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Abstract

The reduction of nitrogen oxides (NOx) emissions from an existing burner is a a
challenging task requiring the understanding of interactions between burner ge-
ometry and flame aerodynamics. Currently, three approaches for NOx control
exist: fuel or flue gas treatment and combustion modifications. Low NOx burner
design is economically attractive for natural gas and light fuel oil combustion
since very low NOx emissions are achievable without the requirement for ex-
pensive equipment such as needed for post combustion reduction techniques.
This paper deals with the laminar flame modeling through the axial dispersion
approach, using the Residence Time Distribution (RTD) analysis. Some small
quantity of inert tracer gas is injected upstream the combustor chamber. Down-
stream, the fluid rich in tracer passes through the detection point, where a mass
spectrometer is used to quantitatively measure the tracer’s concentration. Then,
the analysis of the curves is done and the axial dispersion coefficients are com-
puted. Afterwards, a flow model consisting of a series of a plug flow and an
axial dispersion zones is proposed, the model parameters being regressed
against the experimental data. This model, combined with a simplified kinetics,
is therefore expected to be an interesting tool to reduce NOx in the existing
combustors. Model validation against experiments was done.
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1. Introduction

Nitrogen is unique in forming seven molecular oxides, three of which, namely
nitric oxide (NO), nitrogen dioxide (NO,) and nitrous oxide (N,O), are pro-
duced during combustion processes and are quite harmful to environment and
human health. They contribute to acid deposition, photochemical smog and
ozone layer depletion. There are three approaches for NOx control: fuel treat-
ment, flue gas treatment and combustion modification. Nowadays, the industry
tends more and more to process integrated pollution control and low NOx burn-
ers can be part of this approach. The different NOx formation mechanisms -the
thermal, fuel, prompt and nitrous oxide mechanism- are well known today as
well as the measures to avoid its formation in flames (Wendt, 1995). The reduc-
tion of NOx emissions from an existing burner, however, requires too the un-
derstanding of interactions between burner geometry and flame aerodynamics,
which is the subject of this study.

2. RTD Analysis

The RTD influences the formation of emissions and it will be used to describe
the quality of the combustor design. The aim of the present paper is to describe
the methodology we developed to test and validate the flow model for the se-
quence combustor-flame, which then will be included into the combustor
mathematical model to search for improved operating conditions, permitting the
abatement of the pollutant. For this, an experimental set-up was built, to meas-
ure and describe the flow patterns in the tandem combustor-flame by generating
a stimulus at the entrance, using a tracer, and measuring the response of the sys-
tem immediately after the flame. From this information, the RTD of the gases,
the mean residence time in the combustor and the axial dispersion coefficient
can be determined (Levenspiel, 1972). In the past years, two were the tracer
type used to carry out the experiments: inert gases, mainly Helium, measured
by a mass spectrometer, and radioactive isotopes *' Argon or *'Crypton M. The
inert tracers, especially Helium, have the advantage of being less pollutant and
easier to use, without taking anti-radiation special measures (Berkey et al.,
2003). The main drawback is the absorption of Helium into the metallic part of
the combustor, mainly into the regions with lower temperatures.

2.1. The experimental set-up
Helium injected to the entrance of the burner was set and measured with a

graded Hamilton syringe, suitable pre-calibrated, together with an appropriate
dispenser (Hamilton’s GASTIGHT Repeating Dispenser), since other measur-
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ing devices are too expensive, and much too accurate for the scope of this RTD
analysis, at least for this stage. Helium concentration at the exit was measured
using an appropriate, in terms of precision and accuracy, Helium mass spec-
trometer (OMNISTAR, Pfeiffer-Vacuum Belgium). The experimental set-up
has already being used to characterize thoroughly the laminar flames (Dyakov
et al., 2001). Some results of the RTD experiments of the burner-flame tandem
have been already presented also (Lavric et al., 2006). Basically, a RTD ex-
periment consists of several (3-4) replicates of a pulse-like injection of 1.5+2 cc
of Helium (this quantity is imposed to maintain the overall flow perturbation
under 1%, which is below the acceptable tolerance), followed by a record of the
answer of the system, in terms of helium concentration at the exit, in the termi-
nal part of the flame, in one of the five locations we select to test and model the
local flow: N, E, S, W and center (care should be taken not to disturb unneces-
sarily the laminar nature of it). The absence of long tails was considered evi-
dence that Helium was not adsorbed significantly on the internals of the burner.
A typical RTD curve (Lavric et al. 2006) shows the presence of a lag-time be-
tween the injection of the signal and the moment the first Helium molecules
have had been sensed by the mass spectrometer and the presence of the axial
dispersion into the chamber and flame. “Cold” (measurements made immedi-
ately after the flame was blew out) and “hot” (measurements made in the pres-
ence of the flame) experiments showed that the influence of the flame front it-
self upon the overall dispersion coefficient is rather small. Corroborating these
with the time scale difference between the flow through burner chamber and the
flame processes (two to three orders of magnitude) we proposed for the system
burner-laminar flame a flow model starting with a plug flow zone (this ensures
the time delay), followed by a zone with axial dispersion and ending with a per-
fectly mixed zone, the later corresponding to the flame.

