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ABSTRACT
The main objective of this project is prediction and reduction of NOx and CO, emissions under levels 
recommended from European standards for qas combustion processes.

A mathematical model of burner and combustion chamber is developed based on interacting 
fluidodynamics processes: turbulent flow, gas phase chemical reactions, heat and radiation transfer. The 
NOx prediction model for prompt and thermal NOx is developed. The validation of CFD (Computer fluido
dynamics) simulations corresponds to 5 MWt burner type - TEA, installed on CASPER boiler. This burner is 
three-stream air distribution burner with swirl effect, designed by ENEL to meet future NOx emission 
standards.

For performing combustion computer modelling , FLUENT CFD code is preferred, because of its 
capabilities to provide accurately description of large number of rapid interacting processes: turbulent flow, 
phase chemical reactions and heat transfer and for its possibilities to present wide range of calculation and 
graphical output reporting data.

The computational tool used in this study is FLUENT version 5.4.1, installed on fs 8200 UNIX 
systems.

The work includes, study the effectiveness of low-NOx concepts and understand the impact of 
combustion and swirl air distribution and flue gas recirculation on peak flame temperatures, flame structure 
and fuel/air mixing. A finite rate combustion model: Eddy-Dissipation (Magnussen-Hjertager) Chemical 
Model for 1, 2 step Chemical reactions of bi-dimensional (2D) grid is developed along with NOx and СОг 
predictions.

The experimental part of the project consists of participation at combustion tests on experimental 
facilities located in Livorno. The results of the experiments are used, to obtain better vision for combustion 
process on small-scaled design and to collect the necessary input data for further Fluent simulations.

I. Pilot-Scale COMBUSTION TESTS on Experimentation facilities in Livorno.
The validation of these CFD (Computer fluidodynamics) simulations corresponds to 5 
MWt small-scale burner type - TEA. The burner is three-stream air distribution burner with 
swirl effect installed on D- shape boiler.

The facility of reference, Montalto di Castro Thermal Power Station unit 1, 
nowadays produces 150 mg/Nm3 of NOx emissions. In order to respect the limits which 
are 100 mg/Nm3, the facility works with a catalytic reactor for reducing the NOx in excess.

The experimentation campaign has as an aim to perform and evaluate a small 
mechanical modifications of low cost that allows the reduction of NOx emissions of about 
30%. Eventual application in field of deNOx modifications characterised in this 
experimentation, could concur in cost and put outside the catalytic reactor. Even it is 
possible to obtain reduction of NOx emissions under the target established -100 mg/Nm3. 
The combustion tests executed with small-scale burner have allowed to estimate 
efficiency of the proposed techniques.

The burner employed in the experimentation has been scaled with the method of 
the constant speeds from burner TEA 1 of "Montalto di Castro" Thermal Power Station - 
Italy.

The experimental CASPER boiler is a D-shape package boiler with water pipes 
and two cylindrical drums, originally designed for gas. The boiler has the following 
capacities: thermal potentiality 7 MWt; 7,2 t/h overheated steam; 400°C and 28 bars 
pressure .

The burner is designed from 3 concentric ducts - primary, secondary and tertiary. 
Every duct has been supplied independently with its own wind box and its own axial swirl. 
The burner is equipped of eight gas lances.

Interesting result have been obtained during the combustion tests: opening the 
flame (photo 2) increasing the number of swirl - that provokes a inner recirculation zone 
of the combustion flame. The flame, in fact, changes colour from yellow to blue.
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Photol: Close flame Photo2: Open flame

Closing the flame could be see when the number of swirl is diminished (photo 1)

Fig.1 Influence on the percentage of recycled gases on DeNox techniques
Employment of recirculation gases (RG) in combustion air has obviously revealed 

as the most efficient deNOx technique. The most optimal deNox result is obtained with 
6% RG in the combustion air.
Fig.2: The comparison of experimental results-

OXYGEN V.

II. MATHEMATICAL MODEL

The results of the experiments are used, to obtain better vision for combustion 
process on small-scaled design and to collect the necessary input data for FLUENT 
simulation and validation. The final case consist from the following main input data:
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1. Simulation Input Data
Simulation Input Data:
COMBUSTION AIR DISTRIBUTION 13%-26%-61% for I -ry, ll-ry and Ill-ry air divisions

SWIRL CAPACITY 100 % Swirl l-ry 0%Swirl ll-ry and Ill-ry
GAS LANCE POSITION Internal (BASE)
EXIT GAS ANGLE o=30°

2. Sequence of FLUENT Mathematical Model The FLUENT Mathematical 
combustion model has been performed in the following sequence:
2.1. Cold Flow Solution - provide an initial guess for reacting flow calculations and 
fluid-dynamics: Five species will be considered in the finite rate chemistry: CH4, 02, 
C02, H20 and N2. The solution will begin by defining .a non-reacting mixing problem.
2.2 Combustion Simulation with Cp=const - 1 step reaction - when a model with 
specific heat - Cp=const and one step chemical reaction is set-up the assuming is 
complete conversation of the fuel to C02 and H20.
1-step reaction CH4+202-*- 2H20+CO2
2.3. 1-step Chemical Reaction with Cp for “Methane-Air”  Mixture defined by 
Mixing Law - the one step chemical reaction is the same , the difference is that in reality 
the specific heat is never constant. In this case Cp is defined bay mixing law (piecewise - 
polynomial function). All other physical properties of "Methane-Air” Mixture are taken from 
FLUENT database.
2.4. 2-step Chemical Reaction with Cp for “Methane-Air" Mixture defined by
Mixing Law and with Radiation Mode On the fourth stage a two-step reaction, which 
describes better the real intermedaite chemical reactants and products , is used. 
Selected species: CH4, 02, C02, CO, H2, H20, N2

CH4+1/202-* CO+2H20 (1)
C0+1/202-+ C02 (2)
2H2+02-* 2H20 (2)

This reaction is defined in terms of stoichiometric coefficients, formation enthalpies and 
parameters to control reaction rate. The reaction rate is determined assuming that the 
turbulent mixing is the rate-limiting process with the turbulent-chemistry interaction model- 
eddy-dissipation.

