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ABSTRACT 

LKAB (Luossavaara-Kiirunavaara AB) is an international company that produces 
iron ore products for the steel industry; their main product is iron ore pellets. 
 
The aim with this research project is to numerically investigate if it is possible to use 
selective non-catalytic reduction (SNCR) technologies in grate-kiln pelletizing 
plants for NOx reduction. The technique 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 the technique is possible to use with the two most commonly reagents ammonia 
and urea. 2) Derive a chemistry model for cyanuric acid so that this reagent also can 
be scrutinized. 3) Compare the reagents urea and cyanuric acid in the grate-kiln 
pelletizing process. 
 
A CFD model of parts of the real grate was created and numerical simulations with 
the commercial code ANSYS CFX was 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. It 
is shown that the SNCR technique with ammonia does not work in the grate-kiln 
process. Urea on the other hand can be used under some conditions and also 
cyanuric acid. The results lay grounds for a continued development of the proposed 
chemistry model.  
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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. 



286 P.E.C. Burström, T.S. Lundström, B.D. Marjavaara and S. Töyrä  

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 =

 = ∆ 
 
∑  (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 nitric 
oxides (NO) content 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 the 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 nitric 
oxide. 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 
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vapor. The reagent reacts mainly with NOx, and not with 
other major components of the gas. The temperature 
window depends on a combination of different factors 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 
pelletizing plants if the temperature is relatively low, 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, Irfan and Gibbs, 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 nitric oxide in processes with high temperatures 
such as iron ore grate-kiln pelletizing plants (Burstöm et 
al., 2010). Initial studies have, however, shown that 
Computational Fluid Dynamics (CFD) simulations with 
CA with direct application of a previously used model for 
SNCR-chemistry for ammonia and urea cannot be fitted to 
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.  
 
In this study a new CA SNCR-chemistry model is, 
therefore, developed and the flow through a reactor is 
modeled with CFD with the aim to investigate if the new 
SNCR-chemistry model captures the experimental trends 
so it later can be used to study reduction of NOx in 
different applications. 

 
Figure 1: Flowsheet scheme for the two secondary systems SCR (a) and SNCR (b). 

 

In what follows 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 Cyanuric Acid Evaporation 

The CA is injected as a powder and the evaporation of the 
water does not have to be modelled. Having this in-mind a 
couple of assumptions are introduced for the CA 
sublimation/decomposition. To start with the sublimation/ 
decomposition is modelled as:   
 

1          (CNOH)3(s)→ (CNOH)3(g)
2         (CNOH)3(g)→ 3HNCO(g)

   (1) 

 
where it is assumed that the first step is realised through 
sublimation following the relationship: 
 

a ⋅e−ΔsubH /RTd  1/s    (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 set by the 
convective heat transfer from the carrier gas and the 
transfer coupled with the sublimation. The former is 
modelled with the following expression: 
 

Qc = πdλgNu(Tg −Tp )     (3) 
 
where d is the particle diameter, 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 calculated from 
the empirical correlation by Ranz and Marshall: 
 

€ 

Nu = 2+ 0.6Re1/ 2 Pr1/ 3,   (4) 
 
where the Prandtl number is defined as: 
 

€ 

Pr =
µgcp,g
λg

 ,      (5) 

 
where µg is the dynamic viscosity and where cp,g is the 
specific heat capacity. The Reynolds number is calculated 
from the slip velocity in the following way: 
 

Re =
ρg(u−up )d

µg

     (6) 
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where 

€ 

u  is the gas velocity and up  the particle velocity. 
 
Mass Arrhenius is used to model the mass transfer in the 
CFD-calculations since the mass transfer in step 1) in 
Equation 1 is assumed to be modelled with sublimation 
multiphase reactions. The multiphase reaction acts in the 
same manner as the single-phase reaction Arrhenius as 
will be explained in the next subchapter. The only 
difference is that the former involves simultaneous phase 
change and conversion of the CA into gas. For more 
detailed information about the model please see (Ansys 
CFX-Solver Modeling Guide, 2009). 

2.3 SNCR Chemistry 

A reduced global reaction mechanism for the gas-phase 
reduction of NO in flue gases by the RAPRENOx process 
has been developed and compared with the experimental 
data obtained by Caton and Siebers (1989) and Caton and 
Xia (2004).  First a short introduction will be given about 
the modelling of reactions in CFD in general. The 
equations involved in the chemistry are then shortly 
discussed to give an overall understanding on the physics 
and chemistry behind the numerics. 
 
For a multicomponent fluid, as in this case, different scalar 
equations have to be solved for mass, momentum, energy 
and other properties. When the conservation equations are 
solved the mass fraction of each species is calculated in 
every local cell by solving the equations below that in 
tensor notation reads: 
 

∂
∂t
(ρYi )+

∂
∂x j

(ρujYi ) =
∂
∂x j

(ρDi
∂Yi
∂x j
)+ Ri + Si

     (1)    +      (2)       =           (3)       +(4)+ (5)     
.   (7) 

 
The first term on the left-hand side is the transient term, 
which accounts for the rate of change of Yi being 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, Di 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 the source term which 
comprises all other sources except for the reaction source 
term.  
 
