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Abstract

NOX AND CO FORMATION FOR LEAN-PREMIXED METHANE-AIR COMBUSTION IN A JET-

STIRRED REACTOR OPERATED AT ELEVATED PRESSURE

BY TEODORA RUTAR SHUMAN

Chairperson of the Supervisory Committee
Professor Philip C. Malte

Department of Mechanical Engineering

The coupling between NOx formation chemistry and the mixing/transport
environment is of critical importance to the design of lean-premixed gas turbine
combustors, but is poorly understood. In the present dissertation, this problem is
addressed via the study of NOx formation in a high-pressure jet-stirred reactor operating
on lean-premixed methane/air. These experiments focus on the effects of residence time
(0.5-4.0 ms), pressure (6.5, 4.7, and 3.0 atm), and inlet temperature (344-573 K). The
combustion temperature varies from 1815+5 K at the lowest residence times to 1910+30
K at the highest residence times. The NOXx is lowest at intermediate residence times,
reaching higher values at the extremes. Increasing pressure and inlet temperature tend to
reduce NOx concentrations. Concentration profiling in the reactor suggests two general
environments: (1) a highly non-equilibrium reaction zone defined by high CO
concentrations, and (2) a post-flame environment. The NOx formation is concentrated in

the region of strongly non-equilibrium combustion chemistry. The Damkdhler number is



0.06<Da<l1, and the ratio of turbulent intensity to laminar burning velocity is
28<u'/S <356, indicating the combustion occurs in the high intensity, chemical rate
limiting regime. The results are interpreted using a two-environment, detailed chemistry
model in which the size and structure of the flame environment are established by
matching the measured data. This approach is independently verified using premixed
turbulent flame thickness/velocity correlations. The modeling suggests NOx formation is
controlled by both the specific conditions in the non-equilibrium zone and by the size of
the zone. Since both these features are influenced by the experimental parameters, a
highly non-linear scenario emerges with implications for minimizing NOx via combustor
design. The modeling also suggests the unique case of well-stirred combustion for NOx

at elevated pressure is obtained at low residence time conditions.
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CHAPTER 1

PROBLEM STATEMENT AND OBJECTIVES

1.1 Problem Statement

Growing environmental concerns are influencing power producers to reduce
emissions of harmful substances into the environment. The ultimate goal is to develop
technologies with "zero emissions”. The present research has direct application to gas
turbine combustor technology, which has not yet reached the goal of ultra low NOx
(oxides of nitrogen) emissions due to the unresolved complexity of the competition
between the processes controlling NOx formation in flames.

NOx formation in flames is a result of many competing factors, such as the type of
fuel, the fuel-air equivalence ratio, the degree of fuel-air premixing, the flame pressure,
the inlet air temperature, the residence time in the flame zone and post-flame zone, the
flow velocity, and mixing within the combustor. These factors can be summarized as
thermodynamical, chemical and fluid mechanical. This significantly increases the
complexity of understanding exactly what controls NOx formation in a given system.

Experimental data sometimes show opposite trends in the behavior with some
variables, an indication of the complexity of the trade-off between the various
fundamental processes controlling NOx formation. One clear example is the dependency
of NOx on the combustor pressure. The NOx can be found in the literature to increase,
decrease or remain unchanged when pressure in the combustor is increased. This

behavior appears to be system specific.
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An objective of the present research is to fill the gap in the existing understanding by
finding correlations for NOx formation with pressure, with residence time in the flame
and post-flame zones, and with inlet gas temperature. The carbon monoxide (CO) is also
studied because of its close correlation with NOx formation, and because it is an
important pollutant in its own right. The present research assumes the following: (1)
NOXx formation in flames is complex and in need of further insight and understanding; (2)
the most effective control of NOx emissions is by prevention of NOx formation rather
than by post-combustor denitrification; and (3) CO emissions control depends on the
sufficient residence time and temperature in the post-flame zone.

The present research consists of two parts:

1. Experiments in a high-pressure jet-stirred reactor (HP-JSR) conducted at gas turbine
combustor temperatures using methane fuel.

2. Interpretation of the NOx and CO data using premixed turbulent combustion
correlations and chemical reactor modeling.

This study, together with previous studies by Steele (1995) and Bengtsson et al.
(1998), aids the optimization of parameters for obtaining low NOx as well as low CO
emissions from lean-premixed gas turbine combustors fired on natural gas. Suggesting
optimal parameters for emissions control to gas turbine combustor manufacturers allows
them to adequately modify their combustor designs to meet ultra low emission
requirements. This work combines previously conflicting results of effects of pressure
and inlet temperature on NOx into homogeneous conclusions regarding emission control

in lean-premixed, methane-air flames.



1.2 Overview of Future Trends in the Gas Turbine Industry
Advanced gas turbine engine cycles for power generation are developing in two

directions:

1. Improving the design of existing gas turbines to be used in simple cycle (Brayton)
machines or combined with the steam cycle (Rankine) for production of electricity in
combined-cycle machines, where Brayton is the topping and Rankine is the
bottoming cycle, or for the co-generation of process heat and steam with electricity.

2. Developing new technologies for power generation that can use gas turbines to
improve efficiency. An example is the combination of a gas turbine engine with
high-pressure fuel cells. In this case, fuel cells operate at high efficiency due to the
high pressures obtained from the compressor of a gas turbine engine.

