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Abstract

A numerical investigation of NO« formation in natural gas-fired furnace is presented. In order to reduce NOy
emissions, a combustion modification technique is applied using the advantage of swirl in a non-premixed
combustion process. As NOx is produced at high temperatures, radiation needs to be included in this inquiry.
The models of this study are selected of such kind there will be accurate computational results. The finite
volume technique (FVM), paired with an extended eddy break-up model and the standard k-€ model, is
developed to solve the radiative transfer equation (RTE). The thermal NO mechanism is used to predict the
NOy formation. It is clearly shown that swirl can reduce considerably the NOx emission.
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Introduction

The NOy is produced during combustion, especially at high temperatures. They present a contributor to air
pollution and have dangerous effects to human health and environment such as destruction of stratospheric
ozone by NO. For that reason, their reduction becomes a challenge. The major NOx reduction techniques are:
fuel switching, combustion control, fuel gas treatment and fuel reburning. Those techniques can be classified
in two types: the post-combustion techniques such as selective catalytic reduction, and combustion
modification technique. Particularly, swirl intensity is one of the important operating parameters which can
be used in combustion control. This parameter is included in combustion modification techniques of NOx
emissions.

For the combustion systems, in the industry field, there are many research works and efforts to
simultaneously increase combustion efficiency and decrease the soot formation and NOy emissions. This
subject becomes very important, nowadays, because of the increasing use of installations such as furnaces,
boilers and gas turbines. According to Bowman (1992), there are four main ways that NOx is produced: (a)
the thermal NO mechanism; (b) the quick NO mechanism; (c) the NO; (nitrous oxide) method; and (d) the
fuel-bound nitrogen mechanism. We discovered all four of these mechanisms in the literature. Actually, the
first two systems influence the creation of NO. The main of this work is to show a reduction technique of NOy
emissions by combustion control using swirl.

Il. Geometry and numerical scheme

1.1. Geometry

Axisymmetric, natural gas-fired whirling furnace known as the "Harwell furnace" is the system being explored
and shown in Fig.1. So, we have a 2D axisymmetric problem.
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Fig. 1: Standard computational fluid dynamics (CFD) example, the so-called
“Harwell furnace”: geometry and coordinate system (not to scale).

1.2. Numerical scheme
Using the two cylindrical coordinates x and r, a generalized form of the momentum equations is given as

1| o d 0 o) @ o8| _
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with ¢ denotes general dependent variables: the mixture fraction, enthalpy, the u and v components of
velocity, the turbulent kinetic energy, and the turbulent dissipation rate. Further, p, T and Sy stand for

density, effective diffusion coefficient and generalized source term corresponding to ¢. [ is the result of

adding the laminar and turbulent transport coefficients, interpreted as the effective viscosity for ¢=u,v,w and
the effective diffusivity for

¢=h,Z.Y;
Ay Ay
with
Heff = M) + 4 (2.b)

Where, 1 and 4 represent respectively the laminar and the turbulent viscosity. a4 and a4 are the laminar

and turbulent Prandtl number respectively, corresponding to variable ¢ .

Addition of a tangential component to the air injection results in the swirl. The swirl number, is perhaps the
most frequently utilized parameter, SW, which is the ratio of axial flux of angular momentum to axial flux of
linear momentum as described by Nemoda et al. (2005).

27Z'J.Wf'purdl’
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Where, w signifies the tangential component of velocity. The degree of swirl strength is expressed as a swirl
number in this study.

SW (3)

Control volume

Fig. 2: Principle of a burner with swirl
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11.2.1 Turbulence model
The turbulence closure is achieved by means of K —& model developed by Launder and Spalding (1974). The
turbulence viscosity is determined by computing the distribution of turbulence energy and its dissipation rate

by using the relationship
2

k
Hi =C,up? (4)

The constants of this model are shown in Tab. 1.
The source terms of the quantities k and € are respectively

Sk = mG—C,p°K* I 1y (5.a)
2
s, =C,GC,pk-C,, % (5.b)

Where, G stands for the mean motion's output of turbulent kinetic energy, and it is represented by
2 2 )2 2 2 2
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Tab. 1: Constants of the standard k-€ model
with the Van-Karman constant K=0.4187.

0.09 | 144 | 192 |10

Due to viscous effects, the typical k-€ model, which is a high-Reynolds model, cannot be used in the area close
to the wall. So, to handle the area next to the wall, we applied the wall function described by Launder and
Spalding (1974).

11.2.2 Combustion model
Methane-air reaction in one step combustion can be described by the global reaction below
CHa+ 2(0,+ 3.72N,) © CO2 + 2H,0 + 7.52N, (R1)

The eddy break-up model is restricted by the fact that the reaction rate is independent of the local chemistry
and that the flow does not account for the transport of the turbulent flame. For that reason, in this paper, an
advanced eddy break-up model, developed by Mantel and Borghi (1994), is used. The equation below
provides the mean reaction rate.