The reactions in Table 1 can also be expressed in the 
following way: 
 

!vi,r
i=1

N

∑ i ⇔
kb,r

k f ,r
  !!vi,r
i=1

N

∑ i     (8) 

 
where !vi,r is the stoichiometric coefficient for reactant i in 
the reaction r and !!vi,r  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: 
 

Ri =Mi Ri,r
r=1

NR

∑     (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: 

Ri,r = Γ( ""vi,r − "vi,r )(k f ,r Cj,r
$% &'

"nj ,r − kb,r Cj,r
$% &'

j=1

Nr

∏
j=1

Nr

∏
""nj ,r

)  (10) 

 
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, !nj,r is the forward rate 

exponent and !!nj,r 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 third body efficiency affects the rate of 
the reaction involved.  In the reactions were a third body is 
involved the reaction rate is scaled by the factor Γ that is 
defined in the following manner: 
 

Γ = γ j,rCj
j

Nr

∑      (11) 

 
where γ j,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: 
 

k f ,r = ArT
br exp(−Er / 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: 
 

kb,r =
k f ,r
Kr

        (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. To exemplify, assume that the non-reversible 
elementary reactions are expressed as: 
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(1) A+ B→C +D+E
(2) A+F→ B+D+E
(3) G + B→ H + I
(4) G + J→ B+ I +E

 .   (14) 

 
Then the change of A is calculated as: 
 

RA =
d A[ ]
dt

= −k1 A[ ] B[ ]− k2 A[ ] F[ ]   (15) 

 
and the change of B as: 
 

RB =
d B[ ]
dt

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

                     +k4 G[ ] J[ ].
   (16) 

 
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 (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 scrutinized 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 pelletizing 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. 
Initial simulations with this model 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 
mostly derived from 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 with the rates given in 
Glarborg et al. 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 2 is modeled with: 
 

k = 6.3⋅107 ⋅e−Ea /RT 1/s       (17) 
 

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) regarding the urea model the 
assumption for partial equilibrium was applied. After that 
reactions were added to handle the dependence of CO. It 
was however discovered that the partial equilibrium 
assumption did not handle the radicals O and OH in a 
correct fashion. So reactions were added to deal with this 
in the reactions. Adding R12-25 gave more realistic 
reactions and agreement with the experimental data.   
   
As a last improvement R12_1 was replaced with the one 
from Miller and Bowman (1991) together with R16 from 
Rota el al. (2002) which gave better agreement with 
experiments, especially for the cases where H2O = 4.5% 
and CO = 0 ppm. 

2.4 Aerodynamics 

Since the Reynolds number in the main reactor is just 
above one-hundred the flow is laminar resulting in the 
following governing equations for the motion of a 
compressible fluid: 
 

∂ ρui( )
∂t

+ ρujui( ), j = −p,i +µui, jj + SMi
    (1)   +      (2)     =    (3)+ (4)   

   (18) 

 
and  
 

∂ρ
δt
+ ρui( ),i = 0 ,     (19) 

 
where ui is the velocity vector, t the time, p the pressure ρ 
the density, µ the dynamic viscosity and SMi is a 
momentum source, that can include body sources such as 
gravity. In a similar way as in 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.  
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Table 1 Kinetic mechanism for SNCR by Cyanuric Acida. 

 Reaction A b E Reference 
R1 HNCO +OH ↔ NCO + H2O 6.4E-01 2.00 10715.776 (Glarborg)
R2 NCO + NO ↔ N2O + CO 6.2E+11 -1.73 3193.80355 (Glarborg) 
R3 NCO + NO ↔ N2 + CO2 7.8E+11 -1.73 3193.80355 (Glarborg) 
R4 NCO + O2 ↔ NO + CO2 2.0E+06 0 83717 (Glarborg) 
R5 NCO+M ↔ N + CO +M 3.1E+10 -0.50 200920.8 (Glarborg) 
R6 NCO +O ↔ NO + CO 4.7E+07 0 0 (Glarborg) 
R7 H +O2 ↔ O + OH 1.7E+08 0.00 67526.1322 (Glarborg) 
R8 OH +OH ↔ H2O + O 9.2E+03 0.77 -284.6378 (Glarborg) 
R9 CO + OH ↔ CO2 +H 1.5E+01 1.30 -3202.17525 (Glarborg) 
R10 CO + O2  ↔ CO2 +O 2.5E+06 0.00 199665.045 (Glarborg) 
R11 O + O +M↔ O2 + M 1.9E+01 0.00 -7484.2998 (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 -4185.85 (Glarborg) 
R13 HO2 +H ↔ H2 + O2 6.3E+07 0.00 8899.1171 (Glarborg) 
R14 HO2 +H ↔ OH + OH 1.7E+08 0.00 3662.61875 (Glarborg) 
R15 HO2 +O ↔ OH+O2 1.8E+07 0.00 -1674.34 (Glarborg) 
R16 HO2 + OH↔ H2O + O2 2.9E+07 0.00 -2080.36745 (Rota) 
R17 HO2 + HO2 ↔ H2O2 + O2 1.3E+05 0.00 -6822.9355 (Glarborg) 
R18 HO2 + HO2 ↔ H2O2 + O2 4.2E+08 0.00 50146.483 (Glarborg) 
R19 HNCO + O ↔ NH + CO2 9.6E+01 1.41 35663.442 (Glarborg) 
R20 HNCO +O2 ↔ HNO + CO2 1.0E+06 0.00 146504.75 (Glarborg) 
R21 NCO + HCO ↔ HNCO + CO 3.6E+07 0.00 0 (Glarborg) 
R22 NO2 + M ↔ NO + O +M 7.0E+08 0.00 221850.05 (Glarborg) 
R23 NO + HO2 ↔ NO2 +OH 2.1E+06 0.00 -2009.208 (Glarborg) 
R24 NO2 + O ↔ NO + O2 1.0E+07 0.00 2511.51 (Glarborg) 
R25 N2O + M ↔ N2 + O + M 4.0E+08 0.00 234826.185 (Glarborg) 

     aUnits of A are m-mol-s-K and for E units are J/mol. 
 
