4 Volume Averaging, continuous model 

The volume averaging approach that is briefly explained 
below can be used to derive the macroscopic transport 
equations for mass and heat transfer in porous media 
(Özgümüş et al., 2013). When making the averaging, the 
size (V) of the representative elementary volumes (REV) 
is chosen in such a way that it is larger than the 
microscopic length, but much smaller than the 
macroscopic one (Vc

1/3), see Figure 6. Below two types of 
volume averaging are defined. The first is the extrinsic 
bulk-volume (superficial) average of a quantity Φ over the 
whole volume V, consisting of both phases: 

 
Figure 6: Schematics of averaging volume when having a 
porous structure consisting of two phases. 

 

φi =
1

V
φi dV

Vi

∫      (7) 
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where i denotes the constituent that the property is 
associated with. To exemplify, the macroscopic velocity 
defined as vf , is also called superficial velocity. 

 
To get the intrinsic averaged quantity value, i.e. the 
averaged values for each individual phase, an averaging 
over the pore/particle volume is carried out as: 
 

φ f

f 1

Vf

φ f dV
Vf

∫      (8) 

φs
s 1

Vs
φs dV

Vs

∫      (9) 

 
The intrinsic value is what would be measured 
experimentally within a packed bed. This can for example 
be pressure or velocity.  Regarding velocity it is often 
called interstitial or true velocity. Since the porosity is 
given as, γ = Vf / V, the relationship between the 
superficial and true velocity may be written as vsup=γvtrue. 
 
The difference between the local microscopic and intrinsic 
value of a quantity is defined according to:  
 

′φi =φi − φi
i      (10) 

 
where ′φi is the local fluctuation. The following expression 
for the volume average of a product of two quantities can 
be expressed in the following way: 
 

φi,1φi,2 =
1

γ i
φi,1 φi,2 + ′φi,1 ′φi,2    (11) 

 
By the use of the definition of volume averaging and the 
equation above together with the spatial averaging 
theorem the macroscopic energy equations can be defined 
from the general transport equations. 

2.5 Governing equations 

Following Civan (2013) the macroscopic formulation of 
the transport equations has been formed from the 
microscopic equations by means of the volume average 
method.  The phases interact with each other through 
exchange terms, i.e. momentum source term that accounts 
for the pressure drop caused by the porous structure and a 
correlation to account for the heat exchange. The 
governing equations are presented on their compressible 
form and the continuity equation can be written in the 
following way: 
 

∂
∂t

γ ρ f

f( )+∇⋅ γ ρ f

f
v f

f( ) = 0   (12) 

 
The momentum equation can, in its turn, be written as: 
 
∂
∂t

γ ρ f

f
v f

f( )+∇⋅ γ ρ f

f
v f

f
v f

f( ) =∇⋅ γ τ f

f( )
+ γ ρ f

f
− ρref( )g+ SM , f −∇ γ pf

f( ) (13)
 

 
where τ is the stress tensor, the second term to the right 
relates to gravity and the third term to the right is a 
momentum source that represent the interaction between 

the solid and fluid phases. In this case the interaction is, as 
already mentioned, modelled with the Ergun equation. The 
stress tensor for a Newtonian fluid is defined as: 

∇⋅ γ τ f

f( ) =∇⋅ μ ∇ v f + ∇ v f( )
T
−
2

3
δ∇⋅ v f

⎡

⎣⎢
⎤

⎦⎥
⎛

⎝
⎜

⎞

⎠
⎟

= μ ∇⋅∇ v f +∇⋅ ∇ v f( )
T
−
2

3
δ∇⋅∇⋅ v f

⎡

⎣⎢
⎤

⎦⎥
⎛

⎝
⎜

⎞

⎠
⎟

= μ ∇2 v f +∇⋅ ∇ v f( )
T
−
2

3
δ∇2 ⋅ v f

⎡

⎣⎢
⎤

⎦⎥
⎛

⎝
⎜

⎞

⎠
⎟ (14)

 

 
The conservation of energy for the fluid phase can be 
described in the following way: 
 

 

∂
∂t

γ ρ f

f
H f

f( )+∇⋅ γ ρ f

f
v f

f
H f

f( ) =
∇⋅ k feff ⋅∇ Tf

f⎡
⎣⎢

⎤
⎦⎥+

∂
∂t

γ pf
f( )+∇⋅ γ v f

f
⋅ τ f

f( )
+hsf asf Ts

s
− Tf

f⎡
⎣⎢

⎤
⎦⎥ + Sf (15)

           

 
where H is the total enthalpy. The solid phase energy 
equation can be written as: 
 
∂
∂t
(1−γ ) ρs

s
hs

s( )+∇⋅ 1−γ( ) ρs
s
vs

s
hs

s( ) =
χ s (1−γ )∇⋅ ks ⋅∇ Ts

s⎡
⎣

⎤
⎦− hsf asf Ts

s
− Tf

f⎡
⎣⎢

⎤
⎦⎥ + Ss (16)

