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NGC's "Modelling of Combustion Processes" and "Reburning" Projects 

The focus during current years is on the possibilities for reducing the emission of 

nitrogen oxides, NOx, from combustion processes. Natural gas, which is a very clean 

fuel, can generally be burned with a low emission of pollutants, though not without 
forming a certain amount of nitrogen oxides. 

Initiated in early 1989 and scheduled for completion by end 1990, two projects car

ried out by the Nordie Gas Technology Centre are intended to promate a better un

derstanding of the formation of NOx and thus create improved options for cutting 

down emissions of NOx from combustion processes. The two projects are entitled: 

Modelling of Combustion Processes 
and 

Rebuming. 

I. Modelling of Combustion Processes 

The objective of the "Modelling of Combustion Processes" project is to develop a 

computer rnadel which can be used to develop combustion processes with low NOx 

emission. The rnadel will be established by integrating flow and combustion models 

and a detailed description of the reactions leading to the fonnation of nitrogen 

oxides. The programme is intended to make possible detailed studies of, for 

example, burner design, size and geometry of the combustion chamber and 

operating conditions. The project will be rounded off with a number of scenarios in 
which the scope for achieving lower NOx emission is evaluated. 

The project is being executed by: 

SINTEF, Trondheim (Norway) 

Division ofThermodynamics 

Technical University of Denmark, Lyngby 

Laboratory of Heating and Air Conditioning 

Åbo Academy, Åbo (Finland) 

Department of Chemical Engineering 



2. Reburning 

Reburning is a process that uses natural gas as an additive which, for example, when 
added to flue gas from the combustion of coal, reduces the content of nitrogen 
oxides in the flue gas. 

Natural gas is injected downstream of the primary combustion zone, creating a zone 

with reducing conditions - the so-called reburning zone. Here, the nitrogen mådes 
are broken down by reactive hydraearbon radicals. After the reburning zone, air is 
fed in so thai uncombusted natural gas is oxidized before the flue gas is piped to the 
convection seetian of the boiler. 

Laboratory and pilot-seale trials have shown that a reduction of nitrogen oxide 
emissions of more than 50% is possible using the process, although the importance 

of process parameters such as primary and secondary surplus air, temperature 
conditions, dwell time and the volume of natural gas added have not yet been fully 

described. 

These factors are being examined in the project. Applying the computational tool 

described above, modified so as also to describe the reburning phenomenon, the 
aim is to optimize the reburning process, inter alia by incorporating the results of 
completed projects and demonstration projects in progress under other sponsor

ships. 

The project is being executed by: 

SINTEF, Trondheim (Norway) 

Division ofThermodynamics 

Technical University of Denmark, Lyogby 
Laboratory of Heating and Air Conditioning 

Åbo Academy, Åbo (Finland) 
Department of Chemical Engineering 

Royal Institute ofTechnology, Stockholm (Sweden) 
Department of Heat and Furnace Technology 



3. Publication ofProject Results 

The results from the two projects are described in a series of reports compiled by 
the individual project partidpants as work progresses. These reports serve a 
variety of purposes; inter alia, they wil1 ensure that the results are disseminated 
among the individual participants. Because the reports will contain the latest know
how in the field and the Nordie Gas Teehnology Centre wishes to broaden the 
knowledge of new spheres of applieation for natural gas, the projeet reports 
will be publieized as and when compiled. 

It should be noted that although published by the Nordie Gas Teehnology Centre 
the reports will be reprinted unamended, as drewn up by the individual eonsultants. 
The views and attitudes expressed in the reports, therefore, do not necessarily re
fleet those of NGC. It is our hope that these publieations will stimulate interest 



Preface 

The present report describes an approach to modelling of NO}[ emissions 

from full scale combustion chambers. In the approach detailed chemistry 

description based on elementary reactions is used for calculation of KOx 

emissions. 

The work is a part of the larger Nordie co~operation project "Modelling and 

Chemical Reaction", which was initiated by the Nordie Gastechnology Center 

(NGC) at the beginning of 1989. The following organizations participate in 

the project: 

• Åbo Akademi (ÅA), Department of Chemical Engineering, Combustion 

Chemistry Research Group, Turku, Finland, 

• The Faundatian for Scientific and Industrial Research at the Norwegian 

Institute of Technology (SINTEF /NTH), Division of Energy and Fluid 

Dynamics, Trondheim, Norway, and 

• Technical University of Denmark (DTH), Laboratory of Reating and 

Air Conditioning, Lyngby, Denmark. 

This report is a part of the task 1.3.1. ''Chemical Reaction" in our agreement 

with the NGC. The task will be further elaborated by a short report on the 

present state of the art in the question of including simplified NO x chemistry 

expressions in camplex flow models. 

Neste Corp. is aknowledged for the permission to use experimental data from 

their test facility in Kulloo, Finland. The work has also been supported by 

the National Combustion Research Program LIEKKI in Finland. 

Turku, October 1989 

The A utbors 
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Abstract 

The report presents a modelling approach airned at predieting the NOx emis

sions from combustion furnaces. In the approach detailed chemistry is used 

for calculation of NOx emissions. 

The approach consists of three stages. Firstly, a 3-D flow pattern considering 

the effects of main cornbustion reactions is computed. The 3-D flow pattern, 

the temperature field, and the major species concentration fields, obtained 

from the flow simulation, are then approximated by a number of ideal re

actors, e.g. plug flow reactors. Finally, for calculation of NOx emissions, a 

detailed chemical kinetic scheme is incorporated inta these ideal reactors. 

In the report the method was applied to heavy oil combustion in an 8 MW 

furnace, in w hi ch the effect of different operating parameters of staged com

bustion on NOx reduction has recently been studied. More specifically1 three 

experimental cases are considered in the report: a conventional burning, a 

reburning 1 and an air staged combustion, respectively. In rebuming case 

methane was used as secondary fuel. 

In the study, the order of magnitude of exit NOx emissions was predicted 

correctly. However, the computations did not give the qualitative differences 

in the final NOx levels 1 which were obsen·ed in the test runs. To have a 
more accurate test of the method 1 more detailed experimental data for the 

conditlons in the furnace are necessary. 



l. INTRODUCTION 

As a consequence of the need for high combustion efficiency and low pollutan t 
emission from combustion processes, there is at present an increasing interest 

in developing of models for combustion processes, including the description 

of formation of pollutants, e.g. NOx. 