 

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 parts that are 
involved in the CFD-model are the flow reactor that 
consists of the vaporizer, preheater and the main reactor. 
The flow reactor has a diameter of 16.5 mm. At the end of 
both the preheater and the vaporizer 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. 
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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 from the first 0.368 m of the reactor where the 
reactor temperature from the experiments is set on the 
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walls. Based on this data the virtual model of the 
vaporizer/preheater/reactor is built, see Figure 4 where it 
can be noticed that the flue gas enters through the 
preheater.  
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Figure 4: Model of vaporizer/preheater and reactor. 

3.1 Mesh 

The final mesh used consists of 104k nodes and is built 
from tetrahedral cells as shown by the horizontal 
intersection through the centerline of the reactor presented 
in Figure 3. The mesh is refined at the orifices and at the 
walls separating the vaporizer 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 vaporizer in which the 
CA sublimes before it enters the main reactor.  
 
The mass flow rate was constant in each experiment setup 
in Caton and Xia (2004) and consequently the residence 
time varied with the temperature. The mass flow was 
calculated from Equation 2 in Caton and Xia (2004), see 
Equation 20, with the residence time 0.85 s at 1025K and 
the conditions given in Table 1 Caton and Xia (2004).  
 

m
⋅

=
Vol ⋅ ρact
τ res

     (20) 

 
where Vol is the reactor volume, ρact is the actual gas 
density and τ res 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). Another 

uncertainty is which volume that should be used when 
calculating the mass flow. The residence time for 1025K is 
about 1.2 s for the whole reactor. Since the mass flow 
distribution between the vaporizer and preheater was not 
given in Caton and Xia (2004) the one in Caton and 
Siebers (1989) was applied according to: 
 

m
.

vaporizer =
0.2slpm

1.2slpm
⋅m
.

    (21) 

 m
.

Pr eheater =
1.0slpm

1.2slpm
⋅m
.

    (22) 

 

Where m
⋅

= 3⋅10−5 kg/s results in that 1/6 of the flow 
originates from the vaporizer and 5/6 from the preheater. 
The carrier gas in the vaporizer was in its turn calculated 
as: 

  m
.

vaporizer,�carrier �gas =m
.

vaporizer−m
.

CA .  (23) 
 
Analysis of the set-up in Caton and Siebers (1989) 
furthermore yields that only N2 was used as carrier gas. 
 

Table 2: Conditions used in the simulation to mimic the 
experiments. 

Parameter  
Agent Cyanuric acid
Phase of agent Solid 
  
CA Vaporizer  
Inlet temperature 740K 
  
Preheater  
Inlet temperature 720K 
  
Reactor  
Inlet species concentrations:  
CA (ppm) 470ppm 
CO (ppm) 0 or 1260 
H2O (%) 0 or 4.5 
O2 (%) 0, 1.9 or 12.3 
NO (ppm) 330 
  

 
The outlet temperatures given in Caton and Siebers (1989) 
for the vaporizer and preheater are also used as the input 
temperature to the preheater and the vaporizer, see Table 
2. The inlets are set as mass flow inlets with mass flows 
given from Equation 22 and 23. The outlet is set as a 
pressure outlet with the average static pressure zero Pa.  
 
The authors to the experiment article, Caton and Siebers, 
had chosen the inlet CA concentration such that the NO 
reduction was as close to the maximum possible for all the 
conditions, this was made by doing a study to determine 
the most appropriate molar ratio. (Siebers and Caton, 
1990).

 
Figure 3: A horizontal intersection at the centerline of the reactor showing the mesh used in the simulations. 
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3.3 SNCR/Injection Settings 
Normalised stoichiometric ratio (NSR) is used to describe 
the ratio of the reagent against the nitric oxide. 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 HNCO. In the experiments 
in this case the isocyanuric acid NSR was 4.27 and the CA 
NSR was 1.42.  The HNCO NSR is calculated according 
to: 
 

NSRHNCO =
3⋅N

.
CA

N
.
NO

=
3(m

.
CA /MCA )

m
.
NO /MNO

  (24) 

 
where M is the molecular weight of CA and NO. 
 
Furthermore the thermal energy heat transfer model is 
applied with finite rate chemistry. The particles are two-
way coupled with a Schiller Naumann drag force and a 
Ranz Marshall correlation for heat transfer. About 1000 
CA particles with the diameter 150 µm with a temperature 
of 300K are injected at the inlet to the vaporizer 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 parallelize 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 the 
simulations were carried out with a high resolution 
advection scheme with a stationary assumption. Thermal 
heat transfer is used to model the heat transfer.  
 
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 below. 

 
Figure 5: Monitor points throughout the domain. 

4 RESULTS 

There is no noticeable difference in effluent gases when 
changing the restitution coefficients that is loosing 50%, 
75% or 90% of the velocity perpendicular and parallel to 
the wall after hitting it. The HNCO concentration leaving 
the vaporizer gets, however, larger for larger loss 
coefficients. The reason is that there is sublimation earlier 
in the horizontal part. But as mentioned this is not 
reflected at the outlet. Based on the fact that there is no 
difference in rest of the simulations it is assumed that the 
particles do not loose velocity when hitting the walls. This 
implies that in the current model the particle bounces in 
the horizontal part of the vaporizer until they have fully 
sublimed. 

4.1 Comparison to Experiments 

The simulations of the developed mathematical model 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. One measure is the NO 
reduction that is defined with the following equation: 
 
 

NO reduction = (1− NOout

NOin

) ⋅100 (%)   (25) 

  
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 1100K with 4.5% H2O and 1260 ppm 
CO, after that the reduction is over predicted but the trend 
seems to be captured between the simulation and 
experiment, see Figure 6. For 4.5% H2O and 0 ppm CO 
the trend is captured but the reduction seems to be shifted 
about 50K to higher temperatures. The reduction with 0% 
H2O is not captured at all.  
 