These directions will most likely overlap, but the one which will become predominant
in future power generation will be determined by many factors, both technical and socio-
economic. One of the most important technical (or scientific) factors is the impact on the
environment. Natural gas fired gas turbines and combined cycle plants have very low
emissions relative to other power generating technologies, but they have not reached the
ultimate goal of "zero emissions™. They are projected to capture 47% of the international
and 75-85% of the US electric power generation market in the next decade (Touchstone,
1996). This is believed to be due to their low capital cost, short installation times,
reliability and availability, high combined cycle efficiency, relatively low environmental
impact and the availability of cheap natural gas (Touchstone, 1996; Kuehn, 1995). For

example, the Westinghouse 501G engine, with 230 MW output and combined cycle
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efficiency of 58% when fired with natural gas, is designed to produce NOXx of less than
25 ppmv, dry (15% O,), CO of less than 10 ppmv and unburned hydrocarbons (UHC) of
less than 10 ppmv (Southall and McQuiggan, 1995). The Asea Brown Boveri (ABB)
engines GT24 (60 Hz, 165 MW) and GT26 (50 Hz, 240 MW) also share a combined
cycle efficiency of 58% and NOx emissions of less than 25 ppmv, dry (15% O,) (Farmer,
1993).

The US Department of Energy is sponsoring the development of high efficiency
technology in order to satisfy its 1992 "Earth Summit" pledge to reduce CO, emissions.
The result is that many new, advanced systems have been developed for intermediate
load power plants, and most of these new systems incorporate a natural or reformed gas
fired gas turbine.

The projected development of gas turbine technology, the emerging competitive
technologies, such as gas turbines with fuel cells or with catalytic combustors, and the
"zero emissions” goal are putting a considerable amount of pressure on resolving the

NOX issue.

1.3 NOx, CO and Other Emissions from Lean-Premixed Natural Gas Fired Gas
Turbine Combustors
Nitric oxide (NO) and nitrogen dioxide (NO,), commonly referred to as NOx (=NO +
NO,), are a serious threat to the environment for the following reasons (Sloss et al.,
1992);

1. They are one of the two major reactants of photochemical smog,



2. They are poisonous to humans,
3. They are constituents of acid rain and dust, and
4. They destroy the stratospheric ozone layer.

The role of NOx in photochemical smog production is pronounced in regions with
low winds and low precipitation. Many NOXx regulations are, therefore, localized and can
be as low as 3-5 ppmv for gas turbines in certain parts of California, due to its extreme
smog problem. The adverse effect of NOx on human health is manifested primarily
through the diminished function of lungs, as well as other internal organs. NOXx also has
been found to have a carcinogenic effect. NOx forms acidic compounds that are found in
acid rain and dust, which are known to deteriorate soil, flora and fauna. In addition, NOx
affects man-made structures through corrosion and erosion. Pollution from NOx emitted
from land-based combustion sources acts locally (photochemical smog and toxicity) and
regionally (photochemical smog and acid rain). Therefore, it does not contribute to
stratospheric ozone layer depletion unless it forms in the stratosphere from nitrous oxide,
N0, emitted by a land-based source.

Land based, lean premixed gas turbines fired on natural gas have lower pollutant
emissions than other commercially used electric power generating technologies based on
combustion. The lean-premixed (LP) gas turbine engines commercially operating today
have reached NOx levels of 25 ppmv, dry (15% O,) or less. Thermal power plants

operating on coal are still struggling with NOx emissions of a few to several hundred

ppm’s.
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Carbon monoxide, CO, a poisonous gas, has a low emission, since most gas turbine
combustors permit CO burnout. However, because of reduced flame temperature, LP
combustors tend to emit somewhat greater CO levels than conventional diffusion flame
combustors. Newest lean-premixed combustor technologies are reaching CO levels of
about 10 ppmv in the exhaust.

The emission of carbon dioxide, CO,, the major greenhouse gas emitted from
combustion sources, is low per unit of electricity produced, compared to other fossil fuel
systems, for two reasons: (1) high combined cycle thermal efficiencies, and (2) dry
products of combustion of coal usually have more than twice the CO, of dry natural gas
combustion products, due to high carbon content of coal.

Nitrous oxide, N,O, another greenhouse gas, and a stratospheric ozone layer depleting
gas, has very low emissions (a few ppm) from gas turbine engines, due to the high
combustion temperatures, which favor N,O destruction and relaxation to the low
equilibrium concentrations.

Unburned hydrocarbons, UHC, are products of incomplete combustion of fuels.
Newest lean-premixed combustor technologies are reaching UHC levels of 10 ppmv or
less in the exhaust.

Water, H,O, emitted from combustion sources represents only a minor portion of the
overall water content in the atmosphere, so this contribution does not influence the

established atmospheric cycles or the global warming.



1.4 Objectives of the Current Study
The objectives of this study have been summarized in Section 1.1 as a two-stage
study: the stirred reactor experiments and the data interpretation. A detailed overview of

each stage is provided below.

1.4.1 Stirred Reactor Experiments

The highest rates of formation of NOx occur in the flame zone because it is filled
with high concentrations of free radicals. Thus, experiments are conducted in a
laboratory setup that simulates the highly non-equilibrium, radical rich environment that
prevails in the flame zone. This flame zone is spread-out to allow more accessible
probing. A jet stirred reactor (JSR) developed at the University of Washington
(Thornton, 1987, and Steele, 1995), gives a high mixing-intensity flame environment that
has been successfully used in the past for the study of NOx emitted from the lean-
premixed combustion. The high pressure version of the reactor is termed the high-
pressure jet stirred reactor, HP-JSR, and it has been successfully used by Steele (1995) to
simulate the lean premixed combustor flame zone and immediate post-flame zone. This
HP-JSR system, with a few modifications, is used in the present study, and is operated
between 3.0 and 6.5 atm. The essential difference of the present research to that of Steele
(1995) is the use of very short residence times, allowing the HP-JSR to approach well-
stirred behavior.