 

 
where h is the static enthalpy. The second term disappears 
if the solid matrix is stationary as is the case in this study. 
In the continuous model the pellets itself form a 
continuous solid network, thus there is a direct heat 
transport from pellets to pellets and often a parallel heat 
assumption is applied. If the direct heat transport from 
pellets to pellets is disabled in the discrete model i.e. there 
is a tiny layer of gas between the pellets, the contact area 
of pellets is negligible or there is some essential heat 
resistance for the pellets in contact, it would respond to a 
value of kseff = 0 in the continuous model. The conduction 
should be somewhere in between these two extremes and 
depends on the contact properties, i.e., on the roughness of 
the pellets, pressure applied on pellets, packing of pellets, 
porosity. To have a more valid approach for the thermal 
conductivity for the solid particles that is affected by the 
particle connections a factor can be used very much like 
the tortuosity in addition to the porosity. This factor, χs, 
the reciprocal tortuosity coefficient is a dimensionless 
variable that varies from 0 to 1. It is included before ks as a 
multiplication factor. If the pellets just had point contact in 
the discrete model it would respond to an χs = 0 in the 
continuous model. In this work the conduction between 
the pellets modelled by an analytical expression in the 
discrete model and χs is set to 0.2 as in Burström et al 
(2015a). The additional source terms Sf and Ss also appears 
in the transport equations for turbulence, therefore they 
will be described more explicitly in the next chapter. In 
Equation (15) and (16) the specific (effective) surface area 
between gas and pellets is computed as: 
 

asf =
6(1−γ )
Dp

.     (17) 
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As correlation for the heat transfer coefficient the 
empirical one proposed by Wakao et al. (1979; 1982) is 
applied. This correlation can be used up to a particle Re of 
8500: 
 

hsf = 2+1.1Pr1/3
ρ f vsDp

μ f

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

0.6⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
k f
Dp

  (18) 

 
where Pr is expressed as: 
 

Pr =
μcpf
k f

.     (19) 

 
The fluid effective thermal conductivity is assumed to 
consist of a stagnant and dispersion part (Alazmi and 
Vafai, 2004; Amiri and Vafai, 1998). Regarding 
dispersion, results from experiments (Wakao, 1979; 
Delgado, 2007) from a thick bed yield the following 
approximate estimation for the longitudinal dispersion:   
 
 

k feff ,z = γk f + ρcp( )
f
0.5Dpvs     (20) 

 
The expression yields an approximate asymptotic behavior 
at very low and high Pe. The real dependence can be 
different from this expression due to various factors such 
as: Sc, porosity, packing, dimensions, variation in particle 
size. For non-Darcian flow the first term is negligible due 
to a high interstitial velocity and low thermal conductivity 
and therefore the effective conductivity becomes 
proportional to velocity.  
 
So far only the decrease in volume available for transport 
through the porous medium has been taken into account 
by the porosity, γ. Another often used non-dimensional 
parameter that accounts for the increase in path length for 
the fluid as it goes through the medium is tortuosity, ς. It 
is defined as the average ratio between a straight line 
between two points in the porous media and the actual 
flow path.  In the work by Jourak et al. (2014) it was 
concluded that the tortuosity factor for the gas phase 
within 3D randomly mono-sized spherical packing is in 
the range of 1.38-1.49. In the current study it is thus set to 
ς =1.4 which also agrees well with what is suggested in 
other literature. For lower velocities diffusion becomes 
more important, and on a macroscopic scale the pure 
molecular diffusion transport coefficient can be rescaled 
by using the relationship (Mason and Malinauskas, 1983):  
 

D =
γ
ς
Dvoid      (21) 

 
When Re < 100 the following correlations has been used 
(Delgado, 2007) for the longitudinal dispersion: 
 

k feff ,z = γ
k f
ς
+ ρ f cp( )

f

0.65vtrueDp

1+ 7
ς

vtrueDp

k f
ρ f cp( )

f

/ ς

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

 .  (22) 

 
For the transverse dispersion the following expression is 
applied regardless of Re (Delgado, 2007): 
 

k feff ,x =
γ
ς
k f + ρ f cp( )

f
1/12( )Dpvs .  (23) 

The matching in the uneven temperature case was done by 
using a static transverse dispersion coefficient according 
to: 

k feff ,x =
γ
ς
k f + ρ f cp( )

f
Ddisp    (24) 

2.6 Turbulence Modelling 

Turbulent flow in a packed bed can be modeled in several 
ways. In many of the models macroscopic equations have 
been derived from microscopic equations by the use of 
volume averaging, resulting in additional source terms in 
the governing equations. These terms have often been 
derived for 2D structures. In the current study the 
Nakayama and Kuwahara (N-K) model (Nakayama and 
Kuwahara, 1999) was chosen because of its simplicity, its 
closed formulation for the two different source terms and 
its realistic trend prediction for effective viscosity. The 
model was successfully validated against experiments for 
randomly packed monosized spheres in (Guo et al., 2006). 
The N-K model is derived for fully turbulent flows and 
high Re and as discussed in Guo et al. (2006) it is 
questionable how this model works in the laminar regime. 
For the case in this article the model should overestimate 
the effect of turbulence in the bed. 
 
