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The kinetic behavior of the deNOx process is very complex and 
there are not many studies providing experimental information from la-
boratory–scale combustors operating with this process. Tayyeb at al. pre-
sented an experimental investigation concerned with an assessment of 
additives such as CO and H2 on urea deNOx over a temperature range of 
850–1200C. They observed that both of the additives have significant 
influence on the process performance with H2 being observed to be more 
profound on the NOx reduction performance. A shift of 215C was ob-
served in peak reduction temperature with the addition of CO in flue gas 
up to 1000 ppm, where as the kinetic modeling suggested 150C. The 
discrepancy was due to the plateau of about 100C noticed during the 
experimental observations without injection of any additive. The addition 
of H2 had a significant influence on the process performance and 
a downwarded shift of 275C in the peak reduction temperature was ob-
served although with an impaired efficiency (Tayyeb at al. 2008). Zhou 
at al. confirmed that CO can lower the SNCR reaction temperature, nar-
row the temperature region and reduce the maximum NOx removal effi-
ciency. The higher the CO volume fraction is, the more obvious changes 
will be (Zhou at al. 2015). 

Since emission limits and operating costs are still increasing, it is 
necessary to use modern methods, such as CFD simulation, to help effi-
ciently manage the deNOx process. At present, there are SNCR models, 
but they are so simplified that they do not affect a range of influences, 
such as the temperature window shifts depending on the CO concentra-
tion at the injection area. By including these phenomena, and by expand-
ing the CFD simulation of these effects, far more accurate simulations 
can be achieved. This is necessary to estimate the efficiency of SNCR 
technology and the subsequent design of the injection nozzles and their 
location. During last years CFD models of SNCR have been improved 
and modified with respect to current computer performance. Nowadays, 
researchers focuses on extending the original 9- step kinetics mechanism 
of SNCR (Modliński 2015, Musa at al. 2013). 

The main objective of this paper is the modification of original 9-
step kinetics mechanism of SNCR in such a way that it is able to predict 
the effect of CO and modification of the kinetics mechanism of SNCR 
model for practical application in CFD codes.  
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2. Elementary Chemistry of SNCR Technology 

Selective Non-Catalytic Reduction (SNCR) technology is based 
on injection of reductant in aquageous solution (Urea solution, Ammonia 
water) or in gaseous form (Ammonia) into hot flue gas downstream of 
main combustion zone where nitrogen oxides NOx are reduced by amine 
radical NH2- to molecular nitrogen N2 and water vapour H2O. 
A dominant chemical reaction is very simple and defined by the follow-
ing chemical formula (Kohl at al. 1997, Von der Heide 2008): 

𝑁𝐻ଶ
ି  𝑁𝑂 → 𝑁ଶ  𝐻ଶ𝑂 (1) 

Basically, both urea solution and ammonia water are usually used 
for the NOx reduction in combustion plants at the present. The SNCR 
process can be described by the following chemical net reaction (Kohl at 
al. 1997, Von der Heide 2008): 

 Urea: 2ሺ𝑁𝐻ଶሻଶ𝐶𝑂  4𝑁𝑂  𝑂ଶ → 4𝑁ଶ  𝐶𝑂ଶ  2𝐻ଶ𝑂 (2) 

 Amonia: 4 𝑁𝐻ଷ  4𝑁𝑂  𝑂ଶ → 4𝑁ଶ  6𝐻ଶ𝑂 (3) 

Depending on the application both reductants have specific ad-
vantages and disadvantages. For an optimum NOx reduction with a 
minimum NH3 slip it is “only” necessary to evenly distribute and thor-
oughly mix the reductant in the flue gases within the appropriate tem-
perature window in which a NOx reduction is possible. The optimum 
temperature range to achieve a high NOx reduction together with a mini-
mum consumption of reductant and a low ammonia slip is rather narrow 
and mainly depends on the flue gas composition. 

The main problem of SNCR method is a relatively narrow tem-
perature window (870-1050°C). For coal-fired boilers the optimum tem-
perature lies between ca 960 and 1020°C, which is so called “temperature 
window”, what is presented in Fig. 1. 