Well-stirred behavior is defined as a condition where the temperature and species

concentrations are spatially uniform and time steady in the time-mean values or
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measurements. Sampling of the gas in the present work records the time-mean
concentrations, and indicates approximately well-stirred behavior in the HP-JSR operated
at short residence time. The perfectly-stirred reactor (PSR) is defined as a spatially
uniform and time steady reactor for temperatures and species concentrations. Both the
well-stirred reactor condition (WSR) and the PSR theory are extensively used in the
present study. The WSR is used to describe specific experimental conditions, and the

PSR is used in the modeling of the experimental results.

The experiments explore the following important parameters:

1. NOx versus pressure, for 3.0, 4.7 and 6.5 atm, at 1800 to 1940 K reactor gas
temperature. The pressure of 6.5 atm corresponds to the maximum pressure possible
for the HP-JSR system.

2. NOx versus residence time, from 0.5 to 4.0 ms, at 3.0, 4.7 and 6.5 atm pressure, and
about 1800 to 1940 K reactor gas temperature. The residence time of 0.5 ms
corresponds to the maximum mass flow rate possible for the HP-JSR system, while
4.0 ms corresponds to a fairly long combustion time by gas turbine engine
“standards” and permits a system pressure drop similar to that of the gas turbine
combustor (< 5%).

3. NOx versus inlet air temperature, i.e., preheat temperature. The unheated inlet
temperature is approximately 373 K due to back-heat from the reactor and heated

inlet temperature is approximately 573 K. The pressure is 3.0, 4.7 and 6.5 atm, the
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residence time 0.5 to 4.0 ms, and combustion reactor gas temperature is 1800 to 1940

K.

The combustion temperature for the study, 1800 to 1940 K, is selected to correspond
with the highest combustion temperatures at which the LP combustors operate. This
means that the results of this study give highest NOXx, since any lower temperature will
yield less NOx, with all other parameters unchanged. This is important when considering
the NOx emissions because the goal is to keep them low, and thus, this work provides an
upper limit for NOx emissions in LP combustion.

The three pressure levels of 3.0, 4.7 and 6.5 atm were selected to provide a reasonable
range of pressures within the capabilities of the HP-JSR system. However, pressures in
land-based gas turbine engines are in the 10 to 40 atm range. An argument that the
results from this study can be applied to the higher pressures of gas turbine engine
conditions is given in previous work. As the pressure of the LP combustion process
increases, two phenomena occur:

1. Chemical kinetic modeling assuming a PSR shows the NOx leveling off with pressure
above a pressure of 5-to-10 atm (Nicol, 1995).

2. Chemical kinetic modeling assuming a PSR followed by a PFR or assuming a freely
propagating laminar flame shows the relaxation rate of the O-atom increasing with
increasing pressure (Nicol, 1995). Thus, as the pressure increases, the region of
super-equilibrium O-atom, and thus the region having a high formation rate of NOx

shrinks, leading to a reduced NOx emission.
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The end result is that NOx emission appears to be most sensitive to pressure in the 1 to 5
atm range. This scenario is consistent with Bengtsson et al. (1998), who have studied
NOx formation in jet-stirred reactors at pressures up to 20 atm, and have seen that the
measured-NOx decrease with pressure is significantly more pronounced at pressures
below 5 atm.

The range of residence times, between 0.5 and 4.0 ms, is selected to cover as wide a
range of flow rates as possible. At 0.5 ms, the HP-JSR approaches well-stirred behavior
for NOx formation, whereas at 4.0 ms, the combustion field is significantly different so
that a distinct flame zone and post-flame zone are formed. Operation at the intermediate
residence times, though more difficult to interpret, is closer to actual engine conditions.
Operation at the long residence times is useful to establish a low-mixing rate limit.

Two inlet temperature levels are studied in order to discern the effect of preheat on
NOXx: one at about 373 K, and the other at approximately 573 K. Preheat occurs naturally
in gas turbines due to the temperature increase across the compressor.

The data obtained in this study show new trends. For example, thermal NOx is a
linear function of the residence time (Heywood, 1988, eq. 11.11, p. 575) if the NOx
concentration remains sufficiently low to prevent significant reverse reaction within the
Zeldovich pathway. Additionally, Steele (1995) found a linear dependency of NOx on
residence time for lean-premixed combustion in an atmospheric pressure JSR. However,
results of the present study show that NOx decreases from a maximum value at 0.5 ms to
a minimum value at 2.0-2.5 ms (for pressures of 4.7 and 6.5 atm). Then, the NOXx

increases again as the maximum residence time of 4.0 ms is approached. Also,
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depending on the residence time, NOx can decrease or behave neutrally with respect to
pressure. Finally, high inlet temperature generally lowers the NOx, an effect especially
manifested at the very short residence times. The present data help to explain the
conflicting trends observed in the industrial data, which are detailed in Chapter 2.

Both the fluid mechanics and the chemical kinetics influence the experimentally
observed trends. That is, NOx emissions are a consequence of size of the flame and the
post-flame zone, the temperature, the stoichiometry, the pressure, and the inlet
temperature. Premixed turbulent combustion correlations and chemical reactor modeling
are used as tools for explaining the experimental data.

The experimental results suggest a possible modification for the gas turbine
combustor primary zone that should result in reduced emissions. The proposal for this
modification is given in Chapter 6. In addition, the present work also applies to widely

used swirl stabilized combustors because it explains fundamentals of NOx formation.