Following Guo et al. (2006) the momentum equation for 
turbulent flow can be written as: 
 
∂
∂t

γ ρ f

f
v f

f( )+∇⋅ γ ρ f

f
v f

f
v f

f( ) =
∇⋅ γμeff ∇ v f

f
+ ∇ v f

f( )
T⎡

⎣⎢
⎤

⎦⎥
−γ
2

3
ρ f

f
κ f

f⎛

⎝
⎜

⎞

⎠
⎟

+ γ ρ f

f
− ρref( )g− SM , f −∇ γ pf

f( )

(25) 

 
and the energy equation it is modified to the following 
form: 
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∂
∂t

γ ρ f

f
H f

f( )+∇⋅ γ ρ f

f
v f

f
H f

f( ) =
∇⋅ k feff ⋅∇ Tf

f
+γ

μt

Prt
∇ hf

f⎡

⎣
⎢

⎤

⎦
⎥+

∂
∂t

γ pf
f( )

+∇⋅ γ v f

f
⋅μeff ∇ v f

f
+ ∇ v f

f( )
T⎡

⎣⎢
⎤

⎦⎥
−γ
2

3
pf

f
κ f

f⎛

⎝
⎜

⎞

⎠
⎟

+hsf asf Ts
s
− Tf

f⎡
⎣⎢

⎤
⎦⎥ + Sf (26)

 
where: 
 

μeff = μ +μt .     (27) 
 
The Reynolds averaged Navier-Stokes turbulence model 
used is the k-ε model, where the eddy viscosity in both the 
momentum and fluid phase energy equation accounts for 
turbulence and is modelled in terms of the turbulent 
kinetic energy and its rate of dissipation in a similar way 
as for a pure fluid: 
 

μt =Cμ ρ f

f
κ f

f( )
2

ε f
f

.    (28) 

 
Finally the flow resistance in the porous medium is added 
through the Ergun equation: 
 

SM =150μ
1−γ( )2

γ 3dp
2
v f +1.75ρ

1−γ
γ 3dp

v f v f  (29) 

 
The two transport equations for κ and ε can be written as: 
 
∂
∂t

γ ρ f

f
κ f

f( )+∇⋅ γ ρ f

f
v f

f
κ f

f( ) =

∇⋅ γ μ +
μt

σ k

⎛

⎝
⎜

⎞

⎠
⎟∇ κ f

f⎡

⎣
⎢

⎤

⎦
⎥+γ Pk

f
−γ ρ f

f
ε f

f
+γ Sk

f
(30)

 
 
∂
∂t

γ ρ f

f
ε f

f( )+∇⋅ γ ρ f

f
v f

f
ε f

f( ) =

∇⋅ γ μ +
μt

σ k

⎛

⎝
⎜

⎞

⎠
⎟∇ ε f

f⎡

⎣
⎢

⎤

⎦
⎥+γ

ε f
f

κ f

f Cε1 Pk
f
−Cε2 ρ f

f
ε f

f( )
+γCε2 Sε

f

 (31) 

 
where Pk

f is the generation of turbulent kinetic energy 
due to turbulent stress, modelled as: 
 
 

Pk
f

= ∇ v f

f
⋅μt ∇ v f

f
+ ∇ v f

f( )
T⎡

⎣⎢
⎤

⎦⎥

−
2

3
δ∇⋅ v f

f
3δμt ⋅ v f

f
+ ρ f

f
κ f

f( ) .  (32) 

 
In these equations Sk

f and Sε
f

 are additional source 
terms added to account for the turbulence kinetic energy 
and dissipation rate caused by the presence of the porous 
media, see Table 1. As can be seen their influence 

vanishes in the case of no porous media (i.e. γ = 1). The 
standard k-ε turbulence model closure constants are 
(Launder and Spalding, 1974): 
 

Cε1 =1.44

Cε2 =1.92

Cμ = 0.09

σκ =1.0

σε =1.3

.     (33) 

 

Table 1: Source terms in the turbulence equations 
accounting for flow through a packing of spheres. 