Above this temperature range ammonia is oxidised to an increas-
ing extent and, e.g. nitrogen oxides are formed. At lower temperatures 
the reaction rate is slowed down, causing an ammonia slip, which may 
result in the formation of ammonia salts like ammonium sulphate and 
ammonium bisulphate and may lead to secondary problems, downstream 
the flue gas path. Therefore, the ammonia slip should be kept at 
a minimum. The objective of all NOx control technologies is to reach 
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 𝑁𝐻ଷ  𝑁𝑂 → 𝑁ଶ  𝐻ଶ𝑂 (6) 

 𝑁𝐻ଷ  𝑁𝑂ଶ → 𝑁ଶ  𝐻ଶ𝑂 (7) 

 𝑁𝐻ଷ  𝑂ଶ → 𝑁𝑂  𝐻ଶ𝑂 (8) 

 𝐻𝑁𝐶𝑂  ଵ

ସ
𝑂ଶ → 𝑁𝐶𝑂  ଵ

ଶ
𝐻ଶ𝑂 (9) 

 𝑁𝐶𝑂  𝑁𝑂 → 𝑁ଶ𝑂  𝐶𝑂 (10) 

 𝑁ଶ𝑂 → 𝑁ଶ  ଵ

ଶ
𝑂ଶ (11) 

 𝐶𝑂  ଵ

ଶ
𝑂ଶ → 𝐶𝑂ଶ (12) 

Chemical reactions included in CFD algorithm are usually based 
on the Arrhenius equation, which describes the reaction rate: 

 𝑘 ൌ 𝐴 ∙ 𝑒
షಶ
ೃ∙ ∙ 𝑇ఉ  ቀ

య ቁ
ଵି

∙ షഁ

௦
൨ (13) 

where: 
k – reaction rate, A – pre-exponential factor, E – activation energy,  
R – universal gas constant, T – temperature,  – temperature exponent,  
n – the sum of the number of reaction orders. The Table 1 lists the kinetic 
parameters of the individual equations. 

Table 1. Kinetic parameters of SNCR model 
Tabela 1. Parametry kinetyczne modelu SNCR 

Reaction 

A 

ቈ൬
𝑚𝑜𝑙
𝑚ଷ ൰

ଵି

∙
𝐾ିఉ

𝑠
 

 

ሾ1ሿ 

E 


𝐽

𝑚𝑜𝑙
൨ 

n 

ሾ1ሿ 

(4) 1.27E+04 0 65048 1; [(NH2)2CO]1 

(5) 6.13E+04 0 87819 2; [(NH2)2CO]1; [H2O]1 

(6) 4.20 E+02 5,3 315937 2; [NH3]
1; [NO]1 

(7) 4.20E+02 5.3 349937 2; [NH3]
1; [NO2]

1 

(8) 3.50E-03 7.65 544487 2; [NH3]
1; [O2]

1 
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Table 1. cont. 
Tabela 1. cd. 

Reaction 

A 

ቈ൬
𝑚𝑜𝑙
𝑚ଷ ൰

ଵି

∙
𝐾ିఉ

𝑠
 

 

ሾ1ሿ 

E 


𝐽

𝑚𝑜𝑙
൨ 

n 

ሾ1ሿ 

(9) 6.24E+09 0.85 284637 1.25; [HNCO]1; [O2]
1 

(10) 1.00E+07 0 -1632 2; [NCO]1; [NO]1 

(11) 6.90E+12 -2.5 151075 1; [N2O]1 

(12) 1.26E+06 0 167742 
1.75; [CO]1; [O2]

0.25; 
[H2O]0.5 

4. Influence of CO – Temperature Shift 

The influence of CO on the SNCR process indicates that the pres-
ence of CO shifts the selectivity, by increasing the rate of NH2

- formation 
and the rate of NH3 oxidation, to NO. Higher CO level shifts the optimal 
temperature for NO reduction to lower temperatures due to enhanced 
chemical rates in presence of CO. The shift in the selectivity is accom-
plished by two mechanisms: 
 increasing local temperature,  
 increasing net production of OH radical.  