1.4.2 Data Interpretation
The NOx emissions depend on the time gases spend in the flame and the post-flame
zone, and on the rates of the NOx formation in both zones. The objective of data
interpretation is to estimate these times and rates by using existing computer codes.
Several computer codes were considered as tools for interpretation of the
experimental data, namely:

1. Computational fluid dynamics (CFD),
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2. The University of Washington partially-stirred reactor model (PaSR) named the
finite-rate mixing model (FMM), and
3. The University of Washington chemical reactor model (CRM).

The three approaches are shown in decreasing order of fluid mechanical complexity,
and increasing order of chemical reaction mechanism complexity. These approaches are
ranked for today’s stage of computer capabilities.

The CFD codes use either k-¢ or Reynolds stress closure methods to model Reynolds
stresses in the momentum equation. Although this simplifies the fluid mechanics, it
significantly reduces the run-times and, at the same time, gives a useful, practical result
for the flowfield. The chemistry modeling in the CFD codes is, however, limited to a few
reactions and a few species. Thus, CFD is not used because the present work requires
full chemistry modeling.

The PaSR or FMM involves finite rates of micromixing and macromixing of the
reactor gas content. The code available at the University of Washington was written by
Tonouchi (1996). It uses the Jain-Spalding model for finite-rate macromixing and
coalescence dispersion or interaction-by-exchange-with-the-mean models for finite-rate
micromixing. The FMM code can incorporate reduced chemical kinetic mechanisms, but
due to computational limitations full chemistry is not easily accommodated by this
model. Breindenthal et al. (1990) concluded that the rate-limiting process in mixing via
jets in confined volumes is the large-eddy rotation. Therefore, micromixing effects are

secondary. Bengtsson et al. (1998) came to a similar conclusion after a study using the
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PaSR to model JSR emissions, where they found that micromixing has a minor influence
on NOx and CO levels.

The CRM consists of one or more reactors, which are made up of combinations of (1)
the zero-dimensional perfectly stirred reactor (PSR) and (2) the one-dimensional plug
flow reactor (PFR). The model incorporates full chemical kinetic mechanisms, but fluid
mechanics is greatly simplified. Steele (1995) and Bengtsson (1998) had success in
modeling their high-pressure lean premixed methane jet-stirred reactor data as two PSR’s
in series. The CRM code runs two PSR’s in series almost instantaneously on today’s
computers, thus it represents a convenient tool for kinetic interpretation of the data.

Full kinetic interpretation of the NOx data is essential for flames and immediate post-
flame zones. Therefore, CRM is used in the present work. However, since CRM cannot
predict any fluid mechanics in the reactor, an additional approach had to be taken to
estimate the type of flame and its volume. This approach consists of applying existing
premixed turbulent combustion correlations to compute flame thickness and length, and,
based on that, to estimate the volume of the flame. The result of this approach is a flame
that encompasses the entire reactor volume at short residence times. However, the flame
volume sharply decreases at intermediate residence times (between 1 and 2 ms) and
becomes less then 10% reactor volume at large residence times.

The CRM configurations used are a single-PSR or two-PSR’s in series, operated at
experimental conditions. The PSR sizes are determined by matching CRM output to the
experimentally measured NOx and CO. The results show that the HP-JSR is well

simulated as a PSR for NOx formation at the short residence times. At larger residence
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times, greater then approximately 1.5 ms, the data are best matched by the two-PSR
model. The first PSR represents the flame zone because of the high concentrations of
free radicals, and its volume is up to 10% of the full reactor volume. The second PSR
represents the post-flame zone, and also corresponds to the recirculation zone of the HP-
JSR. The two-PSR model results imply that the flame resides in a small part of the
reactor volume, and that the rest is filled by hot, but less reactive gas.

It is notable that the results obtained by two independent approaches, i.e., by
matching the data with CRM, and by premixed turbulent correlations, give similar
solutions for the sizes of the flame and the post-flame zones. This increases confidence

in the NOX calculations done with the CRM.

1.5 Contributions of the Current Study
The contributions of this study are the following:

1. Measurements for residence times below about 1.0 ms show the NOx forming
behavior in high-pressure, high-intensity, lean-premixed combustion of methane
approaches the well-stirred condition. Such measurements are thought to be unique.

2. The measurements and their interpretation by chemical reactor modeling provide a
comprehensive study of pressure, residence time, and inlet temperature effects at
elevated pressures in jet-stirred reactors. Interpretation leads to phenomenological
understanding of how the features governing NOx formation respond to the imposed
parameters. Consequently, this study is unique in its attempt to link the NOXx

emissions to the size of the confined distributed flame. The sizing of the high-
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intensity flame zone via turbulent flame correlations provides an a priori means of

establishing the CRM configuration without the need for experimental measurements.
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CHAPTER 2
PARAMETERS INFLUENCING NOX AND CO EMISSIONS FROM NATURAL GAS-

FIRED LEAN-PREMIXED GAS TURBINE COMBUSTORS

2.1 Overview

Chapter 2 is designed to explain major parameters influencing NOx and CO
formation in natural gas-fired lean-premixed gas turbine combustors. Each section
explains one of the parameters and its contribution to pollutant formation, reviews the
literature and previous research, and explains how the present work contributes to the
understanding of the influence of that parameter on NOx and CO emissions. In addition,
Sections 2.3 and 2.4 give an overview of NOx and CO formation chemistry and the
spatial location of reaction zones in natural gas-fired lean-premixed gas turbine engine

combustors.