During recent years, a significant effort has been made in understanding of 

the camplex N'Ox chemistry in combustion. Large sets of elementaryreaction 

mechanisms describing the homogeneous nitrogen chemistry in combustion 

have been developed and successfully applied to a number of well defined 

laboratory experiments characterized by simple flow models /1,2,3,4/. Gen· 

erally speaking, the basic mechanisms of NOx formation and destruction are 

well known, although the kinetic rate data may not be very accurate. 

Howe\·er, the use of this detailed information as such for description of earn

bustian and combustion generated NOx in models of practical combustion 

processes is not feasible. This is due to the impractically lang computing 

times required. Generally, to make the simulation of industrial scale com

bustion processes feasible, either the flow rnadel or the description of the 

chemistry in combustion has to be simplified. 

At combustion conditions, the oxidation of a gaseous fuel species is generally 

characterized by a relatively fast reaction mechanism. Thus, the effects of 

the main combustion reactions can often satisfactorily be taken inta account 

by applying an "infinite fast chemistry" assumption. The rate of combustion 

is assumed to be limited only by the mixing of the reactants. As soon as the 

reactants (fuel, oxygen) are mixed on a roaleeular scale, they are assumed 

to be converted to products (C02 , H20), e.g. according to an irreversible 

one-step reaction descript.ion. For more accurate results, a thermodynamic 

equilibrium assumption for the major species can be used. 

In principle, the calculation of NOx emissions can be performed first after 

the flow computation because the chemistry of the pollutant has a negligible 

effect on the flow field, temperature, and concentration of major species in 

the furnace. Howewr problems arise how to describe the camplex nitrogen 

chemistry in combustion, on the one hand, accurately enough for different 

specific conditions, but on the other hand, simply enough to keep the com

puting times practical. Also, problems arise how to take inta account the 

influence of turbulence on nitrogen chemistry. 

In prediction of KOx emissions from practical systems i t has been common 

to use simplified, so-called global, kinetic expressions for NOx chemistry in 

a camplex flow rnadel /5,6,7,8,9/. In these expressions the rate of pollutant 
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formation is expressed as a function of the temperature and the concentra

tions of the most important or most easily measurable species. To account 

for the effect of turbulence on nitrogen chemistry, approaches based on the 

presurned prohability density functions have been applied /6,7,8,9,10,11/. 

Generally, favorable agreement with the experimental measurements has 

been reported. For a completely satisfactory description of NOx formation 
and destruction in combustion the number of the available simplified expres

sions is however insufficient /12,13,14/. 

In this report an alternative method for NOx prediction from furnaces is 

applied. In the method a detailed chemistry description is used for calculation 
of NOx emissions. More specifically, the method consists of the following 

three pha.<;es (Figure 1.1 ): 

l. The three dimensional flow pattern, including the effects of main com

bustion reactions, is computed by a general purpose multiphase fluid 

dynamics cornputer code. 

2. The camplex 3-dimensional flow pattern is then transformed inta a set 

of ideal reactors. In the present study this is done by approximating 

the 3-D flow pattern by a number of representative "flow tu bes". To

gether these hypothetical flow tubes are assumed to describe the same 

temperature J stoichiometry history for the flue gases as the original 

flow pattern. For incorporation of detailed chemistry, each computa

tional cell of the fiow simulation in the flow tu be is modelied as an ideal 

plug flow reaeter (PFR). At this stage, the effect of turbulence on cal

cnlation of detailed nitrogen chemisty is not taken inta account. Each 

compntational cell is thns treated as an isathermal plug flow reactor at 

the mean temperature value and with the rnean concentrations for the 
. . 

maJor species. 

3. Finall y, a detailed homogeneons chemical kinetic scheme is incorporated 

into the plug flow reactors. In the present stndy a scheme consisting of 

approxirnately 300 elementaryreactions is nsed /4/. In the mechanism 

the oxidation reactions of CH4 , C2H6, NH3, and HCN, and the interac

tions between nitrogen and hydraearbon chemistry are included. The 

fuel is modelied as simple hydraearbons and the fnel-bound-nitrogen is 

treated as simple nitrogen species, like HCN. No heterogeneons reac

tians are taken inta account. 

The method described was applied to an 8 M\V furnace in which the effect of 

different operating parameters of staged combustion on NOx reduction has 
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Figure 1.1. A schematic presenl ation of the present modelling approach. 

recently been studied. Heavy oil was used as primary fuel and methane as 

secondary fuel. However, for a rnore accurate test of the modelling approach 

the available experimental data of the conditions in the furnace were deficient, 

and more detailed data are necessary. 
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2. STAGED COMBUSTION IN AN 8 MW FURNACE 

The experimental fumace studied is illustrated in Figure 2.1, tagether with 

the loca.tion of the fuel and air openings. The furnace dimensions were 5 m 

in length and 2m in diameter. 

In the furnace heavy fuel oil was the primary fuel. In reburning cases methane 

was used as secondary fuel. The heavy fuel oil used contained 0,6 weight-% 

fuel-bound-nitrogen and is characterized by a Conradson Carbon Residue 

(CCR) value of 16% /15/. Methane was free of organic-bound-nitrogen. 

HEAVY OIL~ 
l 

SECONOARY AIR - l 

TERTIARY AIR 

HETHANE 

Oll, PRIMARY AIR 

g 
m 
~ 

~2000 

- PRIMARY AIR 

r HETHANE 
,.-- TERTIARY AIR 

Figure 2.1. 8 M\V fumace, Neste Corp., Combustion Laboratory. 

Three experimental cases are considered in the report. The cases are defined 

in Table 2.1. In case A oil was burned with methane as rebuming fuel. 

In the primary stage the air/fuel stoichiometry (SRI) was 0,93. After the 

income of methane and secondary al r, the stoichiometry decreased to 0,88. 

Case B was conventional burrring with a primary stage stoichiometry of 1,05. 

In case C air staging was applied with a primary sta ge st.oichiometry of 0,99. 