— \?(YO —\?)
w = pCgpy T (7.a)
Where,
2y
(1+Cu'jj
C _ ap u
EBU =7 — 75
7.b
Po YO[;—bO] (7.0)

By using the ratio u'/U L , the model considers how chemistry and turbulence interact.

11.2.3 NO, formation model
Nitric oxide (NO) and nitrogen oxide (NO,) are referred to as "NOx." In fact, the total NOx emission consists

of 95% NO (5% is NO;). Additionally, the two pathways, prompt NO route and thermal NO route predominate
the NO production process. But, the prompt mechanism, which was postulated by Fenimore (1979), only
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contributes a little portion of the overall NOx. That is why, in this paper, the Zeldovich mechanism (1946) of
thermal NO generation is the only one used to explain how NO is formed.

ki1
0+N, k+1 >N +NO (R2.1)

(—

ki2
N+0, >0+ NO (R2.2)

K2
With those considerations, when the NOx generation rate is given by only the NO species transport equation
(Eq 1) is necessary.
d[NO]
dt

~KalN; [0] K o[N]0 ] -
—k_1[NOJN]-k_»[NO]O]
If the N atom is approximated by a steady state, where it is generated as quickly as it is destroyed, we get

B O R A )
Placed in Eq. (8), this gives
4Nl w, ol (10)

To solve the transport equation for the case ¢ =Y\ (see Eq. (1)), the source term is written as

Sno :2pk+1YN2[O]M NO/MNz (11)

Where, Myo = 30g/mol, is NO molecular mass, My, =28 g/mol, is N, molecular mass, and, k:1 = 1.8 108e-38370/T,
The O; and N; concentrations are obtained from combustion solution. Thereafter, according to Skjgth-
Rasmussen et al. (2004), the O-atom concentration, [O], may be deduced from the below mentioned
expression

o)-AT® e £ 0P )

where, the gas constant is R=8.314 and the reaction activation energy is E, A and B are two variables in the
above expression. The O-atom model, which can increase the rate of NO production in the reacting area, is
described as Jiang et al. (2006)

0]=3.97x105 T 5[0, 105 exp| 200
o] 2 2

j (13)
11.2.4 Radiation
To solve the RTE, we used the FVM by Gassoumi et al (2009). Particularly, in this work, we consider a non-

gray soothing media. So, RTE can be expressed as follows in an absorbing-emitting and scattering grey
medium:

(?ﬁ)lu (r, Q) =&, (1) 1, () = B, (N1 (r, Q) +

os,(r)
4

e (18)
J'cpv(Q' SO, (F,Q)d

Q'=4r

The extinction, v scattering, o5, and absorption «, coefficients all rely on frequency v in non-gray media.
I, (r.Q) is the spectral radiation intensity at any position rand along a direction Q. Iy, is the spectral
blackbody radiation intensity. o, (@ - Q) depicts the phase function of spectral scattering from the entering

direction @' to the departing direction Q. Particularly, in the opinion of Liu et al. (2000), the spatial derivative
component in Eq. 14 in the cylindrical coordinates for a two-dimensional axisymmetric issue is

Sol oy aor) 1a6), o
(Q.V)I(r,Q)_ r or r o¥ H’Zax (15)
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where 1, mand £ are the direction cosines, and V¥ is the azimuthal angle calculated from the direction.

According to Kim and Baek (2003), whenever we consider the cylindrical coordinates, the RTE is a function of
spatial two-dimensions (x,r) and two coordinates (4, ¥ ) and it is given by

mn mn, mn mn
0 o) 1], @™ s 1

r or r oY o4
The direction cosines are defined by
4™ =sinfcos ¥ (17.a)
n™ =sin@sin ¥ (17.b)
EM = cos@ (17.c)

and the direction is written as
an :(Iumn’nmn,égmn) (18)

Ill. Results and discussions

In this study, the possibility to reduce NOx emissions is numerically investigated in depth in a standard
computational fluid dynamic (CFD) example, the cylindrical structure known as the "Harwell furnace". The
experiment setup and inlet conditions are mentioned in Tab. 2 which is provided by Wilkes et al. (1989).

The swirl creates two kinds of recirculation zone: a central toroidal recirculation zone (CTRZ) due to vortex
disruption and a corner recirculation zone (CRZ) brought on by the abrupt expansion of the combustor design.
The ensuing vortex activity will cause a low-pressure area to form along the chamber's axis. Sometimes short
tangential chutes in the flame-tube rather than plain apertures are used to inject the secondary air, which
enhances the vortex motion. The temperature distribution depends on the swirl number, in the other hand
on the mixing fuel-air. In addition, according to the swirl level, we can obtain a good mixing. So, it is possible
to control flame stabilization and reduce the NOx emissions when swirl is applied.
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Fig. 3: NO mass fraction as a function of swirl number at the exhaust of the furnace.