 
Sk

f
 Sε

f
 

Nakayama and 
Kuwahara (N-K) 
model 

ρ f

f
ε∞  ρ f

f ε∞
2

κ∞

 

κ∞ = 3.7γ
3/2 1−γ( ) v f

f 2

 

ε∞ = 39γ
2 1−γ( )5/2

v f

f 3

Dp

 

 
As in the models by Ljung et al. (2012) and Burström et 
al. (2015a) additional source terms Sf and Ss have been 
incorporated into the energy equations to account for 
temperature gradients inside the spheres. This yields the 
following extra conduction term in the energy equation: 
 

Sf =
3 1−γ( )
20

Nu kf
∂2Ts
∂z2

.   (34) 

 
In the same manner an additional term in the solid phase 
energy equation may be expressed as: 
 

Ss =
3 1−γ( )
20

Nu kf
∂2Tf
∂z2

.   (35) 

2.7 Discrete model 

The flow through a packed bed can also be modelled in 
detail were the flow in the voids between the particles is 
resolved. There are several methods to do this but here a 
method proposed in Hellström et al. (2010a) is applied. In 
this approach discrete Voronoi diagrams are used to divide 
the system of particles into cells, each containing one 
pellet.  The pellets are regarded as impermeable and 
stationary and there is a non-slip boundary condition on 
their surfaces. The stream function is consequently 
constant along these surfaces and the flow field is obtained 
by minimization of the dissipation rate of energy. In this 
way dispersion of temperature and mass is introduced in a 
natural fashion through randomness of the arrangement of 
pellets. Treating the bed of pellets as a discrete system of 
particles makes it possible to a study statistical variations 
of the macroscopic heat transfer coefficients caused by 
microscopic stochasticity. Variations may originate from 
distribution of the size of the pellets and their position. 
The main procedures in the discrete model are: 

 Derivation of the stream function from a 
minimization of the vorticity. 
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 Calculation of the velocity from the stream 
function distribution. 

 Calculation of heat and mass transfer from the 
velocity distribution.  

 

Details about the discrete model can be found in Burström 
et al. (2015a), Jourak et al. (2013) and Ljung et al. (2012). 

Table 2:  

Constants Value Reference 
Pellet diameter [mm] 12.0 (Forsmo, 2007) 
Thermal conductivity [W m-1 K-1] 0.4  
Specific heat capacity [J kg-1 K-1] 586  
Density  [kg m-3] 3544.875  

 

Table 3: Properties of air. 

Variables S Tref c0 n Reference 
Dynamic Viscosity [Pa s] 111 [K] 273.15 [K] 1.716E-5 [Pa s] 1.5  
Thermal Conductivity [W m-1 K-1] 194 [K] 273.15 [K] 0.02414 [W m-1 K-1] 1.5  
Specific Heat Capacity [J kg-1 K-1] Cp =1000(1.05− 0.365θ + 0.85θ

2 − 0.39θ 3), where θ = T[K ] /1000

 

(Sonntag et al., 
2003) 

 
 

3 CFD MODELLING 

The flow in a generic slice of a packed bed was modelled 
and solved in ANSYS CFX15.0, and the simulations were 
run on a PC cluster with a capacity > 400 cores. The 
porosity in the CFD model is assumed to be constant and 
equal to 0.41. In reality it is a function of the size and 
distribution of the pellets throughout the bed. The Ergun 
equation is used for the flow and the pellets are assumed 
to be perfectly spherical with a diameter of 12.0 mm. The 
chemical energy released by the oxidation from magnetite 
to hematite is not considered 

3.1 Convergence and grid independence, 1D/3D 

To ensure a grid independent solution, a grid refinement 
study was preformed to estimate the discretization error. 
The continuous grid has one element in both the width and 
depth direction and the grid refinement was consequently 
done over the height of the bed. The study was preformed 
with sixteen hexahedral grids where the number of 
elements ranged from a crude resolution up to 5000 in the 
height direction of the bed. Several variables were 
investigated including the gas and solid temperature at 
different positions in the bed and at different times, as well 
as the pressure and the pressure recovery factor, F, which 
is an integrated quantity defined as: 
 

F =

1
Aout

pdA
Aout
∫ −

1
Ain

pdA
Ain
∫

1
2
ρ
Qin

Ain

⎛

⎝
⎜

⎞

⎠
⎟

2 .  (36) 

 
In this equation A is the area, p  is the total pressure, ρ  is 
the average density over the whole domain and Q is the 
flow rate. The representative edge length h1D that is later 
used to visualize the results is defined as: 
 

h1D = H / N      (37) 
 

where N is the total number of hexahedra and H is bed 
height. The trend was the same for all variables and all 
positions. We have here chosen to present the results for 
the gas phase in a point about ¼ up in the bed early in the 
heating process since of the combinations investigated this 
is the one giving the largest error. A monotone 
convergence is achieved, see Figure 7 and the polynomial 
curve shows that the solution is in the asymptotic range 
and that already grid number three with ten elements over 
the bed height gives an error no more than 0.8 %. Since 
the 1D model is relatively simple the finest grid was 
anyway used in all the simulations.  
 

 
Figure 7: Typical plot of gas temperature at a certain 
height at a certain time, slice. 