Figure 6 and Figure 7 shows the NO reduction for the 
three different combinations of H2O and CO. The 
difference between the figures is that they are made for 
two different O2-concentrations, 1.9% and 12.3%. Notice 
that simulations are presented for temperatures up to 
1550K mimicking the maximum used temperatures in the 
grate-kiln process while there is no experimental data 
above 1340 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. One conclusion in 
Caton and Siebers (1989) is, for instance, that the NO 
reduction may be significant for temperatures above 
1350K. This is confirmed by the simulations, particularly 
for the high O2 case, see Figures 6 and 7. Notice that the 
case with 0% H2O is an exception. 
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Figure 6: NO reduction using CA as a function of reactor temperature for O2 = 1.9% and NO = 330 ppm. The experimental 
data is plotted from Caton and Siebers (1989). 
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Figure 7: NO reduction using CA as a function of reactor temperature for O2 = 12.3% and NO = 330 ppm. The 
experimental data is plotted from Caton and Siebers (1989). 
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Figure 8: Species concentrations as a function of reactor temperature with O2 = 12.3%, H2O = 4.5%, CO = 1260 ppm and 
NO = 330 ppm. The experimental data originates from Caton and Siebers (1989). 
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Figure 9: NO reduction as a function of oxygen concentration for 1200K with H2O = 4.5%, CO = 1260 ppm and NO = 330 
ppm. The experimental data originates from Caton and Xia (2004). 
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Increasing the O2 concentration to 12.3% does not change 
the overall reduction behaviour see Figure 7. A feature is 
however that the major part of the reduction is shifted to 
lower temperatures in the experiments as well as in the 
simulations. In the experiment the NO reduction is 
increased and initiated about 50 K earlier in the 
temperature cycle for both H2O and CO combinations for 
the higher O2 concentration as compared to the lower. The 
increased NO reduction is not captured but it seems that 
the shift in temperature for the maximum reduction 
temperature can be predicted. Also for this higher 
concentration of O2 the model fails to predict the case with 
0% H2O. 
 
In a similar manner as for O2 adding CO lowers the 
reduction temperature window. This effect is present in 
the experiments and captured by the simulations. There is 
also a general increased NO reduction when adding more 
CO that also is computed in the simulations.  
 
Another measure that can be used to validate the model is 
the concentration of different species at the reactor outlet. 
The trends as a function of reactor temperature are in 
general captured as well as the maximum NO reduction, 
see Figure 8 for the case with 12.3% O2, 4.5% H2O and 
1260 ppm CO. One discrepancy is the decrease in HNCO 
that is shifted against higher temperatures. There is no 
“mountain” like form on the N2O concentration, probably 
it has something to with conversion of HNCO to N2O 
since the later would be higher and HNCO lower, but as in 
the experiment the N2O concentration decreases above 
1200K 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 are 12.3%, the model may not 
be appropriate to be used for higher O2 concentrations and 
higher temperatures than examined in the experiment. 

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 with CA as NO reducing agent. The 
objective was to determine if a derived model captures the 
most trends and especially for high O2 concentrations with 
H2O in the flue gases as for example in the grate-kiln 
process. The parameters that was varied was the reactor 
temperature and the concentrations 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 it does not work at all with 0% H2O. 
 
The results indicate that CA is appropriate for higher 
temperatures and high oxygen concentration.  The 
experimental trends are predicted and there is an 
agreement between numerical simulation and experiments 
for every condition except for 0% H2O. 
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1 INTRODUCTION 

The flow through a grate in an iron ore pelletizing plant is 
modeled with Computational Fluid Dynamics (CFD) with 
the aim to investigate the function of different reagents to 
reduce emissions of Nitric Oxide (NO). In focus is 
injection of urea and cyanuric acid (CA) with a technique 
called selective non-catalytic reduction (SNCR). 

 
In the iron ore pelletizing process the ore is ground down 
in several stages to slurry and unwanted components are 
removed. The slurry is pumped to the pelletizing plant 
where it is de-watered with filters and mixed with binders 
and additives. The mixture is then fed into balling drums 
or disks where the ore is rolled into balls and thereafter the 
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so-called green pellets are loaded into the grate-kiln, see 
Figure 1. 
 
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), (Ljung et al., 
2011a; Ljung et al., 2011b). In the second stage the green 
pellets are heated in the Tempered Preheat (TPH) zone to 
about 1000°C and then in the Preheat (PH) zone to about 
1100°C. In the third stage the green pellets are fed into a 
rotating kiln in which the temperature is raised to about 
1250°C in order to sinter the green pellets with the aid of a 
coal burner. 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 tons of pellets produced. In the last stage the pellets 
are cooled down in an annular cooler, supplying the rest of 
the system with heated air.  
 
In this study the flow in the TPH and PH zones will be 
modeled since this is a proper place to add reagents that 
may reduce the emissions from the coal burner without 
affecting the production. 
 
Of different techniques available for the reduction of NO 
we have here chosen to use the SNCR-technique. The 
concept of this technique is that a reagent of a nitrogenous 

compound is injected into, and mixed with, the hot gas. 
The reagent then reacts with the NO converting it to 
nitrogen gas and water vapor. SNCR is selective since the 
reagent reacts mainly with NO, and not with other major 
components of the gas. It has been found that the 
temperature, the NO 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 has previously been shown that urea can be a suitable 
reagent for certain processing conditions (Burström et al., 
2010). In order to further generalize the results it is 
however necessarily to extent the study to higher 
temperatures and to additional reagents. A driving force 
for this is that different grate-kiln plants operate at 
different temperatures and since the temperature window 
for the SNCR-technique is narrow it is critical to 
characterize the temperature window to be able to decide 
how to apply the SNCR-technique and how to choose the 
reagent in different plants. A chemistry model for CFD 
with CA was developed in Burström et al. (2012) and it 
was shown that CA can be an attractive alternative 
especially for higher temperatures and oxygen 
concentrations.  
 