2.2 Fuel Type

Natural gas has replaced liquid fuels (crude oil derivatives) as the most commonly
used fuel in new gas turbines for power generation. This is because natural gas has
satisfactory supply sources, it burns homogeneously, it has lower pollutant emissions
than liquid fuels, and natural gas cost differential has decreased relative to traditional gas
turbine fuels. Natural gas-fired burners form and emit less NOx than oil-fired burners for

two reasons: (1) unlike oil, natural gas contains no fuel bound nitrogen, which is easily
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converted to NOx during combustion; (2) in combustion of natural gas, the fuel and air
are premixed prior to entering the combustor, (which avoids generation of stoichiometric
interfaces), so combustion tends to occur at local fuel-lean and lower temperature
conditions. Conversely, oil has to be fully vaporized prior to premixing, and then
premixed to achieve the same effectiveness. Since this is difficult to properly control, oil
burns in fuel-richer pockets, often even under stoichiometric conditions, which form
substantially more NOx.

Although natural gas, or methane, is the only fuel used in this study, it should be
mentioned that alternate fuels are also burned in some gas turbine engines. The most
common alternate fuel is a natural gas of lower methane concentration, and higher
condensable hydrocarbons level. Pockets of condensable hydrocarbons (mostly higher
order alkanes) may be randomly pushed into the combustor through the premixer,
causing a sudden increase of the primary zone temperature and, therefore, an increase in
NOx emissions. These hot spots can also cause hardware damage. A fuel projected for
the future is synthetic gas, i.e. a mixture of carbon monoxide (CO), hydrogen (H,),
carbon dioxide (COy), water (H.0), and nitrogen (N2). This gas has a lower heating
value than natural gas, but has the advantage of generally good burning. It opens the
opportunity for coal (through gasification) to be indirectly used for firing gas turbines.
This is of value for regions where coal is abundant, and natural gas supplies are limited.

Natural gas is extracted from the ground through wells connected to a pipeline
(equipped with compressors) that transports the gas to the consumer. Addition of water

or oil (sprayed into the gas to keep it “moist”) and air leaks during suction from the wells
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alter the original gas composition (Combustion Engineering, 1981). Therefore, the gas
composition must be verified prior to reaching the consumer. The primary component of
the natural gas is methane, CH4. Although most of the gases contain more than 80%
methane, its concentration can go as low as 10%, and the heating value varies
accordingly. The secondary component of natural gas is ethane, Co;Hg. Other common
constituents are N, CO,, C,H4, C3Hg, C4H10, CsHi» (Combustion Engineering, 1981).

Experiments in this study are conducted with high-pressure bottles of natural gas
(with high methane content). Pure methane (>99%) is also used in the experiments, and
is confirmed to produce the same amount of NOx as the natural gas. The modeling of the

experimental data is done assuming pure methane.

2.3 Chemistry of NOx and CO Formation in Natural-Gas Fired Gas Turbine Engine

Combustors

The only source of nitrogen for NOx formation in methane-air combustion is the
combustion air, which contains almost 79% nitrogen, N2, by volume.

The GRI 3.0 (Smith et al., 1999) chemical kinetic mechanism has been used to study
the main pathways for NOx formation under lean premixed combustion of methane.
These are Zeldovich, nitrous oxide, prompt, and NNH pathways.

The following reactions make up the Zeldovich pathway:

N, + O <> N+ NO (2.1)

N+O,<>NO+O (2.2)

N+OH« NO+H (2.3)
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This work distinguishes the Zeldovich from the thermal pathway, which is a special
case of the Zeldovich mechanism. In the Zeldovich pathway, the initial reaction (2.1) is
formed by super-equilibrium O-atom, whereas, in the thermal pathway the O-atom is at
local equilibrium. Also, other relevant species, such as the H-atom, OH-radical and O,
are at nonequilibrium concentrations in the Zeldovich pathway and at equilibrium levels
in the thermal pathway. The Zeldovich pathway is extremely temperature sensitive. At
high combustion temperatures, i.e., in the vicinity of 2000 K and above, it dominates
other pathways. However, at lower temperatures, which are characteristical for lean-
premixed methane-air combustion, the Zeldovich pathway is comparable to the
contribution of the other three pathways.

The following reactions make up the nitrous oxide pathway:

N+ O+ M <> N0 + M (2.4)
N,O + O <> NO + NO (2.5)
N,O + O <> Ny + O, (2.6)
N,O + H <> NO + NH 2.7)
N,O + H <> N, + OH (2.8)
N,O + CO <> NO + NCO (2.9)

The N,O is formed in reaction (2.4), which is the initiation reaction. NO is mainly
formed via reaction (2.5), but also forms by reactions (2.7) and (2.9). It should be noted
that NH formed via reaction (2.7) oxidizes into NO, adding to the overall NO production.

The prompt pathway is initialized by the following reaction:

N, + CH <> HCN + N (2.10)
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The CH radical is formed via the hydrocarbon destruction pathway CH, -> CH3 ->
CH; -> CH, and exists in the early parts of the flame for a very short period of time.
Hydrogen cyanide (HCN) and N-atom formed through reaction (2.10) are rapidly
oxidized to NO.

The following reactions constitute the NNH pathway (Harrington et al., 1996):

H + N, <> NNH (2.11)

O + NNH <> NH + NO (2.12)

The NNH is a short-living radical. It is formed via reaction (2.11), and leads to NO
via reaction (2.12). The NH formed via reaction 2.12 oxidizes into NO, adding to the
overall NO production. Bozzelli et al. (1994) first introduced this pathway and have
pointed out that it is important at combustion temperatures.

The NO formed by the above pathways can, at lower temperatures, oxidize to NO,,
mainly by reaction (2.13) below.

NO + HO, <> NO, + OH (2.13)

The results of this work are presented as NOx = NO + NO..

