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(ABSTRACT)

The effect of temporal variations in equivalence ratio on the NO, emissions of a
premixed methane-air flame was measured in a burmmer. The NO, emissions are
compared among steady flames with spatially uniform equivalence ratio distributions,
steady flames with spatially nonuniform equivalence ratio distributions, and unsteady
flames with temporal equivalence ratio fluctuations. Time-varying equivalence ratio was
measured optically, time-varying temperatures were measured with thermocouples, and
mean NO, emissions were measured by probe sampling and a chemiluminescent
analyzer. These measurements quantify the effect of temporal unsteadiness and spatial

nonuniformity of equivalence ratio on NO, emissions.

For lean flames, both spatial nonuniformities and temporal fluctuations in

equivalence ratio contribute to an increase in NO, emissions with respect to steady



uniform flames at the same mean flame temperatures. For lean flames, higher amplitude
temperature fluctuations result in larger increases in NOx with respect to steady flames.
The dissertation also describes the optical technique for nonintrusive temporal
measurements of equivalence ratio fluctuations and techniques for thermocouple

compensation at frequencies up to 10 Hz.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

Gas turbine power plants can achieve tens of parts per million or less of nitric
oxide emissions with water injection. The gas turbine industry is being driven to achieve
the same low emissions in "dry" combustors. Current emissions targets are being met
in many regions with natural gas-fueled, bremixed combustors operating at 10 atm of
pressure. However, as "best available control technology" drives emissions limits lower,
the performance targets are becoming increasingly difficult to achieve. Combustor
designers are now required to address all aspects of turbulent premixed combustion to

control NO, emissions [1-3].

One aspect of turbulent premixed combustion that requires further attention is the
relationship between pressure dynamics and NO, emissions. Pressure dynamics
represents the pressure and related temperature fluctuations associated with acoustic-scale

fluctuations in a combustor. General Electric has observed higher NO, emissions when
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their combustors have stronger pressure dynamics, and the presence of dynamics can
make the difference between meeting and failing to meet a performance goal. One
explanation states that larger acoustic oscillations increase the net rate of the NO,
formation reactions [4]. A second explanation suggests that coupling between the
acoustics and the fuel feed system cause fluctuations in the richness of the combustion
zone [5]. This second mechanism could potentially produce stronger fluctuations in
temperature and chemical species than the first mechanism, and may therefore have a
stronger effect on NO, emissions. The research presented in this dissertation focusses
on the second mechanism. Pressure dynamics are decoupled from the problem, and
fluctuations in equivalence ratio are considered the direct cause of increased NOy
emissions. This approach is more general, since fluctuations in equivalence ratio can

arise from other sources such as turbulent mixing.

The research presented here is a study of the relationship between temporal
equivalence ratio fluctuations and NO, emissions in premixed, laminar combustion of
methane in air. The goal is to quantify and explain any effect of the amplitude and
frequency of temperature fluctuations on the yield of NO,, and to compare the influence
of terhporal equivalence ratio fluctuations to the influence of spatial equivalence ratio
nonuniformities within the flame. Whereas spatial nonuniformities are currently
measured through probe sampling and gas analysis in industry, the possible effects of

temporal equivalence ratio fluctuations have been largely ignored. The current research
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experimentally quantifies the importance of temporal effects and develops a nonintrusive
optical technique for measuring temporal equivalence ratio fluctuations. In order to put

the research into perspective, a literature review follows.

1.2 LITERATURE REVIEW

bThe following paragraphs summarize the findings of other investigators
chronologically.  Several early articles report experiments or analytical studies
investigating the effect of temperature oscillations on a high activation-energy reaction
(i.e. the thermal or Zeldovich NO, mechanism [6]). However, in some of these studies
the effects of varying equivalence ratio or incomplete mixing are not separated from
strictly thermal effects. These articles show that mixing and temperature effects cannot
be separated in practical combustors, and that the effects of imperfect fuel-air mixing are
likely to dominate the effects due to acoustically-driven temperature fluctuations. The
focus of the literature review then shifts to articles on turbulent reacting flows, especially

the effects of mixing on NO, emissions.

Perhaps one of the first investigations into the effects of unsteadiness on NOy
production was carried out in 1962 by Richter, Wiese, and Sage [7]. The investigators
used a tubular burner with premixed methane-air combustion. They found that as they

varied both the stoichiometry and the total flow rate of the reactants, they were able to
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change the acoustic conditions in the burner. At near stoichiometric conditions they
observed strong pressure oscillations corresponding to the quarter-wave acoustic mode
of the burner tube. The frequency of the oscillations increased with the flow rate of fuel
and air. At a richer equivalence ratio, they achieved less regular oscillations. Richter
et al. correctly summarize the expected effect of temperature oscillations on NOy
emissions when they state:

During screaming or oscillatory unstable combustion in premixed flames

there are regular fluctuations in the measured pressure which sometimes

are as large as 20 per cent of the average pressure. Such perturbations

introduce a corresponding local change in temperature. As a result the

equilibrium and kinetic characteristics of the reaction of nitrogen and

oxygen, the increase in temperature associated with the local rise in

pressure is favourable to the formation of nitric oxide. The subsequent

decrease in pressure tends to freeze the reaction, and the net effect is an

increase in the average concentration of the oxides of nitrogen because of

the nonlinear effect of temperature on the rate of reaction.