 

 
Figure 1: Principle of a typical pelletizing plant based on a sketch by Roger Tegel, LKAB. 
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Figure 2: Main components of a typical grate-kiln plant 
(Forsmo and Hägglund, 2003). 

 
In what follows 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 Urea Evaporation 

Urea evaporation/decomposition is not fully understood 
and several assumptions need to be introduced when 
modelling the process, see Birkhold et al. (2007) and 
Burström et al. (2010). A main assumption is that the 
aqueous urea solution is assumed to heat up to the water 
boiling point at which the water evaporates. When all 
water is gone the thermal breakdown of urea is initiated 
according to: 
 

1) (NH2)2CO(aq) → (NH2)2CO(l) + H2O(g) 
2) (NH2)2CO(l)   → (NH2)2CO(g)                        (1) 
3) (NH2)2CO(g)  → NH3(g) + HNCO(g). 

The liquid evaporation model used handles the 
evaporation of water in step (1). The rate of sublimation in 
the step (2) is assumed to follow the relationship: 
 

a ⋅e−ΔsubH /RTd  1/s    (2) 
 
where a =1⋅1012 and the heat of sublimation ΔsubH  is set 
to, 87.4 kJ/mol (Birkhold et al., 2007). 

2.2 Cyanuric Acid Evaporation 

Several additional assumptions are introduced for the CA 
sublimation/decomposition following Burström et al. 
(2012). Since the CA is injected as a powder there is no 
evaporation of water. Instead the sublimation/decomposi-
tion is modelled in the following manner:   
 

1          (CNOH)3(s)→ (CNOH)3(g)
2         (CNOH)3(g)→ 3HNCO(g)

   (3) 

 
where it is assumed that the first step is realised through 
sublimation following the relationship: 
 

a ⋅e−ΔsubH /RTd  1/s    (4) 
 
where a =1⋅1012  and where ΔsubH  is the sublimation 
enthalpy. The large value on a indicates that the reaction 
is fast. Using the results in Chickos and Acree (2002) 
ΔsubH  is fixed to 133kJ/mol, and thus assumed to be 
independent on temperature. 

 

2.3 Heat Transfer 
The temperature of the injected particles is controlled by 
both the convective heat transfer from the flue gases and 
the transfer coupled with the latent heat of 
vaporization/sublimation depending on reagent. The 
convective heat transfer is expressed as: 
 

Qc = πdλgNu(Tg −Tp )     (5) 
 
where d is the particle diameter, λ 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: 
 

€ 

Nu = 2+ 0.6Re1/ 2 Pr1/ 3,   (6) 
 
where the Prandtl number is defined as: 
 

€ 

Pr =
µgcp,g
λg

 .      (7) 

 
In expression (7) µg is the dynamic viscosity and cp,g is the 
specific heat capacity. The Reynolds number is calculated 
from the slip velocity according to: 
 

Re =
ρg(u−up )d

µg

     (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 if 
the droplet has reached the boiling point or not. The 
boiling point is determined by the Antoine equation: 
 

€ 

psat = pref exp (A− B
T +C

)        (9) 

 
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 vaporization: 
 

€ 

dm
dt

= m
.

= −
Qc
V

      (10) 

 
where V is the latent heat of evaporation and 

€ 

Qc  is the 
convective heat transfer. If the droplet temperature is 
below the boiling point the mass transfer is instead given 
by: 
 

€ 

dm
dt

=m
.

= πdDgSh
Wc
Wg

log 1−X
1−Xg

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 
        (11) 

 
where the subscript g refers to the gas continuum mixture 
surrounding the droplet and the subscript c denote 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: 
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€ 

Sh = 2 + 0.6Re1/ 2 Sc1/ 3   (12) 
 
where the Schmidt number is derived from: 
 

€ 

Sc =
µg

ρcDc .     (13) 
 
The model does not account for condensation hence the 
mass transfer rate in 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 a modified version of the 
liquid evaporation model is introduced which is designed 
for the evaporation of oil droplets, see (ANSYS CFX-
Solver Theory Guide, 2009). This tactic is applied since 
the multiphase reaction mechanism for urea and the 
modified version of the liquid evaporation model uses 
similar approaches to calculate averaged properties.  
 
A mass Arrhenius approach was used to model the mass 
transfer in the CFD-calculations 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 reaction Arrhenius as will be 
explained 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 on the model please see (Ansys CFX-Solver 
Modeling Guide, 2009). 

2.4 SNCR Chemistry 

Ammonia and Urea are commonly used as reagents in the 
SNCR process to reduce NO emissions but the 
temperature windows for a high efficiency is rather narrow 
and in the range of 870-1150°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 to ammonia, shifted towards higher 
temperatures with the same ratio between the nitrogen in 
the reagent used and the NO in the emission gases. As to 
performance as a function of oxygen concentration it has 
been shown that urea is most effective for intermediate 
concentrations while CA is appropriate for high 
concentrations of oxygen (Caton and Xia, 2004). CA has 
therefore a potential to both increase the temperature and 
oxygen window and contribute in the pallet of reagents in 
the SNCR process. 
 
The forward rate constant, regardless of reagent, is 
modeled by the Arrhenius equation: 
 

k f = AT
b exp(−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: 
 

kb =
k f
K

         (15) 

 
where K is the equilibrium constant that is computed from 
thermodynamic properties of the mixture. 
 

Following Burström et al. (2010) the reduced kinetic 
model developed by Brouwer et al. (1996) was applied to 
model SNCR chemistry with urea. The model is a seven-
step reduced kinetic mechanism as outlined in Table 1. 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 we, however, 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.  