The total stoichiometry (SR 3 ) was 1,2 for all the cases studied, and the 
heating power was about 6 M\ V. 
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The NOx emission measured in the flue gases after furnace was highest for 
case B, about 300 ppm. By application of air staging NOx emission of 170 

ppm were obta.ined. Reburning result.ed in the lowest NOx level of 150 ppm. 

The NOx reductions obtained were thus fairly typical for the staging tech

niques used. 

Table 2.1. The three cases studiedin the present modelling work. 

CaseA CaseB CaseC 

Staging type reburning conventional burning air staging 

Oil(MW 6 5,6 6 

Methane(MW 0,4 

SR1 0,93 1,05 0,99 

SR2 0,88 

SR3 = SR-tot 1,2 1,2 1,2 

NO.(ppm 150 300 170 

CO(ppm 10 o 20 

partieulates (0-100) 45 48 100 

(relative scale) 
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3. SIMULATION OF FLOW AND COMBUSTION 

IN THE 8 MW FURNACE 

3.1. The flow mode! 

3.1.1. Transport equations of reacting gaseons flows 

In the approach used in this work the time averaged transport equations of 

the system were solved for density~weighted variables. These are given in 

eqs. (3.3)-(3.7). 

The density-weighted average of a variable is defined as 

(3.1) 

where the ordinary time aYerage is 

~ = lim ~ '•;+"''</> dt. 
At-oo ö.t 

(3.2) 

t, 

For the balances following equations are obtained: 

Balance of mass: 

(3.3) 

Balance of species n: 

Balance of linear momentum: 

å(_ -l ~ (-"- ~-l åfi s--å p•Ui +v· p·u ·Ui -Peff · vUj = --{) + te dr· t X i l' 

(3.5) 

Balance of energy: 
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For radiative heat transfer a four flux model was used (in cylindrical coordi

nates) /16/: 

l d r dRr s s 4 -- · {-- · -)~--·R, +(a+-) ·R,.- a·u· T 
rdra+sdr 2 2 

d l dRz s s 4 
- · (-- · -)~--·R, +(a+ -)·R,- a·u·T 
~ a+• b 2 2 

(3. 7.a.) 

{3.7.b.) 

Soot has a significant effect on radiative heat transfer. The formation and 

concentration distribution of soot in heavy oil fiames is, however, poorly 

understood. Therefore eonstant values were used for the absorption and 

scattering coefficients (a= 1/m, s= 0,5/m), which have been shown to give 

reasonable results in combustion of pulverized peat and light oil /27 J. 

In the equations (3.3)-(3.6) the effective diffusivities were calculated with the 

{k, <)-mode! {in cylindrical coordinates) /18/: 

(3.8) 

~(p· k)+ V· (p· ii· k- "'11 ·'V k)~ G- p·<, at "k 
{3.9) 

{3.10) 

where 

( ( 
a- 2 a- 2 

- 1 a- 2
) a- a- 2

) U z Ur Ur U (J U z Ur 
G~p,ff' 2· (-) +(-) +(-+--) +(-+-) + 

8z Dr r r 89 Dr 8z 

( 
Di10 1 Di1, 2 Di10 l Di1, i1o 2

) 
i'<jf' (-+--) +(-+----) . Dz r 88 Dr r ae r (3.11) 

The values ofthe coefficients in eqs. (3.8)-(3.10) are /18/: Cp~0,09, C1 ~1,44, 

C2=1,92, ak=l,O, u(=1,3. 
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The effect of turbulence on enthalpy and concentration of spedes was mod

elled as by using an effective diffusivity: 

(3.12) 

Constant values for rnaleeular kinematic viseosity (v=2·10-5 m2 /s) and Prandtl 

munber (att>==0,7) were used. For 0'4>,t the value 0,9 was taken. 

The source terms SifJ in equations (3.3)-{3.6) are due to chemical reactions 

and interaction between drapiets and the gas phase. The latter ones are 

described in subseetian 3.1.4. 

3.1.2. Composition and properties of the gaseons phase 

In the present application the fuel droplets were described by composition 

"C15H17" {see subseetian 3.1.5, page 11). The combustion of the vap01ized 

fuel and of reburning fuel (methane) was described with a twostep mecha-

lllSffi: 

a) oil vap 
o, 

CO, H,O ~ 

CH, 
o, 
~ CO, H,O 

b) c o o, 
~ co, 

Consequentl)\ the gas phase at this stage consisted of seven species: 0 2 , N2 , 

oil vap, CH4 , CO, C0 2 , H20. . 

The burning rate of the first step which produces CO was determined by 

turbulent mixing and was calculated with the eddy-break-up mo del /19/. 

The consuroption of fuel was t hen given by 

{3.13) 

where min{ ) indicates the smallest of the values separated by the earruna in 

the parentheses. 

The burning rate of earbon monoxide was determined by the slower of tur

bulent mixing or by chemicaJ kinetics. In the kinetic expression mean values 

for temperature and concentrations were used, as follows: 

Rco ::::min (A· P· ~ · ihco, 

s 



For the coefficient A, a eonstant value 4 was used /19/. The values for the pa

rameters in the chem.ical kinetic expression were Ach :::::1,3 ·1014 m3 /{kmols) 

and Ech=30 kcalfmol/20/. 

The source tenns of the species and enthalpy due to reactions were then 

Soil vap,ch::::: -flfu,oil vap> 

ScH.,ch = -flfu,CH•' 

Sco,ch = -Rco + 2.13 · Rfu,oil vap + 1.75 · Rfu,CH•' 

Sco 2 ,ch = 1.57 · Rco, 

SH 2 0,ch::::: 0.777 · flfu,oil vap + 2.25 · flfu,CH 4 , 

So 2 ,ch::::: -1.91 · flfu,oil vap- 3 · fl/u,CH•- 0.57 · flco, 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

The density of the gas was calculated from the equation of state of an ideal 

gas: 

pM 
p= TR' 

where the rnaleeular weight of the mixture was 

N 
M= (L ';"J-I 

n=l n 

The enthalpy of the gas was gi'•en by 

The specific heat at eonstant pressure of the gas mixture was 

N 

Cp= L m n· Cp,mn· 
n= l 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

For the vaporized fuel a eonstant value of 1,68 kJ/(kgK) was used for specific 

heat /21,22/. For the other components, a linear dependence of the specific 

heat on temperature was chose-n: 