The nonlinear effect of temperature on NO, emissions is an important concept. It stems

from the rate-determining step of the thermal NO, mechanism,

N, + 02 NO +N . D

In most practical combustion systems, the majority' of NO, consists of NO and the
majority of NO is formed through the thermal mechanism described by equation (1).

The rate of NO formation is given by the Arrhenius-type equation

d[NO]
dt

- [N,]1 [0] Aexp [R_f,] o @)
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It is clear from equation (2) that the relationship between NO formation and temperature
is nonlinear. Due to the high activation energy E for this particular reaction, the rate of

NO formation is very sensitive to small changes in temperature.

Figure 1 shows the dependence of the exponential term on temperature. The
dashed lines show the effect of 100 K temperature fluctuations about a mean temperature
of 1900 K. When the temperature decreases by 100 K, the rate of NO formation
decreases by 67 percent. However, a temperature increase of 100 K increases the NO
formation rate by 170 percent. The overall effect of temperature fluctuations is to
increase NO emissions relative to a steady flame at the same mean temperature. This

concept applies whether the temperature differences are spatial or temporal in nature.

In a subsequent paper, Richter, Reamer, and Sage [8] present more detailed
results from the same burner and arrive at more specific conclusions. The results of the
experiment are summarized in Table 1. Richter and coworkers conclude that the
frequency of the pressure oscillations is the factor controlling NO, emissions levels, since
they observe the highest emissions at the highest frequencies. They are unable to draw
clear conclusions based on the amplitude of the oscillations because the lowest amplitudes
occur at the intermediate frequencies; the amplitudes do not seem to correlate with the
emissions. However, several reasons lead us to disagree with the authors’ conclusions.

Their neglect of the effect of stoichiometry on NO emissions is particularly important.
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Figure 1 Dependence of the Exponential Term of Nitric Oxide Formation Rate on
Temperature
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Table 1

Experimental Data of Richter, Reamer, and Sage [8]

EQUIVALENCE
RATIO

GAS
FLOW
RATE

COMBUSTION
DESCRIPTION

UNSTEADY

FREQ.
(Hz)

NOy
(ppm)

OSCILLATORY
1.0 HIGH OSCILLATORY 950 60-70
1.4 MEDIUM IRREGULAR 28 5-20
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It is now known that NO emissions peak near stoichiometric combustion, where the
flame temperatures are the highest. The low emissions at an equivalence ratio of 1.4 are
explained on this basis. Considering the two cases with stoichiometric equivalence
ratios, the data indicate that the combustor temperature was higher for the higher flow
rate. At a higher mass flow rate of fuel and air, the combustor would run hotter due to
a larger energy release. The speed of sound would be faster under these conditions, and
this is reflected in the higher frequency of the acoustic oscillations. The higher NO,
emissions are consistent with higher temperatures in the post-flame zone. In summary,
the cited experiment failed to investigate the effect of combustor instabilities on NOy
emissions independently of other factors which are known to strongly affect NOy

emissions.

In 1970, Opsahl and Seagrave modeled Richter et al.’s burner [9]. The burner
was modeled as a back-mix reactor flame zone followed by a plug-flow reactor cooling
section. They studied the effect of various amplitudes and frequencies of pressure-
temperature oscillations on NO, production. Although the NO, emissions did respond
to changes in the frequency of the oscillations, the effect was stronger for changes in the
amplitude of the oscillations. From this, they conclude that "Pressure-temperature
oscillations significantly affect the concentrations of several ’trace’ components which
contribute to air pollution,” and "the amplitude of the temperature oscillations seems to

be of more importance than the frequency of the oscillations.” Opsahl and Seagrave also
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object to the conclusions of Richter et al., stating that "the apparent enhancement of total
oxides of nitrogen measured by Sage and co-workers is more likely to be due to a shift

in the longitudinal temperature profile than to any chemical kinetic phenomena."

In 1971, Fletcher and Heywood developed a model which accounts for
nonhomogeneities in equivalence ratio and predict the effect on NO, emissions [10].
They reason:

In the primary zone, a mean flow pattern with recirculation ... can
be defined. However, substantial turbulent fluctuations about this mean
occur, resulting in wide variations in residence time and composition
within the zone. The fuel, air, and burnt gases are not uniformly mixed,
and parts of the flow are significantly leaner and parts are richer than the
mean fuel/air ratio. ... [D]istributions in fuel/air ratio about the mean
substantially change the concentrations of major species and flame
temperatures, and would be expected to significantly affect nitric oxide
formation rates.

Fletcher and Heywood modeled this phenomenon by assuming a normal distribution of
equivalence ratios about the mean; the standard deviations were varied to simulate
different degrees of "mixedness.” The results show that the initial degree of mixedness
has a significant effect on NOy emissions:
. The initial degree of mixedness in the primary zone is predicted to
play a significant part in determining the over-all emission level of nitric
oxide. Its significance is shown to increase as the equivalence ratio in the
primary zone approaches the stoichiometric value. At this point the

results suggest that the nitric oxide levels can vary by a factor of at least
two with changes in mixing characteristics.
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