 
The first effect is due to exothermicity of the main CO burnout 

reaction (14), while the second effects is due to chain branching that re-
sults from the H produced in this reaction (Kohl at al. 1997):  

 𝐶𝑂  𝑂𝐻 → 𝐶𝑂ଶ  𝐻 (14) 

 𝐻  𝑂ଶ → 𝑂  𝑂𝐻 (15) 

 𝑂  𝐻ଶ𝑂 → 𝑂𝐻  𝑂𝐻 (16) 

Presence of CO in injection area products radical OH∙, which 
leads to high concentration of NH2

-∙ radical (see eq. 17-18). 

 𝑁𝐻ଷ  𝑂𝐻 ↔ 𝑁𝐻ଶ  𝐻ଶ𝑂 (17) 

 𝑁𝐻ଷ  𝑂 ↔ 𝑁𝐻ଶ  𝑂𝐻 (18) 



tem
th

co
ac
Th
pe

Fi
Ry

(6

red

wh
XC

CF
 

Higher c
mperature win
e efficiency of

The cont
ounted for in t
ccount for the 
he empirical a
erature to acco

g. 2. Temperatu
ys. 2. Przesunię

Brouwer
-9) as follows 

 

SCO is th
duction and re

 

here: 
CO – volume fr

 

FD Model of SN

concentration 
ndow towards 
f NOx reductio
tribution of C
the model. Em
effect of CO 

adjustment is a
unt for the rad

ure shift as a fun
ęcia temperatury

r proposed a m
(Brouwer at a

𝑘 ൌ 𝐴 ∙ 𝑒

he shift in the t
eagent decomp

𝑆ை ൌ

raction of CO. 

CR with Shifting

of CO in inje
lower tempera

on. 
CO oxidation t
mpirical adjus
without includ

applied in the f
dical chemistry

nction of CO co
y w funkcji stęż

modification o
al. 1996):  

𝑒
షಶ

ೃ∙ሺశೄೀሻ ∙ ሺ𝑇

temperature re
position compa

17.5 lnሺ𝑋ைሻ

g Effect of CO 

ection zone le
atures (Fig. 2)

o the local tem
stment to the 
ding details ra
form of shift i
y effects of CO

oncentration  
żenia CO 

of reactions ra

 𝑆ைሻఉ 

equired to achi
ared to the cas

 173 

1

eads to shift t
) and/or increa

mperature is a
rates is used 

adical chemistr
in effective tem
O as follows. 

 

ate for reactio

(1

ive the same N
e without CO.

(2

15

the 
ase 

ac-
to 

ry. 
m-

ons 

19) 

NO 
.  

20) 



116 Tomáš Blejchař et al. 
 

Application of modified rate of reaction is not possible to set in 
CFD code ANSYS CFX. Analysis of equations (19) and (20) shows that 
the equation (19) can be simplified as follows and term XCO

 describes 
CO shift in simplified form. 

 𝑘 ൌ 𝐴 ∙ 𝑋ை
ఊ ∙ 𝑒

షಶ
ೃ∙ ∙ 𝑇ఉ  ቀ

య ቁ
ଵି

∙ షഁ

௦
൨ (21) 

Kinetic parameters of SNCR model with CO shift are presented in 
table 2. 

 
Table 2. Kinetics parameters of SNCR model with CO shift 
Tabela 2. Parametry kinetyczne modelu SNCR z przesunięciem CO 

Reaction 

A 

ቈ൬
𝑚𝑜𝑙
𝑚ଷ ൰

ଵି

∙
𝐾ିఉ

𝑠
 

 

ሾ1ሿ 
 

ሾ1ሿ 

E 


𝐽

𝑚𝑜𝑙
൨ 

n 

ሾ1ሿ 

(6) 8.63E+04 5.27 0.58 311822 2; [NH3]
1; [NO]1 

(7) 1.39E+05 5.27 0.63 345403 2; [NH3]
1; [NO2]

1 

(8) 2.63E+01 7.61 0.97 537456 2; [NH3]
1; [O2]

1 

(9) 3.88E+11 0.84 0.46 281090 1.25; [HNCO]1; [O2]
1 

5. CFD Model of SNCR Technology 

Proposed kinetics model of SNCR was checked by the compari-
son with several experimental data, which are available in studies. Re-
duction of NOx depending on temperature of flue gas and reduction of 
NOx depending on stochiometric ratio β was confronted with experimen-
tal results, which are generally validated.  