Carbon monoxide forms as an intermediate product of the series of hydrocarbon
oxidation reactions. If given sufficient time, CO is oxidized to CO,. The CO levels
measured in the high-pressure jet-stirred reactor are rather high, (a few hundred ppmv to

above 1%), indicating that CO does not have sufficient time to oxidize to CO..
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2.4 NOx and CO Formation: Spatial Characteristics in a Gas Turbine Engine
Combustor

A schematic of a gas turbine engine combustor is shown in Figure 2.1, which also
depicts the characteristic zones within the combustor. These combustion zones are based
on a CFD solution of a gas-turbine test combustor by Hamer and Roby (1997). The
solution was generated with the Star-CD program (a commercial CFD code) and a global
mechanism, developed by Nicol et al. (1999). The global mechanism contains three
reactions for methane oxidation and two for NOx formation. The CFD generates a
solution for the flow field, the temperature, and the concentration of species, such as CHy,
CO and NOx. The three thick arrows in Figure 2.1 show flow direction for the bulk of
the gas. The farthermost upstream arrow shows the combustion air and fuel entering into
the combustor through the premixer. After entering the combustor, the air and fuel pass
through the flame, burn, and the resulting combustion products flow towards the exit, as
shown with the final two arrows. However, some of the flow remains in the combustor
longer because it is trapped in one of the two recirculation zones shown in the figure, i.e.,
the dome and the on-axis recirculation zones. The dome recirculation zone is the coldest
combustor zone because it contains combustion products and the cold dome cooling air.
The on-axis recirculation zone is the hottest in the entire combustor because it contains
undiluted combustion products. The dome and the liner cooling air, depicted in Figure

2.1, is added to the combustor for film-cooling of the walls.
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Figure 2.1 Schematic of a lean-premixed combustor can

The CFD work by Hamer and Roby (1997) shows that the highest rate of NOXx
formation is at the edge of the flame in a gas turbine lean-premixed combustor. The
region of maximum NOx formation rate is indicated in Figure 2.1. NOXx continues to
form in the hot on-axis recirculation zone and in the burnout zone of the combustor.
However, as the gas flows further from the flame, the rates of NOx formation decrease
because the quantity of free radicals and the temperature are both decreasing.

The CFD modeling shows that the size and configuration of the characteristic
combustion zones change with combustor type. These zones directly influence the NOx
emission levels. Therefore, the NOx emissions are combustor dependent. An example of
this dependence has been shown in field tests of General Electric’s “F”-class engines.

These engines have NOx emissions below 25 ppmv, dry (15% O;), when equipped with
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DLN-2 combustors, and NOx emissions below 9 ppmv, dry (15% O;), when equipped
with DLN-2.6 combustors (International Power Generation, May 1998).

Addition of air into the flame zone dilutes and cools the burning gases, reducing the
NOx formation rate. When a cooling fluid penetrates deep into the flowing gas stream, it
decreases the temperature of the flame and quenches the NOx chemistry. However, the
addition of secondary air through ports in the liner for cooling is suspected to be the
cause of high CO emissions (Lefebvre, 1983, p.468), which is also suggested by Nicol et
al. (1997). The CO forms in the flame zone, and burns out towards the combustor exit,
forming CO,. The gas that is close to the liner is leaner and colder then the rest of the
flow, resulting in lower rates of CO oxidation. This is the cause of high concentrations of
CO exiting the combustor. The move towards ceramic and convection-cooled combustor

liners should eliminate much of the CO emission.

2.5 Fuel/Air Equivalence Ratio

Gas turbines currently sold are operated lean premixed because leaning out the fuel-
air mixture at a uniform ratio reduces the flame temperature and therefore NOX
formation. Heywood (1988, Fig. 11-2, p. 575) shows a variation of the NOx
concentration with fuel-air equivalence ratio in the exhaust of a conventional spark-
ignition engine. The NOx is low at fuel lean and fuel rich conditions, and sharply
increases to reach a maximum at slightly fuel-lean conditions (i.e., a fuel-air equivalence
ratio just below 1). The same behavior is characteristical for all hydrocarbon fuels,

including methane. The major drawback for running a gas turbine engine significantly
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fuel-lean is that the combustion becomes unstable, which results in flameout, increased
flame oscillation and noise.

Fuel-air equivalence ratio, ¢, is not an actively varied parameter in this study. In this
study, its value is between 0.61 and 0.8, and must be manually varied with changing
residence time, pressure, and inlet temperature, to maintain a constant temperature in the
reactor. The fuel-air equivalence ratio must be manually increased when increasing
residence time and decreasing pressure in the reactor to compensate for increased heat
loss. At the lowest residence times, the fuel-air equivalence ratio must be increased with
decreasing residence time to compensate for the increasing amount of unreleased
chemical energy. Finally, ¢ is reduced at higher inlet temperatures, due to reduced

amount of chemical energy required to achieve the desired combustion temperature.

2.6 Combustion Temperature

The need for more efficient energy conversion systems will drive the combustion
temperatures higher in future designs of gas turbines.  Currently, combustion
temperatures are limited by material properties and cooling techniques of the turbine
blades, which are, nevertheless, steadily improving. The Westinghouse 501G engine has
the highest turbine inlet temperature of 1700 K and General Electric’s “F”-class engine is
advertised for firing temperatures of 1590 K, for both DLN-2 and DLN-2.6 combustors
(International Power Generation, May 1998). Unfortunately, higher temperatures also
produce higher NOx. Figure 2.2 (from Steele, 1995) shows NOx increase with

combustion temperature for different experimental combustors. Original data are taken
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from references indicated in Figure 2.2. The set of data points correspond to jet-stirred
reactor data by Steele (1995). It is notable that these data are in good agreement with the
laboratory combustor data of Leonard and Stegmaier (1993). The published data
quantitatively differ considerably. For 1800 K, they range between 30 ppmv, dry, (15%
0,) (Snyder et al., 1994) and 3 ppmv, dry, (15% O,) (Leonard and Stegmaier, 1993).
Regardless of the differences, for any one combustor experiment, increasing temperature

always causes an exponential increase in NOX.