3. The axial dispersion mathematical model

Considering that we can safely assume the gas-mixture has the characteristics of
a microfluid (Levenspiel, 1972) we will use the flow model following the RTD
analysis as the frame for the mass and heat balance equations, the main compo-
nents of the system’s mathematical model.

Burner chamber — plug flow zone

The burner chamber has only the role of completely mix the fed-in gases, no
chemical process developing inside. More, the laminar condition imposed to the
flame is ensured keeping this zone isothermal, so no heat balance will be neces-
sary. Since we deal with a compressible fluid, the mass balance should be writ-
ten in terms of “” species partial density, in the absence of diffusion/dispersion
and chemical process:

%Jr@(uz'/?;):o (1)
t Oz
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The initial and boundary conditions are ( p,,,, is the density at the entrance in
the burner chamber):

t=0,Vz, Py =Py > 0,z=0, P =Pms 2)
Burner chamber —axial dispersion zone

The axial dispersion process is characterized by the axial dispersion coefficient,
Dy; we assume that it has the same value all along the burner chamber and does
not depend upon the chemical species. The mass balance reads:

op., Olp;-u, ol p, u,
ﬁ_f_(f )ziDL(./ ) (3)
ot oz 0z 0z
The initial and boundary conditions correspond to a closed vessel ( p, ,,,, is the
concentration at the exit of the plug flow zone):
t=0,Vz, P = Pjins
olp,u

t>0’Z:()3 pjautD.uz:pj.uZ_DL (pj Z) (4)
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Since there is no chemical process inside the burner, the order in the sequence is
unimportant for the exit concentration of the flowing species (Levenspiel,
1972). The dispersion coefficient comes from RTD measurement analysis, as
presented elsewhere (Lavric et al., 2000).
The flame
We can safely assume the validity of two simplifying assumptions, taking into
account that the burner chamber has a much larger time scale than the flame.
First, the flame can be assumed adiabatic, neglecting the heat transfer through
radiation, the only mechanism which could have the same time scale. Second,
the flame reaches the equilibrium with respect to any inlet change very fast, so
it may be safely seen as in a pseudo-steady state, compared to the burner cham-
ber. Accordingly, its mathematical model reads:
Pi = Piin =T flame 'rj(plvpzn"'ps)

_ :E[n 'Ep,in
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3.1. Solving the mathematical model

We choose orthogonal collocation as solving algorithm, due to its simplicity
robustness, yet preserving the accuracy (Finlayson, 1972). It means replacing
the spatial derivatives with their corresponding matrices, thus transforming the
PDE into an ODE. Due to the lack of space, the equations are not presented.
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4. Results and Discussion

In order to test the model, we solve it in the absence of the chemical process
implied by the flame, which means that we considered only the ODEs resulted
from orthogonal collocation
! ! method. We integrate the system
4 considering a step-like Helium
— model at the entrance (an impulse-like
oo0 xpermert 1 signal is difficult to be modeled
numerically and the results are
equivalent with what is obtained
1 using the step-like signal) and
plotted the results against the
experimental ones.
4 We should mention that the ax-
) o N ial dispersion coefficient used in
o 03 ! 152 R N S computations was the mean
" value of the experimental dis-
Figure 1. The comparative density distribution profiles persion coefficients found along
for the Helium concentration in the middle of the dis- 1.2 4ius. This is mandatory, since
tributor, in the absence of the flame . . .
our mathematical model is uni-
directional, assuming no radial
dependency of the state variables. The results are presented in Figure 1, in terms
of Helium’s density of distribution profiles for the model and the experiment.
As it can be seen, the agreement is relatively good, except for the peak zone, but
this could be an effect of the simplifications introduced using the mean axial
dispersion coefficient value. When we integrated the model for the same situa-
tion, but considering the presence of the flame, the results, depicted in Figure 2,
were not as good as in the previous case, the disagreement in the peak zone be-
ing larger and even displaced. The reason could be not only the actual value of
the axially mediated dispersion coefficient, but also the radial distribution of the
species concentration, which probably has to be taken into consideration in an
improved variant of the model.

N
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5. Conclusions

A stimulus-response technique, based upon Helium as tracer and a mass spec-
trometer as on-line analyzer, was established then used to characterize the flow
distribution, both qualitatively and quantitatively. Then, the flow model of the
burner chamber-flame tandem was built, using the RTD analysis and the axial
dispersion coefficients were computed, for every operating conditions used into
the domain of interest. Based upon the flow model, a mathematical model was
developed, using mass and heat balances, where appropriate. The model was
validated using “cold” experiments, to predict the behavior in the absence of the
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the experiment, which is an
encouraging conclusion,
supporting the decision to implement the kinetic for the flame.
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