9 



Cp,CH, -{l+? 055·10-3 . T) 
kJ((kgi\)- -· K ' 

{3.26) 

<p,co (O O o-3 T) 
kJ((kgi<) = .99 + .16 ·l ·K , {3.27) 

Cp,co, ( o o-3 T) 
k J /(kgl<) = 1.002 + .087. l . I< ' (3.28) 

Cp,H,O ( 3 -3 T) 
kJ((kgi<) = 1.74+0. 1·10 . K, (3.29) 

cp, o, ( o-3 T l 
kJ((kgl<) = 0.888+0.098·1 ·K, (3.30) 

Cp,N, - ( -3 T) 
kJ((kgi<)- 0.824+0.2·10 ·K, {3.31) 

3.1.3. Description of fuel droplets 

The fuel drapiets were described using the discrete Lagrangian fraruework 

by Crowe et al. /23/. In this approach the spray was modelied by a number 

of droplets, called computational droplets, with different diameters, infiow 

locations, and possibly other properties. Each computational droplet repre

sents a dass of real droplets of the spray. The dynamics of the drapiets was 

calculated from equation 

åild, O 5 A C {" ~ ) l '- ~ l ~ mdr '8t = · · dr ' D· Pg · Ug- UJr · U g- UJr +mdr ·g, (3.32) 

where the drag coefficient C D is given by 

CD = 24/ Red, ·{l + 0.1667 · Ret)f(l +B), Red, ~ 1000 

0.42/(1 +B), Red, > 1000 {3.33) 

and B is a transfer coefficient due to evaporation: 

(3.34) 

The Reynolds nurnber Redr is based on the gas-dropiet relative velacity and 

drapiet diameter: 

(3.35) 

10 



Integrating eq. (3.32) over a short time inten·al D.t and assuming the gas 

velocity to be eonstant during D.t, yields 

- a· (" ~ ) -t:,tfr - (l -t:,tfr) Udr = g - U-g - udr • e + g · r · - e , 

where ii'Jr is the initial droplet velocity and r is a characteristic time: 

r= 4 ·Par· d' /(3 ·p· C v· Rea,). 

The new position of the droplet after the time interval Llt is then 

- "" - •t XJr = X dr+ UJr · .u. . 

The heat balance of the droplet was governed by eq. (3.39): 

ardr . dmdr 
ffidr · Cp,dr · 8t =q+ L· ----;It"' 

where the rate of heat transfer between the gas and the droplets is 

q= Nu·"· d· >.9 • (:T9 - Ta,), 

and the Nusselt nurnber 

Nu= (2 + 0.6 ·Re t· Pr11')/(l +B). 

(3.36) 

(3.37) 

(3.38) 

(3.39) 

(3.40) 

(3.41) 

The droplets were assurned to heat up until they reached an effective boiling 

point, at which evaporation occured. The droplet temperature after a time 

step D.t is from eq. (3.39): 

T T- (T. T' ) -atfr' dr=g-g-dr·e, (3.42) 

where Tdr is the initial droplet temperature and 

r'= Par· d2 
• cp,a,/(6 ·Nu· >.9 ). (3.43) 

The change of the diameter of the droplet during the combustion process was 

obtained from 

d2 =d~- 8 · >.9 · D.tj(pa, · cp,ar) ·log( l+ B)· (l+ 0.23 ·Re t). (3.44) 

11 



3.1.4. Sources of gas phase due to droplets 

The sources of the gas phase due to interfacial transfer of heat, momentum, 

and mass between the droplets and the gas were given by equations {3.45) 
to (3.47). They are defined for the cells of the computational grid. In the 

present application all mass transfered was fuel va pour. 

N,, 
- - '"""' 3 3 Sm,dr;;;: Soil vap,dr = 11" • L..J Pdr,n ·fln· {dn,t'n- dn,out)/6, (3.45) 

n= l 

N,, 
- '"""' 3 3 Sui,dr = 1r' L., Pdr,n · fJn '(ui,dr,in · dn,in- Ui,dr,out · dn,out)/6, (3.46) 

n=l 
N,, 

- '"""' 3 Sh,dr = 7r ·L- Pdr,n · TJn · (cp,oif vap · Tdr,in- L)· dn,in/6-
n=l 

N,, 

7r • L Pdr,n · t]n ' ( Cp,oil vap ' Tdr,out - L) ' d~,outf6, 
n= l 

(3.47) 

where the subscripts in and out refer to values of the droplet at inflow and 

outflow of the computational cell and N dr is the number of computational 

droplets. The number fiow rate 'rfn of droplets of initial diameter dn along a 
given trajectory is 

1Jn = 6' indr,n/(Pdr,n' 11'' d~), (3.48) 

where indr n is the inflow rate of mass of the droplets in that trajectory. 
' 

3.1.5. Properties of the droplets 

In the experiments the liquid fuel was heavy oil. For properties of oil the 

following values were used /22,24/: Density, pa,=920 kg/m3 (at T=433 K), 

specific heat, Cp,dr=2,2 kJ /(kgH:), boiling temperature, Tb=543 K, latent heat 

of evaporation, L=l48 k J /kg, stoichiometric oxygen requirement, s=3,12 kg 

02/kg fuel, and heat of combustion, Hfu=40 MJ/kg. The composition of 

the oil was taken as "C15H17 ". This farmula agreed with the stoichiometric 

oxygen requirement used for the oil. However, the farmula was later shown 

to result in a too high C/H ratio campared to typical heavy oils. A sin

gle diameter of the droplets (d= 50 pm) was used because the actual size 

distribution was not known. The number of cornputational drapiets was five. 

12 



3.2. Simulation of the experimental cases 

The submodels described aboYe were incorporated to the PHOENICS code, 

which solves the transport equations of the fluid flow /25/. For boundary 

conditions at walls the built-in wall functions of the PHOENICS code with 
a logarithmic velacity profile were used. The temperature of the side wall of 

the cylindrical cham.ber was 450 K and the emissivity 0,8. 

In the computation a grid of 7920 (30 x 22 x 12) cells with 7798 active cells in 
the computational region was used. The grid and the inflow areas are shown 

in Figure 3.1. Due to syrornetry only a 90° seetar of the cylindrical fur

nace was considered. The initial angular locations of the five computational 

droplets were 9 = 2°, 20°, 38°,56°, 74°, (see Figure 3.1). 