High Penetration Premixer (19 atm)
Snyder et al. (1994)

Low Penetration Premixer (19 atm)
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Figure 2.2 Published lean-premixed natural gas NOx experimental data
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Since significant work has been done on NOx dependence on combustion
temperature, and NOx behavior is empirically known, the present work does not explore
the influence of the combustion temperature on NOx for lean-premixed combustion.
Data obtained by Steele (1995), and shown in Figure 2.2, describe the trend of NOXx
versus temperature for jet-stirred reactor. The NOx temperature correlation for lean-

premixed methane combustion developed by Steele (1995) is:

NOXx [ppmv, dry, 15% O,] = 1.724:10° exp(-23650/T) (2.1)

2.7 Combustor Residence Time

Combustor residence time is the average time gases reside in the combustor.
Residence time is one of the parameters varied in the HP-JSR experiments because it is
thought to have value not only for laboratory combustors, but also for commercial gas
turbine combustors. In both the HP-JSR and the commercial gas turbine combustor
experiments, two distinctly different combustion zones can be identified: the flame and
the post flame zone. The combustion reactions are significantly faster in the flame zone
than in the post-flame zone (resulting in increased NOx and CO formation rates) because
of the highly reactive species present in the flame. Therefore, both the size and the
kinetics of the flame and the post-flame zone, which do change with mean reactor
residence time, influence the formation of NOx and CO in the combustion system.
Consequently, the study of the residence time effect incorporates the study of each of the

two zones.
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When temperature and free-radical concentrations are constant, and the NO
concentration is sufficiently low for reverse reactions to be insignificant, NOx emissions
will increase linearly with residence time (Heywood, 1988). This is a simple
consequence of the increased time available for reaction. However, change in
temperature, free-radical concentrations, and NO concentration could obscure the
residence time effect. This phenomenon is seen in HP-JSR experiments by Bengtsson et
al. (1998), in lean-premixed gas turbine combustors, and in the present experiments.

High-pressure jet-stirred reactor experiments by Bengtsson et al. (1998) show that
NOXx increases between 1.0 and 2.0 ms residence time for all pressures. However, this is
pronounced only below 5 atm, with the difference being the largest at 1 atm, where
measured NOx is 5.5 and 8.5 ppmv, wet for 1.0 and 2.0 ms, respectively. At pressure of
6 atm and above, the increase in NOx with residence time is small to negligible. The
reactor temperature was 1783 K for measurements below 5 atm and 1823 K above 6 atm.
Methane-air equivalence ratio was constant at 0.55, but the inlet temperatures were
variable, and were not reported. The authors do not offer an explanation for the residence
time behavior, but they do note that their reactor is not uniform.

In gas turbine combustors, the NOx dependency on residence time is further
complicated by fluid mechanics within the combustor. The CFD solution of the flow
within the swirl-stabilized lean-premixed combustor indicates the formation of
recirculation zones in the primary combustor zone, such as ones shown in Figure 2.1. If
these recirculation zones engulf a part of the flame zone, as found by Hamer and Roby

(1997), then hot, free-radical rich gas resides there for extended periods of time, thus
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locally forming NOx. Therefore, the lean-premixed combustor cannot be observed as a
simple structure, such as a through-flow or a Bragg combustor (perfectly-stirred reactor
to represent the flame zone, plug-flow reactor to represent the burn-up zone, and a non-

reacting mixer for the dilution zone).

2.8 Degree of Premixing

Power generation gas turbines are operated in a lean premixed mode, as opposed to
the previously used diffusion flame mode, because diffusion flames form at the
stoichiometric fuel-air surface resulting in high local temperatures and one-to-two orders
of magnitude higher NOx than with premixed flames. Premixed flames operate at a
uniform stoichiometry which, if fuel-lean, will limit temperature and NOx formation.
However, if the fuel and air enter the flame zone partially premixed, richer (hotter
burning) and leaner (colder burning) pockets of reactants are formed. Since NOx
formation is an exponential function of temperature, the fuel rich pockets form
unproportionally more NOXx than the fuel-lean pockets (Rutar et al., 1997). The result is
an overall (average) lean flame with higher than expected NOXx values. This is postulated
to be one of the reasons why NOx measurements from industrial burner tests vary by a
factor of 10, as shown in Figure 2.2 (from Steele, 1995).

In the present work, the fuel and air entering the HP-JSR are allowed sufficient time
for premixing. Additionaly, work by Nicol et al. (1997) suggests that any unmixedness

in the inlet is removed soon upon entering a jet-stirred reactor. Therefore, the HP-JSR is
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well suited for the study of NOx and CO emission for premixed combustion without a

significant influence of unmixedness.

2.9 Combustion Pressure

The experimental data from the authors presented in Figure 2.2 show differing trends
with respect to combustion pressure. Leonard and Stegmaier (1993) show no pressure
dependency. Joshi et al. (1994) show NOXx slightly decreasing when pressure is
increased. Aigner et al. (1990) show NOx five times higher at 12 atm than at 1 atm.
Snyder et al. (1994), with their high penetration premixer, show a 100% increase in NOXx
between 5 and 18 atm. In an attempt to determine the reason for such significant
differences in the existing pressure data, works by Rutar et al. (1997) and Monghia et al.
(1996) studied pressure trends versus unmixedness in the inlet fuel and air. They found
that the NOx is independent of pressure for small levels of unmixedness, or essentially
perfectly premixed cases, and that NOx becomes positively dependent on pressure with
increasing unmixedness. This suggests that some of the aforementioned combustors
could have been equipped with poor premixers.