The reduced kinetic model by Brouwer was suggested to 
be used with CA, but initial simulations with the model 
yielded negative results when comparing to experimental 
data (Burström et al. 2012). Therefore a new model for 
SNCR with CA was developed and can be seen in Table 3, 
Burström et al. (2012). The RAPRENOx SNCR 
chemistry, as it is called when CA is used is, in essence, 
copied from 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 with the rates given in Glarborg et al. 
 
In this work the decomposition of CA into HNCO in step 
(2) in Equation 3 is modeled with: 
 

k = 6.3⋅107 ⋅e−Ea /RT 1/s       (16) 
 

where the activation energy Ea is 1.19E5 J/mole 
(Mercadier et al., 1994). 
 
Normalised stoichiometric ratio (NSR) is used to describe 
the ratio of the reagent against the nitric oxide. 
Considering CA two different ratios can be applied, the 
ratio of CA to NO or the ratio of isocyanuric acid (HNCO) 
to NO. The reason to this is that CA decomposes into 
HNCO, which is the active agent that is involved in the 
chemistry. Of this reason the later description is used in 
this article as according to: 

NSRHNCO =
3⋅N

.
CA

N
.
NO

=
3(m

.
CA /MCA )

m
.
NO /MNO

  (17) 

 
where M is the molecular weight of CA and NO. In a 
similar manner the NSR for urea is expressed as: 
 

NSRUrea =
2 ⋅N

.
Urea

N
.
NO

=
2(m

.
Urea /MUrea )

m
.
NO /MNO

  (18) 

 

where in both cases the molar flow of the reagent N
.

is the 

injected moles into the PH-zone and N
.
NO  is the number 

of moles originating from the kiln in the flue gases. 
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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 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 

     a Units 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 

      a Units of A are m-mol-s-K and for E units are J/mol. 
 

Table 3: Kinetic mechanism for SNCR by Cyanuric Acida. 

 Reaction A b E Reference 
R1 HNCO +OH ↔ NCO + H2O 6.4E-01 2.00 10715.776 (Glarborg) 
R2 NCO + NO ↔ N2O + CO 6.2E+11 -1.73 3193.80355 (Glarborg) 
R3 NCO + NO ↔ N2 + CO2 7.8E+11 -1.73 3193.80355 (Glarborg) 
R4 NCO + O2 ↔ NO + CO2 2.0E+06 0 83717 (Glarborg) 
R5 NCO+M ↔ N + CO +M 3.1E+10 -0.50 200920.8 (Glarborg) 
R6 NCO +O ↔ NO + CO 4.7E+07 0 0 (Glarborg) 
R7 H +O2 ↔ O + OH 1.7E+08 0.00 67526.1322 (Glarborg) 
R8 OH +OH ↔ H2O + O 9.2E+03 0.77 -284.6378 (Glarborg) 
R9 CO + OH ↔ CO2 +H 1.5E+01 1.30 -3202.17525 (Glarborg) 
R10 CO + O2  ↔ CO2 +O 2.5E+06 0.00 199665.045 (Glarborg) 
R11 O + O +M↔ O2 + M 1.9E+01 0.00 -7484.2998 (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 -4185.85 (Glarborg) 
R13 HO2 +H ↔ H2 + O2 6.3E+07 0.00 8899.1171 (Glarborg) 
R14 HO2 +H ↔ OH + OH 1.7E+08 0.00 3662.61875 (Glarborg) 
R15 HO2 +O ↔ OH+O2 1.8E+07 0.00 -1674.34 (Glarborg) 
R16 HO2 + OH↔ H2O + O2 2.9E+07 0.00 -2080.36745 (Rota) 
R17 HO2 + HO2 ↔ H2O2 + O2 1.3E+05 0.00 -6822.9355 (Glarborg) 
R18 HO2 + HO2 ↔ H2O2 + O2 4.2E+08 0.00 50146.483 (Glarborg) 
R19 HNCO + O ↔ NH + CO2 9.6E+01 1.41 35663.442 (Glarborg) 
R20 HNCO +O2 ↔ HNO + CO2 1.0E+06 0.00 146504.75 (Glarborg) 
R21 NCO + HCO ↔ HNCO + CO 3.6E+07 0.00 0 (Glarborg) 
R22 NO2 + M ↔ NO + O +M 7.0E+08 0.00 221850.05 (Glarborg) 
R23 NO + HO2 ↔ NO2 +OH 2.1E+06 0.00 -2009.208 (Glarborg) 
R24 NO2 + O ↔ NO + O2 1.0E+07 0.00 2511.51 (Glarborg) 
R25 N2O + M ↔ N2 + O + M 4.0E+08 0.00 234826.185 (Glarborg) 

     a Units 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 
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 radicals were 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. 
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3 CFD MODELLING 

The flow in the PH- and TPH-zones was modeled and 
solved in ANSYS CFX12.1 and the simulations were run 
on a PC-cluster with a capacity of more than 250 nodes. A 
previous study has shown that CFX parallelize 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 
into the TPH-zone are modeled, see Figure 3, following 
Burström et al. (2010). The heated polluted flue gases 
from the burner enter into the PH-zone from the kiln, 
Larsson et al. (2013).  

 

Figure 3: Model of PH- and TPH-zone including the 
pellet bed. 

3.1 Mesh 

A mesh built and successfully verified with a mesh 
refinement study in (Burström et al., 2010) is used in this 
study. This mesh 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 rather crude simplification but it is believed 
that it will not influence the bulk flow to any large extent. 

 

Figure 4: Mesh with 943k nodes. 

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 Nguyen et al., 
2009) the RANS k-ε model have been applied to model 
turbulence. The boundary conditions employed mirror 
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 being 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 modeled as smooth adiabatic walls 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 1atm 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. All 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 time 
consuming simulations show a transient behavior in a 
small portion of the modeled volume. 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, see Table 
4. The boundary conditions for the inlets and outlets can 
be seen in Figure 5 below. The default settings for 
injection with the reagents are defined in Table 6.  
 