Figure 3.1. Computationa1 grid. The shaded areas are outside the flow 

regirne. lnflow of rnethane at angle 8=30°, and of tertiary air at augles 

8=30' and 8=60'. 

The ternperatures, velocities, and turbulence at inflow for the three cases 

studied are given in Table A.l in the Appendix. The turbulent fluctuations 

of the velocity were assurned to be 5 % of the axial velocity. The dissipation 

rate of the kinetic energy of turbulence was estirnated as recomrnended in 

ref. /26/. The swirl of the inflowing air was equal for the cases A, B, and C. 
However, the actual value of the arnount of swirl and the profile of the velocit.y 

were not known. A solid body rotation corresponding to swirl nurnber 1,5 
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was used in the computations. The nozzle used for inflow of methane in 
case A gave four jets, which formed a 45° angle with the axis of the cylinder 

and with equal components in the positive and negative radial and angular 

directions. 

The calculated flow field, temperature, and mass percentages of reburning 
fuel and oxygen for case A are shown in Figure 3.2 at the cross seetian of 

8=30°. For all the three cases, the corresponding maps have been included 

in the Appendix, Figures A.l-A.3. A typical computing time on a MicroVax 

II computer was 15 CPU hours. 

The calculations showed that the evaporation of the drapiets occured close 

to the burner due to the high temperatures at inlet. Three-dimensionality 
was observed only in the vicinity of the air and gas openings at the burner. 

In the rest of the furnace the flow and the scalar fields were cylindrically 

symmetri c. 

The overall structure of the flow field was quite similar for all the three cases. 

It bad a strong axially directed part around the cylinder axis and a weak 

recircula.ting part ciaser to the side wall. A relative short recirculation zone 

was fonned in front of the burner. The tertiary air was strongly deflected 

towards the cylinder axis. 

In cases A and C a small recirculation was formed close to the front wall 

and near the end of the burner quarl due to the interadion of the flows from 

the burner and the deflected tertiary air. In case B, which had samewhat 

smaller fiow rates, sueh a recircula.tion di d not exist. This is shown in Figure 

3.3, where the near field flow is illustra.t.ed for cases A and B. The recircula

tion eaused the radial spreading of natural gas tO\\'ards the side wall of the 

cylinder, which can be seen in the concentration contours for case A. 

The strong fiow of primary air and vaporized oil prevented the methane from 

being eonvected towards the cylinder axis. The burning took place mainly in 

a layer around the cylinder axis. Close to the axis, the oxygen concentration 

dropped to zero and no burning occured. Consequently, the formation of 

earbon monoxide \'Vas small near the axis after the burner quarl region. 

The burning rate of earbon monoxide was found to be determined almost to

tall y by turbulent mixing due to the high gas temperature in the simulations 

(compare to eq. (3.14)). 

3.3. Comments on flow simulations for NOx predictions 

As indicat.ed in the previous chapters, a number of assumptions were made for 

the submodels used and for the boundary eonditions. The evaluation of the 
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Figure 3.2. Flow field, temperature, and mass percentage of reburning fuel 

(methane) and oxygen at the cross seetian 8=30°. Case A. 

submodels should be done with respect to the knowledge of the experimental 

case under study. In the present experiments only the mass fiow rates and 

temperatures at inlet were known. In addition, the swirl of primary air flow 

was known to be high. In spi te of these uncertainties the computations should 

approximately represent the conditions of the experiments. 
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Figure 3.3. The near field fiow for cases A and B. 8=30°. 

In genera1, the descriptions which were used for turbulence and combustion 

are believed to be a reasonable choice at this stage. 'With respect to the 

calculation of NOx emissions the most critical assumptions were: 

l. The description of the conditions near the bumer. The conditions near 

the burner are known to be important for NOx formation, since e.g. most 

of the fuel-N oxidation eecurs in that region. The nozzle of the fuel spray 

consists of eight hales, whose locations with respect to the openings of the 

staging air and fuel were not known. Although the fuel droplets evaparate 

close to their injection point, the representation of the injection of the spray 

with twenty discrete streams (in the full360 angle) show a three~dimensional 

effect el ase to the burner. 

2. The use of the (k,e)~model for description of turbulence. The (k,e)~ 

rnadel of turbulence is known to be inadequa te for highly swirling fl.ows. The 

use of a more complicated and, also, a considerably more computer time 

consurning model, e.g. an a]gebra.ic stress model, would have been justified 

if the boundary con di tians at inlet were better known /26/. 

3. The use of eonstant values for the absorption and scattering coefficients 
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of the medium. The local temperature of the gas phase depends strongly 

on the radiative heat transfer. Due to lack of an "appropriate model for 

soot formation the values of the absorption and scattering coefficients of the 

medium were taken as constant. Simulations of combustion of peat dust and 

of light oil with the eonstant radiative properties have been found to be in 

reasonable agreement with the experiments /27/. 
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CASE 

4. TRANSFORMATION OF 3-D FLOW FIELD 

INTO FLOW TUBES 

To make the detailed description of nitrogen chemistry possible, the 3·D flow 

field was represented by a number of representative "flow tu bes''. Tagether 

these hypothetical flow tubes were approximated to describe the same tern· 

perature / stoichiometry history for the fl.ue gases as the original 3-D flow 

pattern. Thus, the calculation of NOx formation and destruction in these 
:flow tubes is assumed to give a description of the NOx emissions from the 
whole furnace. 

In present modelling work, the number of fiow tubes was axbitrarily ehosen 

to five in the 90° symmetrical seetar of the furnace. Flow tu bes were selected 

in such a way that they followed the trajectories of the oil drapiets until the 

evaporation. After the evaporation, the flow tubes followed the streamlines 

of the gas flow. 

The locations of the five flow tubes in the combustion fumace are shown in 

Figure 4.1. Due to the only small differences in the flow fields of the three 

cases, the locations of the flow tu bes were very similar. The residence time in 

the flow tubes was about 0,3 s for the cases A and C, and samewhat higher 

0,4 s for case B, which had a slightly lower flow rate. 