 
The residuals and imbalances were also scrutinized in a 
sensitivity study to secure that they were small enough. 
This was carried out for both residuals and the progression 
of the time step used. The study yielded that the iteration 
error is negligible at the convergence criteria of max 
residuals below 1E-4 where the domain imbalances is 
below 0.5 %. The time step used is: 
 

Timestep =1E − 4[s]+ 0.0225[s0.25 ]∗ t0.75 .   (38) 
 
The results in Figure 7 corresponds to the quantity giving 
the largest error of F, pressure and temperature tracked in 
five different locations evaluated at five different times. A 
grid consisting of 100 elements gives an error of 
maximum 0.2 % for the quantities evaluated. For the 3D 
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case the domain is 0.2*0.2*0.2 m, beginning with an even 
temperature of 573.15 K as for the slice and varying the 
spatial resolution uniformly yielded that an average edge 
size of h3D = 0.002 m, corresponding to 100 elements in 
each length direction gives the same order of error as in 
1D. The average volume grid size is defined as: 
  

h3D =
1

N
ΔVi( )

i=1

N

∑
⎡

⎣
⎢

⎤

⎦
⎥

1/3

.    (39) 

 
As can be seen in Figure 8, the same kind of convergence 
is attained. 
 

 
Figure 8: Plot of the pressure recovery factor, 3D grid. 

 
A maximum error of 0.2 % in a part of the bed early in the 
heating process is good enough, and this resolution was 
used in the height direction for the uneven temperature 
case.  

3.3 Boundary Conditions and Simulation 
Settings 

The full Navier-Stokes equations are solved, and the 
RANS k-ε model has been applied to model the 
turbulence. The boundary conditions employed in the 
numerical model mimic the boundary conditions that 
occur in the UDD zone in reality. The gas heating the bed 
is treated as ideal and dry. Two different cases are run, one 
with even boundary conditions mimicking a slice of the 
bed and one with an uneven temperature profile, therefore 
also the transversal dispersion becomes important. In both 
cases the motion of the conveyor belt is neglected. Since 
the temperature is axisymmetric only 1/4th of the discrete 
model is modelled where the “walls” having symmetry 
boundary conditions, i.e. focus in on a section of the bed. 
 
For the 1D model the bed inlet condition is set as a 
velocity with a superficial velocity of 1 m/s and a 
temperature of 573.15 K with the flow direction normal to 
the boundary. At the outlet an average relative static 
pressure of 0.0 Pa is applied. The turbulent quantity 
intensity, I, is set on the inlet in the turbulent runs as: 
 

κ inlet =
3

2
I 2vs

2      (40) 

 

εinlet = ρCμ

κ 2

μt

    (41) 

 
All simulations were carried out with a second-order 
discretization scheme and all the properties of the gas are 
functions of T. To describe the density change the ideal 
gas law is applied and Sutherland´s formula (Sutherland, 

1893) is used to describe the dynamic viscosity and the 
thermal conductivity according to: 
 

c = c0
Tref + S

T + S
T

Tref

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

n

.   (42) 

 
In this expression c0 is the reference quantity in question, 
Tref the reference temperature, S the Sutherland constant 
and n the temperature exponent. A polynomial is used to 
describe how the specific heat capacity changes with T, 
see Table 3 for the material properties used for the gas 
phase. Little is published about the thermal properties for 
the solid phase (magnetite) and it is assumed that constant 
material properties can be applied as presented in Table 2.  
 
The turbulence intensity is defined as: 
 

I =

2
3
κ

Vx
2 +Vy

2 +Vz
2

.    (43) 

 
In the work by Burström et al. (2010, 2015b) a typical plot 
of I at the inlet of the bed in the PH and TPH-zone yielded 
a variation up to 80% as can be seen in Figure 9. This 
variation is applied in this work. 
 

 
Figure 9: Typical contour of the turbulent intensity 
plotted at a horizontal plane penetrating the inlet of the PH 
and TPH-zones of a grate-kiln plant.  

3.4 Setup of the system, discrete model 

The length of the system is set to be 0.20 m in the main 
flow direction. For the case of even temperature the other 
dimensions of the discrete model are 0.12 m giving a 
sufficient system size for the statistics inside parallel 
layers normal to the normal flow direction inside the bed. 
The simulations are run with the same settings as the vsup = 
1 m/s case in Burström et al. (2015a). For the uneven 
temperature case a larger system size is needed of 
0.2*0.2*0.2 m. The superficial velocity will vary inside of 
the layer since the transient heating of the layer is 
modelled and the density is a function of the pressure and 
temperature. For the uneven temperature case a Gaussian 
temperature profile has been set on the inlet as: 
 

T (x, y) = (265*exp(-(((x /1[m]) - 0.1)2 +

((-y /1[m]) - 0.1)2 ) / (2*0.04 ^ 2))+308.15)[K ]
 (44) 
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see Figure 10. For this case the averaged inlet velocity is 
vsup = 0.01 m/s. The velocity chosen is a trade-off between 
high velocity and computational resources noting that the 
discrete in-house code is not yet parallelized. 
 