The boundary conditions and simulations settings are 
almost the same as in (Burström et al., 2010), the only 
operating parameters that are changed is the temperature 
from the end part of kiln, the NSR and the particle 
diameter. In this article a case with low NO concentration 
is additionally investigated (150 ppm). The temperatures 
from the kiln analyzed in this study ranges from 1080°C to 
1290°C in steps by 30°Celsius.  
 
When the dependence of residence time is investigated the 
total mass flow is reduced by 20% to get a higher 
residence time, consequently all the mass flows given in 
Figure 5 are reduced by 20% giving a higher residence 
time in the PH-zone than for the default 1080°C case. 
 

Table 4: 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 and Initial Simulations 

Instead of having a kind of one-way coupling approach as 
in Burström et al. (2010) a two way coupling methodology 
was chosen and everything was solved at once. 
Furthermore the thermal energy heat transfer model was 
used with finite rate chemistry. The particles are two-way 
coupled with a Schiller Naumann drag force and a Ranz 
Marshall correlation for heat transfer, see Equation 6. 
About 1000 droplets with a temperature of 26.85°C are 
injected at the sides of the PH-zone from each injection 
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point. The mass flow of the reagent is changed depending 
on the reagent and the NSR. The injection is always done 
from four lances, the positions used are position one and 
two which can be seen in Figure 6, as they was shown to 
give the best reduction (Burström et al., 2010). 
 
To be able to compare simulations performed with CA to 
those carried out with urea initial simulations were carried 
out. One result was that a particle diameter of 190 µm 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 fully coupled with upwind advection scheme and 
as described in in (Burström et al., 2010). This was done 
to determine the difference in results between the two 
approaches. For the 300 ppm NO case with mass flows as 
given in Figure 5 and injection settings as in Table 5 the 
injected stream of aqueous urea is 0.16 kg/s, whereas for 
CA that is injected as solid particles the same NSRHNCO 
results in a mass flow CA of 0.07kg/s. This is about 0.08% 
of the total gas flow entering the PH/TPH-zone, see Figure 
5, for urea and 0.04% for CA. The relative percent 
difference in reduction was 7% and 1% for urea and CA, 
respectively for the more physical two-way coupled 
solutions as compared to the “one way-coupled” solution. 
This means that the reduction in Burström et al. (2010) is 
somewhat underestimated. 
 
For both reagents the diameter of the particles is varied in 
a broad range to investigate if a larger reduction is 
achieved with a larger mean travelling distance, see Table 
6. After that the NSR is altered for both reagents to 
determine when an increase in NSR does not give an 
apparent increase in reduction. When finally the optimal 
NSR together with the two different particle diameters are 
found 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 
circumstances investigated for the grate-kiln process. 
 

Table 5: Reference case for injection of urea taken from 
Burström et al. (2010).  

Parameter Urea 
Temperature 1080°C 
Injection positions 1, 2 
Injection velocity [m/s] 20 
Injection cone angle [°deg] 30 
Particle diameter [µm] 300 
NSR 2 
Angle of injection direction normal to 

wall 
Solution [wt%] 32,5 

 

Table 6: Default settings for 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 [µm] 300/425 190/350 
NSR 4 4 
Angle of injection direction normal to 

wall 
normal 
to wall 

Solution [wt%] 32,5 100 
 

 
Figure 6: The injection positions evaluated, the injection 
is always done from both sides. 

4 RESULTS 

4.1 Flow  
The flue gas from the kiln spread over the PH-bed as seen 
in Figure 7 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. The velocity from the kiln 
increase with higher temperatures, see Figure 7-9, and in a 
similar way the residence time is decreased due to of the 
static mass flow boundaries.  

 
Figure 7: Velocity contours plotted on a vertical plane 
placed through the centerline 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.  



Per E. C. Burström, Dorota Antos, T. Staffan Lundström and B. Daniel Marjavaara 
 

 
Figure 8: Velocity contours on a vertical plane directed 
perpendicular to the main flow direction and through the 
first injection position for different temperatures. The 
reagent is CA with NO = 300 ppm, dp = 190 µm and 
NSRHNCO = 4. 

 
Figure 9: Velocity vectors on a vertical plane directed 
perpendicular to the main flow direction and through the 
first injection position for different temperatures. The 
reagent is CA with NO = 300 ppm, dp = 190 µm and 
NSRHNCO = 4. 

 
4.2 Cyanuric Acid Injection 
To expose the NO profiles when injecting reagents in the 
grate, contours are plotted on a vertical plane placed 
through the centerline of the grate and in the main flow 
direction for three different temperatures and for the high 
and low NO concentration, see Figure 10-11. The use of 
CA as reagent results in a reduction of NO over the whole 

temperature range for the high NO concentration and up to 
about 1250°C for the low NO case. As can be seen in 
Figure 10-11 the reduction becomes less when increasing 
the temperature. 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 11. The reason to that it 
occurs there is increased mixing and residence time in the 
area in question. Figure 12 and Figure 13 also shows the 
NO molar fraction but in a top view of a horizontal plane 
penetrating the inlet to the beds. 
 

 

Figure 10: Contour of the NO molar fraction plotted on a 
vertical plane placed through the centerline 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. 

 

 
Figure 11: As Figure 10 but with NO = 150 ppm. 
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Figure 12: Contour of the NO molar fraction plotted on a 
horizontal plane penetrating the inlet to the beds. The 
reagent is CA with NO = 300 ppm, dp = 190 µm and 
NSRHNCO = 4. 

 

 
Figure 13: As Figure 12 but with NO = 150 ppm. 