' (ASE B CASE ( ,_ ·- ·- ·-, __ ,_ ,_ ·-- ·-· -~. 
)--·-•-. ·- ··-·- ·-

Figure 4.1. Location of the calculat.ed flow tubes in the furnace. 

Due to the symmetry, the five flow tubes ~1-~5 were very similar. For case A 

this is illustrated in Figure 4.2, where the temperature and stoichiometric 
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ratio proflies of the gas phase in the different flow tubes are shown. In the 
Appendix, Figures A.4-A.6, corresponding profiles are given for all the three 

cases. 

For all the fiow tubes the temperature and stoichiometry profHes were much 

alike. A peak value of ca 2300 K occured at 0,02 s in each of the fiow tu bes, 

after which temperature decreased to ca 1600 K at the end of the flow tubes. 

Stoichiometrically, a fuel-lean zone existed in the beginning. After the evap

oration of the oil the stoichiometric ratio decreased and remained low until 

time 0,015 s, when it was increased to about 0,8 due to the secondary air. 

At 0,06 s the incoming tertiary air began to raise the stoichiometric ratio to 

the final value of 1,2 at the exit. 

The flow tube which differed most from the others was ~2, in which temper

ature first increased and then decreased samewhat faster than in the other 
fiow tu bes for all the cases. Also, the stoichiometric ratio was highest in fiow 

tube U2 campared to the other flow tubes. 

CASE A 
2400 

2.0 

o 
2000 !;( 

1.5 "' 2 
}'/.-. ......... ._,,, ........ .. 1600 w 

"' r-··' ..... l. O 1.3. 4, s 1200 w 
l: :, .~-..t··· 
o 

800 I 
w 0.5 
o 

400 ..... 
Vl 

o 0.0 
0.0 0.1 0.2 0.3 0.0 0.1 0.2 

TIME/s TIME/s 

Figure 4.2. Temperature and total stoichiometry proflies in flow tubes Ul-~5 

for case A. 

In general, the fl.ow tubes passed through areas where high temperatures, 

high oxygen concentra.tions, and high fuel consuroption rates existed, cam

pared to the rest of the furnace a.t the same elevation. 

Since the flow tubes U-~5 generally were very similar, only the fl.ow tube ~l 

was ehosen for the calculat.ion of NO,. concentrations. Thus, the NOx level 
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obtained in flow tube Ul may be approximated to earrespond to the average 
of all the five fl.ow tubes, andrepresent the NOx concentration predicted for 

the case. A comparison of the temperature and concentration profilesin fl.ow 

tu be U l for the different cases is given in the Appendix, Figures A. 7-A.S. 

For incorporation of detailed chemistry each computational cell of the fl.ow 
simulation in the flow tu be was modelied as an isathermal plug flow reactor 

(PFR). Thus, the flow tube consisled of a nwnber (50) of varying length 

isathermal tube "subsections". 

The amount of nitrogen oxides, hydrogen cyanide, ammonia, and other minor 
nitrogen species from one tu be subseetian was taken as input to the next tu be 

subsection. The am.ount of major species (CO, C02 , H20, ... )in every new 

tube subseetian was updated according to the main combustion chemistry 
from the flow simulation. 

The selection of flow tubes is crucial for the whole method. In the present 

work no systematic tests were yet made to study the correctness of the se

lection of the fl.ow tu bes. For tests of this kind more work and more detailed 

experimental data are required. 
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5. INCORPORATION OF DETAILED CHEMISTRY 

In the present study, a homogeneons kinetic scheme consisting of about 300 
elementaryreactions and approximately 60 chemical species was incorporated 

inta the tube subseetians /4/. No heterogeneons reactions were taken into 

account. 

The kinetic scheme used has recently been developed for modelling of ni

trogen chemistry in combustion of light hydrocarbons. In addition to the 

oxidation reactions of CH4, C2H6, NH3 and HCN, the interadions between 
nitrogen and hydraearbon species, i.e. prompt NO formation and NO

hydrocarbon reactions are included in the scheme /4/. 

In the calculations, oil vapour was modelied as an equivalent amount of 

acetylene C2H2 • The fuel-bound-nitrogen was introduced as HCN. 

The calculations were initia.ted first after the oil drapiets were evaporated, 

which happened in less than 6 ms. At the beginning of calculations, the 

initial in coming H CN content was computed according to the equation 

where mN,,oi! and mc,on are the nitrogen and earbon mass fraction in the oil, 

respectively. 111 stands for rnaleeular weight. In the equation it is assurned 

that the distribution of nitrogen in the oil follows the distribution of earbon 

in the oil during the evaporation. Thus, factor a indicates the fraction (O 

· l) of the bound-nitrogen in the oil modelied as HCN. In the calculations 

a eonstant value of a=0,6 was used. This is an approximation helleved to 
account for the arnount of fuel-N which e.g. may rernain in the char fraction 

and/or be oxidized to N2 during the evaporation of oil. 

In solution of the mass conservation equation of a PFR: 

(n= l, ... ,N) (5.2) 

cornputer codes based on the CHE:tviKIN program were used /28, 29 J. In the 

equa.tion W is the total molar productian rate for the nth species by chemical 
reaction. 

The required therrnodynarnic data v.'ere taken from ref. /30/. Typical cal
culation time for one ftow tube, consisting of about 50 PFRs, was 14 CPU 

hours on a VAX 11/785 cornput.er. 
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6. CALCULATION OF NOx 

EMISSIONS FROM THE 8 MW FURNACE 

Above the different steps of the method used for prediction of the NO x emis~ 

sions has been described. In the fi.rst step, the 3-D flow pattern, including the 
effects of the main combustion readians was computed. In the seeond step, 

the 3-D fiow pattern, the temperature field, and the major species concentra

tion fields, obtained from the 3-D flow computation, were transformed inta 

a number of flow tubes. Finally, the flow tubes were rnadelled as a number 

sequential isathermal plug flow readors with detailed chemical kinetics. 

Since the different flow tubes appeared to be very similar only flow tube 

U was ehosen for NOx predietians and is considered here. Thus, the NOx 

level obtained in the :flow tube ~l may be approximated to earrespond to the 

average of all the fiow tubes for each of the three cases, and be the final NOx 

emission predicted for the case. 