 
Figure 10: Temperature profile used on inlet boundary. 

For both modelling strategies a two-phase heterogeneous 
energy model is used were different energy equations are 
solved for the different phases. 
 

4 RESULTS AND DISCUSSIONS 

As examples of numerical results snaps-shots of the 
temperature distributions derived from the CFD and 
discrete models for the even inlet temperature case are 
shown in Figure 11. Naturally, the temperature front in the 
discrete model is not straight as in the CFD model. This is 
because of the natural dispersion in the system due to the 
arrangement of the pellets. 
 

 
 (a) 

 

 
(b) 

Figure 11: Snaps-shots of gas temperature as derived 
from the CFD (a), and both the temperature of individual 
pellets and the gas from the discrete model (b). 

4.1 Even temperature 

The inlet air temperature is 573.15 K and the initial bed 
temperature is 308.15 K yielding a ΔT = 265 K. When the 
air moves through the bed, it cool down as it heats the 
pellets in the bed. Since ρ = ρ (T, p) the volume average 
Rep (vsρDp/μ) varies throughout the bed and, as an 
example, the propagation in time from the continuous 
model and vsup = 1 and 3 m/s can be seen in Figure 12 and 
Figure 13, respectively. This variation is also captured 
with the discrete model and the two models gives nearly 
the same mean values in temperature history for the gas 
and for the pellets at different horizontal positions in the 
bed for vsup = 1 m/s, see Figure 14. Also a higher inlet 
velocity of vsup = 3 m/s gives a good agreement, but the 
matching regarding the gas temperature is not as perfect as 
for the lower velocity, see Figure 15. 

 
Figure 12: Min, max and volume averaged Re through the 
bed as a function of time, continuous model, even 
temperature case, vsup = 1 m/s, Eq. (20). 
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Figure 13: Min, max and volume averaged Re through the 
bed as a function of time, continuous model, even 
temperature case, vsup = 3 m/s, Eq. (20).  
 

 
Figure 14: Comparison between discrete and continuous 
laminar model, the even temperature case. Averaged 
temperature as a function of time. Positions z = 0.0475 m, 
z = 0.0975 m and z = 0.1475 m, vsup =1 m/s, Eq. (20). 

 

 
Figure 15: Comparison between discrete and continuous 
laminar model, the even temperature case. Averaged 
temperature as a function of time. Positions z = 0.0475 m, 
z = 0.0975 m and z = 0.1475 m, vsup =3 m/s, Eq. (20). 

4.2 Turbulence 

In cases when the porosity is low and the permeability is 
not very high, an assumption that the porous media flow 
can be treated as a conventional flow cannot generally be 
done since the porous medium itself contribute to the 
turbulence, (de Lemos, 2006). However, when using a 
RANS equation assumption and the N-K model there is a 
generation of κ f

f
 due to the porous medium. The 

amount of mechanical energy that is converted into 
turbulence is depending on the properties of the porous 
matrix (de Lemos, 2006, Hellström et al, 2010b), in this 
case the quantities of the fluid phase is continuously 
changing and both the gradient of v f

f
and the local 

value through the source term Sk
f influence the 

generation of the turbulent kinetic energy inside the bed.   
 
As apparent from the above discussion, the transition from 
laminar to turbulent flow in porous media is not definite 
and it is thus uncertain when a turbulent model should be 
activated. However, when varying the turbulence intensity 
at the inlet it turns out that the exact value does not 
influence the overall result, see Figure 16 - Figure 19 
where the turbulence intensity values used are based on 
simulation done with a relevant up- and downstream 
geometry. The difference between laminar and turbulent 
gas temperature for five points in the bed is plotted as a 
function of time to highlight the influence of turbulence 
and inlet intensity. When comparing the results with and 
without the N-K model, ignoring wall effects, for an inlet 
superficial velocity 1 – 3 m/s and an inlet temperature of 
300°C the differences are small. For the case of vsup = 1 
m/s and a turbulence intensity of 3.7 % on the inlet the 
mean difference is below 0.5 K when comparing the 
temperature in several points throughout the bed, see 
Figure 16. The difference increases when increasing the 
inlet turbulence intensity to 80 %, but this is only notable 
at the beginning of the bed, see Figure 17. The reason to 
the fast decay is that the production and dissipation of 
turbulence inside the pores of a porous media will be 
balanced (Jouybari et al., 2015) so that the effect of inlet 
boundary condition disappears at the downstream, which 
is also seen in Figure 20.  
 