Figure 3 depicts the variation of NO, emissions as function of swirl number. Generally, temperature increases
with increased swirl intensity level because the rate of reaction increases due to the good mixing offered.
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Fuel intake zone (mm)

from r=0.0 to r=6.0

Air intake zone (mm)

fromr=13.5tor=27.5

Furnace diameter (mm) 150.0

Length of furnace (mm) 900.0

Intake conditions fuel air
axial velocity (m/s) 15.0 12.8
radial velocity (m/s) 0.0 0.0
turbulent kinetic energy k(m/s?) 2.26 1.63
dissipation rate of turbulence £ (m/s) 1131.8 692.0
temperature (K) 295 295
swirl number 0.0 0.4
mass fraction of O, 0.0 0.2315
mass fraction of N, 0.0 0.7685
mass fraction of CH, 1.0 0.0
Heat of reaction (MJ/kg) 45.5

Tab. 2: Experiment setup and inlet conditions

There are two cases when swirl is applied: an interval of SW, where the NO mass fraction, Yno, increases with
the swirl number, SW, and case (2) an interval, where Yno decreases. In the first case, from SW=0 (without
swirl) to SW=1, Yno increases considerably. For swirl situation, the NOx content is higher. Additionally,
compared to non-swirl cases, swirl case increases the rate of NOx generation.

But, in the second case, there is an optimal and an adequate value of SW from which NO4 emissions decrease.
There is a turning point occurs at this stage where the NOx emissions decrease. At the exhaust, as it is shown
in Fig.3, for SW=1.71, a 40,73% reduction in NOx emission compared to SW=0.4 is obtained. For SW=1.91, the
reduction becomes 56.36%. The reduction tendency can be seen clearly in Fig.3. The illustration shows clearly
that increasing enough SW, the NOy formation will decrease. But we must note that the choice of SW is
limited, because a high level can cause: (a) the detachment of the flame, (b) flame quenching, and (c) flame

flash-back to the fuel injection zone.
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Fig. 4: NO mass fraction distributions: case (a) SW=0.4, and (b) SW=1.91, a 14.29% reduction in NOy
emissions from (a) to (b).

Generally, Higher rates of entrainment and quick mixing from swirling increase flame stability and shorten
flame length. A 28% reduction in flame length clearly observed in our case. Figure 4 illustrates the NO mass
fraction distributions for two swirl number. It is clearly shown that due to the intense recirculation, NO is
reduced via reactions with hydrocarbon and hydrocarbon intermediates such HCN, similar to those involved
in Fenimore mechanism (1979). The reburning fuel can be achieved when an important quantity of gases go
back to the injection zone. In fact, swirl increases significantly the convective exchange and the recirculation
zones of fluid dominate the media when swirl number becomes important. Completely, NOx reductions of
14.29% have been recorded (see Fig. 4). shear layer region, which improve flame stability.
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Fig. 5: Velocity distribution and the different recirculation zones.

This outcome demonstrated that swirl does assist in combining the fuel and air ahead of combustion,
reducing NOx emissions. However, this was achieved at the expense of reduction in combustion stability. We
can conclude that, When the optimal setting is chosen, the swirl's effect on NOx emissions becomes larger.
In addition, the best choice of the radiative properties of burner and combustor wall surfaces reduce
considerably the burned gas temperature which in turn results in low formation by the thermal NO. For this
reason, radiation needs to be considered in combustion devices that operate at high temperatures.
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IV. Conclusion

This manuscript gives a method to reduce NOy emission in swirling combustion systems. Reduction of NOy
emissions by up to 14.29% has been recorded from a breaking value of swirl number. In fact, swirl is a factor
of importance which enables an excellent blending of the mixture when all the fuel injected can be burned
by ensuring a good mixing. An important heat convective exchange can be added to the radiative transfer if
swirl becomes important. In fact, the swirl number must be selected with a compromise between combustion
stability and NOx emission to reduce the later and, consequently, protect human health and the global
environment from their great threat and detrimental effects.

Symbols/notations

u, v : axial and radial velocity component, respectively [m.s™]
! : radiant intensity [W.m2.sr]

k : turbulent energy [m2.s?)

S : source term

T : Temperature [K]

G : production term of turbulent kinetic energy

sw : swirl number
w : wall emissivity
X, r : co-ordinate axes in cylindrical geometry
Y : Mass fraction [ppm]
[i] : concentrations of species i [mol.m™]

Greek letters

p : extinction coefficient=x+ o [m™]

£ : dissipation rate of energy [m?.s73]

@ : general dependent variable

)7, : viscosity [kg.m™t.s?]

P : density [kg.m™3]

kiz, k.1, ke k.2 : Rate constants for the reactions (R2) [m3.molt.s?]
Subscripts

NO : Nitric oxide

eff : Effective exchange coefficient

t : turbulent transport coefficient

/ : Laminar transport coefficient

+, - : Forward and backward reaction respectively
Superscripts

w s wall
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