6.1. Calculation of NOx emissions 

for the experimental cases 

In Figure 6.1 the calculated concentration profiles for NO, HCN, and NH 3 

are shown. The concentration of other bound-nitrogen species was insignifi

cant. 

Figure shows that the calculations predicted a nearly eonstant level of NO 

for all the cases. Compared to the experimental data the order of magnitude 

was given correctly (::::; 300 ppm ). 

In general, the overall form of the concentration profiles was very similar 

for all the cases. The incoming fuel-HCN was quantita.tively oxid.ized to N2 , 

NO, and NH3 . However, for case B, calculations gave rise to a high NO peak 

concentration at time 0,016 s. For cases A and C the concentration of HCN 

was dropped samewhat later and no peak NO was obtained. 

This was due to the {act that the flow cornputations predicted a very fuel

lean zone at 0,016 s - with a high 0 2 concentration and a low C2H2 leve} -

for case B. This was not found for cases A and C. 

Significant additional HCN was formed through NO-CHi reactions and prompt

HCN mechanism. These effects were found for all the cases. For case A, 

which was the only case where reburning techique was a.pplied, the amount 
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and way of injection of methane was obviously too small to significantly affect 

the profiles. 

At time 0,07 s the HCN and NH 3 species present were oxidized to NO, after 
which the NO concentration remained at a nearly eonstant level to the exit. 

Only a small amount of thermal NO was formed during this period. 
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Figure 6.1. The simulated concentration profiles for NO, HCN, and KH3 

in flow tube ~l for cases A, B, and C. Oil vapour medelled as C2H2 , fuel-N 

as 60 % HCN. The arrows on the right hand side on the figures indicate the 

ex-perimental Yalues of the effi.uent NOx emissions rneasured in the flue gases. 

6.2. Comments on detailed chemistry modelling 

for NOx predictions 

Due to the lack of rnore experimental data and poor knowledge of the pyral

ysis products from the oil vapour, a number of important assurnptions bad 

to be made in incorporation of the detailed chemistry. The most uneertaln 

assumpt.ions were the following: 

l. The modelling of the amount of fuel-N (HCN). In the computations 

the initial HCN concentration was calculated according to eq. (5.1). For 
the factor a a eonstant value of 0,6 was used, which earresponds to a 60% 

conversion of fuel-N to HCN. 
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To test the sensitivity of the NOx emissions predicted to the initial HCN level 
a simulation was performed with a significantly higher HCN level (a=l,O). In 

Figure 6.2 the results of the simulations are campared for case A, with a=0,6 
and 1,0, respectively. Figure shows that the exit NO leve} predicted was not 

sensitive to the arnount of HCN initially present. For both simulations a 

nearly eonstant NO concentration (~ 300 ppm) was calculated. At time 

0,024 s, when the HCN concentration was dropped, the residence time in 

the PFR modeHed was sufficiently Iong to cause all HCN initially present 

to be oxidized to N 2 • For further development of the method for arganie

nitrogen containing fuels, a more detailed description of the calculation of 

initial amount of ftu:-1-!\~ should, however, be incorporated. 
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Figur.e 6.2. The simulated concentration profiles for NO, HCN, and NH3 in 

flow tube til for case A. Oil vapour modelied as C2 H2 , fuel-N as 60 % HCN 

(figur e to the left) or l 00 % H CN ( figure to the right). 

2. The description of oil vapour as an equivalent amount of a single hydra

earbon species C2H2. Of the simple hydraearbons present in the detailed 

kinetic scheme acetylene was the one which bad a C/H ratio clasest to the 

oil vapour "C15H11" used in the flow simulation. According to experimental 

data /31,32/ the light gases of pyrelysis of a number of coals consist of the 

simple hydraearbons e.g. CH-t, C2H4., CzH6 , C3H6 , C3H8 , and of H2 and 

CO. Therefore a more det.ailed description of oil vapour, e.g. as a mixture 

of a hydraearbon gas and hydrogen, could have been used. To test the sen

sitivity of the NOx emissions predicted to the description of oil vapour no 
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simulations were however performed at this stage. In principle, the more de

tailed description of oil vapour should have been taken inta account already 

in the flow computation. The C/H ratio of the farmula 11 C1sH17 11 used in 
fiow computations was too high campared to values of heavy oils. Also, the 

large size of the hypothetical molecule may have affected the density values 

in the ftow computation. 

3. The neglect of the effect of turbulence on detailed nitrogen chemistry. In 

the calculations the computational cells were treated as isathermal ideal plug 

flows at the mean temperature value and with the mean values for the major 

species. For further development of the method, the effect of turbulence on 

calculation of detailed nitrogen chemistry should samehow be incorporated 

in the method. Also, since the NOx reactions occur concurrately with the 

main combustion readians the initial concentrations of the major species in 

the computational cells should be used. 
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7. CONCLUSIONS 

In the report a modelling approach airned at predieting the NOx emissions 

from furna.ces has been presented. In the approach a detailed chemistry is 
used for calculation of NOx emissions. 

In principle, the method consists of three stages. Firstly, a 3-D flow pattern 

considering the effects of main combustion reactions is computed. The 3-

D flow pattern, the temperature field, and the major species concentration 

fields, obtained from the flow simulation, arethen approximated by a number 

of representative ''flow tu bes". Finally, the flow tu bes are modelied as a set 

of ideal reactors, e. g. plug flow reactors, with detailed chemical kinetics. 

In the present study the method was applied to an 8 M\V furnace, in which 

the effect of different operating parameters of staged cornbustion of heavy 

oil on NOx reduction has recently been studied. More specifically three 

experimental cases were considered in the report: a conventional burning, 

a reburning, and an air staged combustion, respectively. In reburning case 

methane was used as secondary fuel. 

The order of rnagnitude of exit NO x emissions was predicted correctly. How

ever, the computations did not give the obsen•ed qualitative differences of 

the exit NOx concentrations. 

Based on the available limited experimental data of the inflow conditions, 

the cases studied were quite similar. Only small differences in the flow pat

tern, and in the temperature and concentration fields were predicted by the 

flow cornputations. Possible differences in the near burner field, which is 

important for nitrogen chemistry since e.g. most of the oxidation of fuel-N 

occurs in that region, could not be detected in the computations. Conse

quently, the failure to prediet the qualitath·e differences of the effiuent NOx 

concentrations was not unexpected. 