 

Figure 16: Comparison of ΔT between continuous laminar 
and RANS model in five points from the beginning to the 
end of bed, even temperature case, vsup = 1 m/s, inlet 
intensity = 3.7 %. Positions z = 0.0025 m, z = 0.0475 m, z 
= 0.0975 m, z = 0.1475 m and z = 0.1975 m, Eq. (20). 
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Figure 17: Comparison of ΔT between continuous laminar 
and RANS model in five points from the beginning to the 
end of bed, even temperature case, vsup = 1 m/s, inlet 
intensity = 80 %. Positions z = 0.0025 m, z = 0.0475 m, z 
= 0.0975 m, z = 0.1475 m and z = 0.1975 m, Eq. (20). 
 
If the velocity at the inlet is increased to vsup = 3 m/s the 
difference decreases compared to the vsup = 1 m/s case. 
The trend is otherwise the same when increasing the 
intensity at the inlet as can be seen in Figure 18-Figure 19. 
The weak response when introducing the N-K model is 
somewhat surprising since the N-K model should over-
predict the effect of turbulence. The Reynolds number is 
however still fairly low and it is not obvious whether the 
flow in reality should have been inertia dominated or 
turbulent. The dispersion is considered in all the models 
and in the next subchapter it will turn out that the 
influence of production of turbulence in the bed and its 
influence on the temperature profile is small compared 
with other mechanisms such as dispersion. 

 
Figure 18: Comparison of ΔT between continuous laminar 
and RANS model in five points from the beginning to the 
end of bed, even temperature case, vsup = 3 m/s, inlet 
intensity = 3.7 %. Positions z = 0.0025 m, z = 0.0475 m, z 
= 0.0975 m, z = 0.1475 m and z = 0.1975 m, Eq. (20).
 

 
Figure 19: Comparison of ΔT between continuous laminar 
and RANS model in five points from the beginning to the 
end of bed, even temperature case, vsup = 3 m/s, inlet 
intensity = 80 %. Positions z = 0.0025 m, z = 0.0475 m, z 
= 0.0975 m, z = 0.1475 m and z = 0.1975 m, Eq. (20). 
 

 
Figure 20: Comparison of the turbulent intensity profile 
throughout the bed height for the continuous RANS 
model, even temperature case, vsup = 1 & 3 m/s, inlet 
intensity = 3.7 & 80 % , Eq. (20), t = 721 s. 
 

4.3 Importance of different mechanisms 

The simulations revealed that the incorporation of 
generation of turbulence in the models has only a small 
effect on the temperature distribution. A scaling analysis 
will here be carried out, further demonstrating the 
importance of each term contributing to the distribution of 
temperature. As a verification of the results a comparison 
is made with the viscosity ratios reached in Guo et al 
(2006) and there is an agreement for a range of different 
Rep, ignoring the inlet effect. Knowing this effective 
viscosity profiles are showed in Figure 21. It is again 
obvious that the effect of inlet turbulence intensity is only 
perceivable at the beginning of the bed. 
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Figure 21: Comparison of effective viscosity. Continuous 
RANS model, even temperature case, vsup = 1 & 3 m/s, 
inlet intensity =3.7 & 80 % , Eq. (20), t = 721 s. 

Turbulence affects the temperature distribution in packed 
beds mainly by convective heat transfer between solid and 
fluid and the variable kturbulence. Regarding the first 
mechanism, hsf is obtained from the experimental 
correlation by Wakao et al. and is identical for the laminar 
and turbulent simulations. Regarding the second 
mechanism, the thermal conductivity tensor in the 
turbulent flow model consists of terms taking care of 
molecular diffusion, mechanical dispersion and 
turbulence. Due to high interstitial velocity and low 
thermal conductivity the molecular diffusion is negligible. 
Based on the relationships for dispersion valid for Rep > 
100 Eq. (20 and 23), the terms that should be compared 
are summarized in Table 4: 
 
Table 4: Terms of importance in the apparent thermal 
conductivity tensor. 

Transverse component of 
kturbulence, eq. (35), in 
Nakayama and
Kuwahara (1999) 

Turbulent 
(kturbulence) 
part of the 
thermal 
conductivity 
tensor 

Eq. (23)  Eq. (20)  

0.03
γ

Prt 1−γ
ρ f cpf vsDp

 γcpfμt

Prt

 
(1 /12)ρ f cpf vsDp

 0.5ρ f cpf vsDp
 

 
Comparing Equation (23) for traverse dispersion with the 
transverse component of turbulence, it is clear that a static 
ratio is achieved and that transverse dispersion effects are 
approximately 5 times greater than that predicted by 
Equation (35) of Nakayama and Kuwahara (1999). A 
comparison between Equation (20) with the kturbulence part 
of the thermal conductivity tensor during the runs 
furthermore reveals that the longitudinal dispersion is 
about 30 times greater that turbulence effects for both the 
vsup = 1 and 3 m/s case. Hence, dispersion is much more 
important than turbulence for the temperature distribution 
in a porous bed up to a Rep value of atleast 1000. This is 
especially true for longitudinal dispersion. 