The constant improvement of computer resources is providing 
a continuous increase of the use of computational fluids dynamics in 
various branches of engineering. Nowadays they are supplied not only to 
optimise aerodynamic equipment, but also to simulate typical industrial 
processes, such as SNCR. The main advantage of CFD codes is their 
capability to describe complex processes in detail (detail simulation of 
reagent injection in combustion chamber), thus avoiding the simplifying 
assumption required to solve the lumped-parameters model.  
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The simplified kinetics model was tested by means of CFD simu-
lation of simply real-size reactor, showed in Fig. 3, in typical industrial 
condition, such as real composition of flue gas, spraying of reagent etc. 

The simulation of SNCR process was realized as solution with 
constant residence time. Residence time specifies the time of all chemical 
compounds interaction. A lot of conditions of simulation and experimen-
tal research data were the same. The mathematical background of multi-
phase flow with chemical reaction is discussed in several books, which 
basically deal with numerical simulation of the turbulent fluid flow.  

 
Fig. 3. Basic design of test reactor 
Rys. 3. Schemat reaktora badawczego 

At first there was investigated the influence of coupling the CFD 
with the simplified kinetics model previously discussed. The effect of 
turbulence was modelled using standard k- approaches. The classical 
approach to model of turbulent flows is based on single point averages of 
the Navier-Stokes equations. These are commonly called Reynolds Aver-
aged Navier-Stokes Equations (RANS). The most simple model for tur-
bulent flow is k- one. Even though it certainly is the best compromise 
for engineering design using RANS approach.  

6. Results of CFD simulation 

The results obtained with the simplified kinetics model of test re-
actor CFD simulation are presented in Fig. 4.  

Analyzing the figure one can see that, in spite of the severe limita-
tions of this kinetics model, it is able to reproduce the main trends evi-
denced experimentally. In particular, it is worthwhile to mention that in 
the low temperature range the prediction of the CFD model is equal to 
the experimental data. Moreover, one can see that in the high temperature 
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products) 

OUTLET 
Exhaust 

Injection point of reagent 

Adiabatic wall 



118 
 

region the C
with experim
means that th
the region wh
mixing becom

 

Fig. 4. Compar
data and simpli
Rys.4. Redukc
i z modelu kin

Howe
provide roug
other side tha
roscopic phe
the model pr
tative feature
are well repro

Next, 
ence of CO,
higher concen
6 illustrate th

FD model pre
mental measur
he CFD model
here chemical
me controlling

rison of NOx red
ified kinetics CF
cja NOx w funk
netycznego CFD

ever, this also 
ghly the same 
at the influenc
nomena. In sp
edictions are e
es (maximal r
oduced by the 
CFD simulati

, were calcula
ntration of CO

he CO tempera

Tomáš Blejc

edicts lower N
rements. This
l is able to iden
l kinetics react
g. 

duction - tempera
FD model with c
kcji temperatury
D dla stężenia C

means on one
characteristic

ce of mixing h
pite of some q
evident, it is a
reduction of N
simplified kin

ions for a mod
ated. CO shif

O = 20 and 200
ature shift.  

hař et al. 

NO reduction 
 is an impor
ntify correctly
tion controls f

ature window gi
concentration of 
y. Wyniki ekspe
CO = 50 ppm 

 side that redu
cs time for re
has to be mainl
quantitative di
also evident th
NO located ar
netics model. 
dified model, i
ft was simula
0 ppm respecti

in good agree
rtant point sin
y the transition 
from the one w

 
iven by experim

f CO = 50 ppm 
rymentalne  

uced kinetics m
eaction, and o
ly ascribed to 
iscrepancies am
hat the main qu
round 970-102

involving the i
ated for lower
ively. Figures 

ement 
nce it 

from 
where 

mental 

model 
n the 
mac-

mong 
uanti-
20°C) 