The most irnportant issue for further development of the method is considered 

to be the indusion of the effect of turbulence on the calculation of detailed 

nitrogen chemistry. 

A possible way to account for the turbulence would be to model the turbu

lent fluctuations of temperature and concentrations by approaches based on 
presurned prohability density functions (pdf), e.g. a beta-function /11,33/. 

An alternative to the pdf-approach would be the application of the extended 

eddy-dissipation medel as recently described by Magnussen /34/. In this 

model a local mass fraction, where the species can be assumed to be perfectly 
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mixed on a molecular scale is calcula.ted. The nitrogen chemistry could then 
be computed by assuming the fine structures as continuously stirred tank 

readors (CSTR) with the concentration of the major species from the sur~ 

roundings of the fine structures as input to the reactors. 

However, the calculation of nitrogen chernistry by superirnposition of detailed 

kinetics in each calculation point of the furnace may result in impractically 

lang computing times. Thus, to shorten the computing times the approach 

presentedin this work could be feasible. The 3~ D flow fieldisthen represented 

by a number of representative ''flow tubes" and the computation of pollutant 

formation is performed only in the computational cells belonging to a flow 

tube. Due to the limited experimental data available at the present study 

a test of applicability of that kind of approach was however not possible. A 

reliable test of the approach requires more detailed experimental data. 
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Roman letters 

A 
A 
a 
B 
c,, c2, c11 
CD 
Cp 

d 

E 
~ 

g 

H 
h 

k 

L 
M 
m n 
m 

N 
Nu 
n 
Pr 
p 

q 

R 
R tu 
R, R, 
Re 
r 

Sq, 
SR 
s 

s 

T 
t, Åt 
~ 

u, u; 

x 

x 

z 

8. NOTATION 

Coefficent in rea.ction rate 

Projected area of droplet surface 

Absorption coefficient, coeff. in eq. (5.1} 
Transfer coefficient due to evaporation 

eonstants of (k,e: }-model of turbulence 

Drag coefficient 

Specific heat at eonstant pressure 

Diameter of droplet 

Activation energy 
Acceleration due to gravity 

Heat of combustion 

Enthalpy 

Kinetic energy of turbulence 

Latent heat of evaporation 

Molecular weight 

Mass fraction of species n 

Mass flo w ra te 

Number of species or droplets 

Nusselt number 

Species 

Prandtl number 
Pressure 

Heat transfer rate 

Gas eonstant 

Fuel consumpt.ion rate 

Ra.diative heat flux components 

Reynolds number 

Radial coordinate component 

Source term for quantity <P 

Stoichiometric air /fuel ratio 

Scattering coefficient 

Coefficient of stoicl1iometry 

-or m3 ((m9ls) 
m' 
1/m 

J /(kgK) 
m 

Jfrnol 
m/s2 

J/kg 
J/kg 
(m/s)' 
Jfkg 
kg/kmol 

kg/s 

P a 

Jfs 
J /(molK) 
kg/(m3s) 
J((ms) 

m 

[,P]· kg/(m3s) 

1/m 

Temperature K 
Time, time interval s 

Velocity, i-coordina.te component of vel. m/s 
Position of droplet m 

Mole fraction 

Z-(axial) coordinate component m 
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Greek letter~ 

r 
E 

~ 

9 
.X 

l' 
p 

(7 

(7 

r, r' 

<P 

<P 

~ 
w 

SubJcripts 

b 
ch 
dr 

eff 

f u 

g 

h 
k 
n 

o 

o x 
prod 

t 

u 
oil vap 

E 

SuperJcripts 

o 

Diffusion coeffi.cient 
Dissipation rate of kinetic energy of turbulence 

Number flow rate 
Angular coordinate component 

Thermal conductivity 

Viseosity 

Density 

Stefan-Boltzmann eonstant 

Prandtl mrmber (with subscript) 

Time scaJe 

Variable (general notation) 

Density-weighted average of variable 4> 

Time average of variable 4> 
molar productian rate by chemical reaction 

Boiling point 

Chemical 

Droplet 

Effective 

F u el 

Gas 

Enthalpy 

Kinetic energy of turbulence 

Species 

Initial 

Oxygen 

Products 

Turbulent 

Velacity 

Oil Yapour 
Dissipation rate of kinetic energy of turbulence 

Variable (general notation) 

Initial 
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kg/(m2s) 
(m/s)2 /s 
1/s 
rad 

J/(mKs) 
kg/(ms) 
kg/m3 

J/(m2K4s) 

s 

varies 

vari e s 

varles 

molf(m3s) 
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APPENDIX 



Table A.l. Mass flow rates, temperatures, velocities, and turbulence at 
inflow. Components of velacity given in cylindrical coordinates. 

CaseA CaseB CaseC 

Primary Air 
m (kg/s) 0,53 0,49 0,53 
T (K) 627 625 624 
u, (m/s) 45,4 42,0 45,6 
u, (m/s) o o o 
ue= wr; w (1/s) 600 600 600 
k ((mfs)2 ) 2,6 2,2 2,6 
'((m/s)2 /s) 77 60 77 

Secondary Air 
m (kg/s) 0,96 0,99 0,97 
T (K) 627 625 624 
u, (m/s) 25,1 25,9 25,4 
u, (m/s) o o o 
ue= wr; w (1/s) 600 600 600 
k ((mfs) 2

) 0,8 0,8 0,8 
f ((m/s) 2 /s) 7,3 7,3 7,3 

Tertiary Air 
m (kg/s) 0,78 0,63 0,76 
T (K) 627 625 624 
u, (m/s) 56,0 45,2 54,5 
u, (m/s) o o o 
ue (m/s) o o o 
k ((mfs) 2 ) 4 2,5 3,7 
f ((m/s) 2 /s) 380 190 340 

Oil 
m (kg/s) 0,15 0,14 0,15 
T (K) 413 414 413 
u, (m/s) 37 37 37 
u, (m/s) 28 28 28 
ue (m/s) o o o 

Methane 
m (kg/s) 0,0072 
T (K) 298 
u, (m/s) 43,4 
u, (m/s) ±43 
ue (m/s) ±43 
k ((mfs) 2

) 2,3 
f ((m/s)2 /s) 3000 
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