4.4 Uneven temperature 

The standard deviation, σ, of the temperature in a cross 
section of the bed can be used as a measure of the 
variation of the temperature. The standard deviation is 
defined as:  
 

σ =
1

N
xi − x( )2

i=1

N

∑     (45) 

 
where x  is mean value in the section of interest. 
Evaluating the result from the discrete model it can be 
seen that the effect of transverse dispersion is quite high as 
the profile is smeared out after just 0.1 m and σ in the 
cross section is 7 K. In a parallel cross section a couple of 
pellet rows from the inlet the standard deviation is reduced 
from 63 K to 9 K during the first second. The propagation 
of the temperature profile can be seen in Figure 22, where 
snapshots from the discrete model are shown. 
 

 
Figure 22: Snap shots of the temperature distribution as 
derived from the discrete model for uneven temperature. 
 

 
              (a)             (b) 

Figure 23: Figure of the inlet in the CFD model. (a) Full 
sized geometry. (b) Due to axisymmetric conditions just a 
¼ of the domain is simulated.  

 
Using Equations (22) and (23) in the continuous model 
results in a much lower transverse dispersion, see Figure 
25. However, by using a static dispersion coefficient in 
Equation (24) a good comparison can be achieved as can 
be seen in Figure 26 and Figure 27. The use of a constant 
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coefficient also displays that there is a difference in 
dispersion in different parts of the bed in the discrete 
model. Steady state profiles for different transverse 
dispersion coefficients can be seen in Figure 24. Also σ is 
shown in Table 5 for five heights in the bed. The large 
difference in magnitude for the transverse dispersion is an 
issue for future research but will be shortly discussed here. 
The difference can be due to several topics related to the 
modelling of the physics and the steep temperature 
gradients generated. In particular the geometry for the 
conduction and dispersion in general are resolved in the 
discrete model while they are modelled in the CFD case. 
Hence step gradients in temperature and flow are blurred 
out in the latter. In a similar manner the continuum 
approach may fail with such large temperature gradients 
and relatively large pores. There may also be interplay 
between pellet conduction and dispersion of temperature 
that is not captured in the CFD and the transverse 
conduction may be somewhat over-predicted in the 
discrete model.  

 

 
Figure 24: Gas temperature profiles for different 
dispersion coefficients for the continuous laminar model, 
for the longitudinal dispersion part is always Eq. (22) 
used, t = 50000 s. (a) DT = Eq. (23). (b) DT = Eq. (24) with 
Ddisp = 0.000025 m2/s. (c) DT = Eq. (24) with Ddisp = 
0.0004 m2/s. (d) DT = Eq. (24) with Ddisp = 0.0008 m2/s. 

 

 
Figure 25: Continuous laminar model with Eq. (22) and (23) compared with the discrete model for uneven temperature case. 
Averaged temperature as a function of time. Positions z = 0.0475 m, z = 0.0975 m and z = 0.1475 m. 
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Figure 26: Continuous laminar model with Eq. (22) and (24) with Ddisp= 0.0004 m2/s compared with the discrete model for 
uneven temperature case. Averaged temperature as a function of time. Positions z = 0.0025 m, z = 0.0975 m and z = 0.1975 
m. Standard deviation from the average value at given cross sections, hard drawn lines –discrete, coloured dashed –
continuous. 

 

 
Figure 27: Continuous laminar model with Eq. (22) and (24) with Ddisp= 0.0008 m2/s compared with the discrete model for 
uneven temperature case. Averaged temperature as a function of time. Positions z = 0.0475 m and z = 0.1975 m. Standard 
deviation from the average value at given cross sections, hard drawn lines –discrete, coloured dashed –continuous. 

 

Table 5: Standard deviation of temperature in cross sections throughout the packed bed, continuous laminar model in 
comparison with the discrete, uneven temperature case, t = 50000 s. 

 σ [K] 
 z = 0.0025 m z = 0.0475 m z = 0.0975 m z = 0.1475 m z = 0.1975 m 
DT = Eq.(23) 61.7 44.1 37.0 31.8 27.9 
DT = Eq.(24) with Ddisp = 0.0004 m2/s 56.8 23.6 10.3 4.5 2.0 
DT = Eq.(24) with Ddisp = 0.0008 m2/s 52.4 12.6 2.9 0.7 0.2 
Discrete 11.7 12.6 6.9 4.4 3.0 
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5 CONCLUSIONS 

The simulations indicate that the continuous model can be 
used if one is interested in mean predictions for even 
boundary conditions on the inlet to the bed. However, if 
local values are of great importance the discrete model 
should be used. It can be concluded that the discrete model 
can be used for non-Stokian flow as turbulent effects show 
little influence of the overall heat transfer rates in the 
continuous model. 
 
For an uneven temperature on the inlet the dispersion is 
shifting heavily within the bed in the discrete model and 
cannot be matched by the correlation from a thick bed. 
The reasons to this are discussed and are topics for future 
research. 
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