 
The particle diameter affects the reduction as exemplified 
for the case 1080°C and NSR 2, in Figure 14. As seen the 
reduction increases with the diameter and seems to reach a 
maximum of 40% for a diameter of about 400 µm. 
However, at a diameter of 375 µm the particles enter the 
bed and a prerequisite is that the chosen diameter should 
not go into the bed so the maximum reduction, taking this 
constrain into account, is accomplished for a diameter of 
350 µm. 
 

 
Figure 14: NO reduction using CA as a function of CA 
diameter for 1080°C with NO = 300 ppm and NSRHNCO = 
2. 

 

 
Figure 15: NO reduction using CA as a function of 
NSRHNCO at 1080°C with NO = 300 ppm and dp = 190 µm. 

 
When varying the NSR a large change can be seen 
between NSR 1 and 2, see Figure 15. When the NSR has 
reached four no apperent increace in reduction can be seen 
and is therefore chosen for the rest of the simulations. 
Now when we have found the two particle diameters of 
interest and an appropiate NSR we can do the simulations 
required to find the temperature window for CA. 
 
For the high NO case (300 ppm) and the diameter 190 µm, 
reduction is achived up to the maximum temperature in 
question, see Figure 16. It can also be seen that a 
maximum reduction is at T ≈ 1140°C. 
 

 
Figure 16: NO reduction using CA as a function of 
temperature with NO = 300 ppm, dp = 190/350 µm and 
NSRHNCO = 4. 

 
To exemplify for T = 1080°C a particle at a diameter of  
350 µm results in a mean injection length of about 1.1 m 
while a particle diameter of 190 µm gives a length of 
about 0.46 m. Hence in the former case a greater reduction 
is achived since more of the flue gas going through the 
bed is reached. The temperature window  for 350 µm is 
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similar to that for 190 µm, despite that the overall 
reduction is increaced.  
 
Examining the lower NO concentration in Figure 17 
reveals that no significant maxima peak is achieved as in 
the high NO case, the reduction is over the whole range 
lowered than for the higher NO concenentration case and 
at about 1250°C there is actually a production of NO. 
 

 
Figure 17: NO reduction using CA as a function of 
temperature with NO = 150 ppm, dp = 190/350 µm and 
NSRHNCO = 4. 

 
As mentioned before to determine if it is the temperature 
or the residence time that has the largest impact at higher 
temperatures the temperature case 1290°C for high NO 
concentration with CA and the diameter 190 µm and NSR 
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 1080°C case. This 
action did, however, not give any increased reduction, 
which shows that the temperature increase has the largest 
impact on the reduction. 

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, see Figure 18, for 1080°C with NO = 
300 ppm and NSR 2. The particle diameter 600 µm 
reaches the bed so that value is not of interest. Instead a 
diameter of 425 µm gives the best reduction with less than 
3% increased reduction than the reference urea case Table 
5.  
 

 
Figure 18: NO reduction using urea as a function of 
particle diameter for 1080°C with NO = 300 ppm and 
NSR = 2. 

 
When varying NSR for urea there is no obvious value on 
NSR where the reduction does not increace when 
increasing the NSR value as was the case for  CA, see 
Figure 19.  
 

 
Figure 19: NO reduction using urea as a function of NSR 
for 1080°C with NO = 300 ppm and dp = 300/425 µm. 

 
To investigate if  the continouos growth in reduction 
orginates from the increasing travelling distance whith 
inceasing NSR values, the NSR is also varied for the 
particle diameter 425 µm. However,  as exposed in Figure 
19 the same trend can bee seen for the 300 and 425 µm 
cases. The most probable reason is that with increaced 
mass flow of aqueos urea the continous phase is locally 
cooled down and with increacing NSR it cools down more 
and more. Since the increase is rather small at NSR > 4 the 
NSR number is set to 4.  
 
Now when a relevant NSR value is found also for urea and 
the two particle diameters, the simulations recurided to 
find the temperature window can also be done for  urea. 
 
Using urea as reagent did not result in a reduction of NO 
in the whole temperature window. The NO profiles for 
urea are similar to those for CA but with another absolute 
value on the NO molar fraction, (see Figure 10 to Figure 
13). 
 
For the high NO case (300 ppm) and the diameter 300 µm, 
the temperature window can be seen in Figure 20. 
Reduction is achived up to about 1225°C after that there is 
a production of NO.  
 

 
Figure 20: NO reduction using urea as a function of 
temperature with NO = 300 ppm, dp= 300/425 µm and 
NSR = 4. 

 
Continuing with the 425 µm case the reduction is 
increased in the temperature range when it is possible. The 
reason for the higher NO production in the 300 µm case is 
that more CA gas is transported to the upper part of the 
PH-zone by the swirls in the first injection point, similar to 
those in Figure 9.  
 
Analysing the low NO case in Figure 21 both the 
reduction and production of NO is decreaced. The highest 
temperature for reduction is lowered, this depends partly 
on that the local temperature cooling is reduced.  
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Figure 21: NO reduction using urea as a function of 
temperature with NO = 150ppm, dp= 300/425 µm and 
NSR = 4. 

With an increaced injection distance, 425 µm, the same 
takes place as for the responding CA case, the reduction 
and production of NO is increaced a little. 

5 CONCLUSIONS 

The present used models indicate that the SNCR-
technique could be used in grate-kiln plants with both urea 
and CA. The technique is, however, very sensitive to the 
temperature, especially regarding the urea. CA is usable in 
the whole temperature range for the high NO content with 
a peak reduction around 1140°C, the low NO case gives 
reduction up to about 1250°C. Urea is usable up to about 
1225°C for the high NO case and just under 1200°C for 
the low NO content. For the case studied the temperature 
has a larger influence on the NO reduction than the 
residence time. A larger reduction can be achieved if an 
injection technique can be used that reaches the NO going 
through the bed early.  
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