influ-
r and 
5 and 



Fi
me
Ry
po

Fi
adj
Ry
em

CF
 

g. 5. CO tempe
echanism  
ys. 5. Przesunię
omocą symulacj

g. 6. Comparisi
djustment (19), (
ys. 6. Przesunię

mpirycznych (19

FD Model of SN

erature shift calc

ęcie temperaturo
i CFD ze zmod

ion of CO temp
(20) and CFD m

ęcie temperaturo
9), (20) i model

CR with Shifting

culated by CFD

owe dla różnych
dyfikowanym m

perature shift cal
model with mod
owe CO obliczo
lu CFD ze zmod

g Effect of CO 

D simulation with

h stężeń CO obl
mechanizmem 

lculated with em
dified mechanism
one na podstawi
dyfikowanym m

1

 
h modified 

liczone za 

 
mpirical 
m 
ie założeń 

mechanizmem 

19



120 Tomáš Blejchař et al. 
 

7. Conclusions 

Over many years of experiences in continuous operation in vari-
ous combustion plants, the SNCR process has proven to be a reliable and 
economical solution for NOx reduction fulfilling the required NOx limits. 
In the discussed power plants all guarantees were satisfied and in many 
cases exceeded by far. From the process point of view, it is practically of 
no relevance whether urea solution, ammonia water or a mixture of both 
is used as reagent. If a plant is engineered, installed and operated appro-
priately, neither media is expected to have an impact on the availability 
of the overall plant.  

Furthermore, all technological measures like optimizing the com-
bustion and flue gas recirculation should be taken if they are technically 
feasible as well as commercially justified. New boilers could be designed 
in such a way that they meet the requirement of SNCR, which is basi-
cally an extension of the space in the area of the injection levels. The 
invest cost would be negligible in comparison to the cost of the whole 
boiler. The application of the SNCR technology for large power boilers 
still leaves open questions and not all problems are solved yet. However, 
the situation was not much different five years ago for waste incinerators. 
Today NOx levels < 100 mg/Nm³ are state of the art. 

Still increasing pressure to reduce NOx and increase the efficiency 
of the SNCR method (small ammonia slip) cause intensive optimization 
of SNCR technology, which cannot be done without modern methods 
such as CFD simulations. The proposed CFD model of SNCR technology 
with CO temperature shift could be used for optimisation of SNCR tech-
nology at the stage of the basic and detailed design. 

 
This work was supported by The Ministry of Education, Youth and Sports 

from the National Programme of Sustainability (NPS II) project 
”IT4Innovations excellence in science - LQ1602”. 
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Modelowanie procesów SNCR  
uwzględnieniem efektu przesunięcia w zakresie CO 

Streszczenie 

Artykuł przedstawia wyniki symulacji procesów SNCR z wykorzysta-
niem obliczeń CFD z uwzględnieniem przesunięcia temperaturowego związanego 
z obecnością CO oraz parametrów kinetycznych przedstawionych w tekście reak-
cji chemicznych. Wpływ CO na proces SNCR opisuje empiryczna korekta para-
metrów kinetyki reakcji chemicznych. Wyniki symulacji CFD porównano 
z wynikami pomiarów eksperymentalnych. Chociaż proponowany kinetyczny 
model technologii SNCR jest uproszczony, to jest w stanie opisać redukcję NOx, 
z uwzględnieniem wielu parametrów technologii SNCR, z dobrą precyzją. Opisa-
ny model może być wykorzystany na etapie projektowania instalacji SNCR 
uwzględniając m.in. miejsca iniekcji i układ lanc. 
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Abstract 

The paper deals with CFD simulation of SNCR technology with im-
plemented CO temperature shift. The influence of CO on the SNCR process is 
described by empirical adjustment of kinetics parameters of chemical reactions. 
Results of CFD simulation were compared with results of experimental meas-
urements. Although the proposed kinetics model of SNCR technology is simpli-
fied, it is able to describe reduction of NOx and other phenomena of SNCR with 
good precision. The model can be used to verify of injection levels and injection 
lances arrangement at design phase. 
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