2.5. NOx Model for Prompt and Thermal NOx - The NOx formation is predicted in a 
"post-processing" mode, with the flow field, temperature, and hydrocarbon combustion 
species concentrations fixed. Thus, only the NO equation is computed. Prediction of NO 
in this mode is justified on the grounds that the NO concentrations are very low and have 
negligible impact on the hydrocarbon combustion prediction. First will be calculate the 
formation of both thermal and prompt NOx, then could becalculated each separately to 
determine the contribution of each to mechanism.

3. Main Fluent models
VAIN MODELS:
1. Axisymmetric Swirl Sapce Bi-Dimensional
2. Segregated FLUENT solver
3. Finite Rate: Eddy- 
Dissipation
(Magnussen-Hjertager) 
Chemical Model for 1, 2 
step Chemical 
reactions

The approach is based on the solution of species transport equations for 
reactants and product concentrations, with the chemical reaction 
mechanism defined by user. The reaction rates that appear as source 
terms in the species transport equations are computed from Arrhenius 
rate expressions or by using the Eddy Dissipation Concept of 
Magnussen and Hjertager [2]

4. K-e TurbulentModel The Standard k-e Model is the simplest "complete models" of turbulence- 
two-equation model in which the solution of two separate transport
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equations allow the turbulent velocity and length scales to be 
independently determined. As the strengths and weaknesses of the 
standard k-e model have become known, improvements have been 
made to the model to improve its performance, e.g. the RNG k-e model 
and the realizable k-e model.

5. DTRM (Discrete 
Transfer Radiation 
Model)

Optical thickness aL is a good indicator of which model to use in the 
problem (L- is an appropriate length scale for the domain:- L is the 
diameter of the combustion chamber). For optically thin problems 
(aL<1), only the DTRM and the DO (discrete ordinates) model are 
appropriate. The main assumption of the DTRM is that the radiation 
leaving the surface element in a certain range of solid angles can be 
approximated by a single ray. The primary advantages of the'QTRM are 
threefold: it is a relatively simple model, it can be increased the accuracy 
by increasing the number of rays.

4.Sct-Up Nox Prediction ModeL Custom Field Functions. Parameters o f  Model to calculate 
Thermal and Prompt NOx____  __________ _________________________________

1. Thermal NO model and Prompt NO model
Turbulence
interaction

Temperature
PDF
(probability
density
function)

If this option is not enabled the NOx will be computing without 
considering the important influence of turbulent fluctuation on 
the time averaged reaction rates (PDF).

Thermal NO 
parameters

[0  Model] Partial equilibrium
is used to predict the 0  radical concentration required for 
thermal NOx prediction

Prompt NO 
parameters

Carbon 
Number =1

number of carbon atoms per fuel molecule

Equivalence 
ratio=0.76

Equivalence ratio=Actual fuel-air ratio/stoichiometric fuel-air 
ratio

Report - Surface Integrals The mass-weighted average exit NO mass fraction about 
0.00520

2. Thermal NO model - only!
Turbulence
interaction

Temperature
PDF

Thermal NO 
parameters

[0  Model]

3. Prompt NO model- only!
Turbulence
interaction

Temperature
PDF

Prompt NO 
parameters

Carbon 
Number =1

In fig. 6, 7 it could be see the NO mass fraction The peak concentration of NO is 
obviously located in a region of high temperature where oxygen and nitrogen are 
available.
5. Custom Field Function - a custom field function is used to compute NO parts per million 
(ppm) .NO ppm is computed from the following equation:

,  y NO mole _ fractioiiK 1 0

PPm~ 1 — H  20mole _ fraction

the mixture molecular weight is:
(1)
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mixtureMW  =
1

X
mass _ fraction 

MW

(2)

where MW is the molecular weight of each species
With the Custom field Function possibility in FLUENT first will be created a function for
(3); then (3) (8.10.3) into eq. .2) and then (8.10.3) (8.10.1). Thus a new function will No 
ppm is create.

NO _NO moss _ [rca.onXmixtu reM W
mole fraction— ------------------------------------------------------------------------------------------

30

(3)
6. Simple validation between Fluent calculating results and experimental results (pre
validation)

Temp (k) Velocity (m/s) NOx
(ppm)

CO (ppm)

Experimental 
on exit

not available 
yet

not available 
yet

26 18

Simulation 
average value 
on exit

872 5.2 11 XXX

7. Conclusions
Pluses: Good Approximation of experimental and simulation data .
Minuses: Bi-Dimensional axisymmtric swirl space simulate the real 3-D furnace
space with some inaccuracy.

8. Future goals, plans
=> 2-nd Stage Combustion Tests
=> 3-D Simulation with different Parameterisations and Models
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