The work of Steele (1995), for which a perfectly premixed reactor was assumed to
have been used, has taken data at 1 atm, 4.7 atm, and 6.5 atm in a 2.0 cm® jet-stirred
reactor at 4.0 ms and 2.0 ms residence times. He observed a slight decrease in NOx with
combustion pressure. Bengtsson et al. (1998) have also seen that NOx decreases with
pressure. This decrease was more pronounced at pressures up to 5 atm. Their data were

taken for residence times of 1.0, 1.5 and 2.0 ms. Furthermore, the pressure effect was
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most pronounced for the 2.0 ms data, for which the NOx varies between about 8.5 ppmv,
wet, at 1.0 atm to about 5 ppmv, wet, at 5 atm. However, for the same pressure range,
and for 1.0 ms residence time, the NOx decreases only from about 5.4 ppmv, wet, to
about 4.5 ppmv, wet.

The pressure effect in the present work is studied for three elevated pressure levels,
(3.0, 4.7 and 6.5 atm), and for a wide range of residence times, (0.5 to 4.0 ms), with an
intent to explain how the pressure affects the NOx formation. The effect of increasing
pressure is understood as a trade-off between two effects: (1) shorter time spent in fast

NOXx formation zone, and (2) generally faster formation kinetics.

2.10 Inlet Air Temperature

Experimental data on preheating of air show conflicting results for NOx. Researchers
have observed zero, slight and extreme increases of NOx with increasing inlet
temperature. Through work sponsored by AGTSR, the University of Washington was
provided with experimental data taken in one of the industry’s test combustors, termed
Combustor A. The data show that increasing preheat temperature between 550 K and
650 K increases NOx 250% at a premixer fuel-air equivalence ratio of 0.57. Steele et al.
(1997) found that NOx increases only slightly when inlet temperature is increased from
300 to 600 K for 1 atm ethylene combustion, with 3.5 ms residence time. Experimental
data from the present work show a different trend: NOx decreases with increasing inlet
temperature for the three pressures tested, and the decrease is most pronounced at low

residence times, where the NOx formation approaches the well-stirred reactor condition.
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The neutral inlet temperature effect observed at all pressures of the present work at longer
residence times, should at least partially explain why Steele et al. (1997) have essentially
not observed an inlet temperature effect at 3.5 ms. However, since the fuel and the
nozzle configuration that they used were different than in the present work, final
conclusion cannot be reached based on the available information.

Chapter 4 offers an explanation for the observed trends in the present work, which are
summarized by the following. Higher inlet temperature cases inherently have lower fuel-
air equivalence ratios, hence diminishing the effect of the prompt NOx pathway. This
significantly affects the NOx at short residence times, where prompt NOXx is the
predominant pathway. At longer residence times, the free radical pool in the flame and
temperature in the post-flame zone are rather similar between unheated and heated cases,
yielding, therefore, similar NOx.

However, the Combustor A data trends still remain unexplained. Work by Rutal et al.
(1997) offers a possible solution. It was found that with increasing unmixedness in the
inlet fuel and air, the NOx becomes more positively dependent on inlet temperature. This
suggests that Combustor A is equipped with a poor premixer. Only testing of the

premixer with existing probes that measure unmixedness could confirm this postulate.
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2.11 Summary of Chapter 2
Each section of Chapter 2 is summarized below:

1. Methane is the fuel used in this study because it is the main constituent of natural gas,
which is the main fuel used in gas turbines for power generation. Natural gas has
satisfactory supply sources, burns homogeneously, and gives low pollutant emissions.

2. The NOx in lean premixed combustion of methane and air is formed via Zeldovich,
nitrous oxide, prompt and NNH chemical pathways.

3. In the gas turbine lean-premixed combustor, NOx forms at the edge of the flame at
the highest rate, and then at a reduced rate in the post-flame zone. Cooling in the post
flame zone quenches the NOx chemistry.

4. The CO forms in the flame zone, but the emissions are the consequence of incomplete
burnout to CO,. Also, air addition for liner film-cooling can quench CO oxidation to
CO; and cause high CO emissions.

5. NOx increases with fuel-air equivalence ratio in lean-premixed combustion.
Therefore, manufacturers design gas turbine engines to run as lean as possible
without incurring acoustic and combustion instability problems.

6. NOXx increases with combustion temperature and this behavior is empirically known
from previous work. Present work uses a relatively high temperature range, i.e., 1800
to 1940 K to satisfy prospective demands.

7. NOXx increases linearly with residence time when temperature and free-radical

concentrations are constant, because there is more time for it to form. However, in
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practical systems this is not necessarily the case due to complexity of factors
influencing the NOx formation. Results from the HP-JSR support this theory.
Lean-premixed flames with poorly premixed reactants form higher NOx due to the
existence of hot, richer-than-average pockets and make industrial burner test
comparison difficult. Fuel and air in the present work are believed to be perfectly
premixed. Therefore, unmixedness effect is not considered.

Previous work shows NOx emissions increase or decrease with pressure, or are
pressure neutral, depending on the combustor specifics. The pressure effect is studied
in this work and data show negative to neutral pressure trends in the HP-JSR
depending on the residence time in the reactor.

Previous work shows NOx emissions increase with or are independent of the increase
in the inlet temperature. The data obtained in this work show neutral behavior at
residence times above 2.0 ms, and a decrease with increasing inlet temperature at

lower residence times.
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CHAPTER 3
HIGH-PRESSURE JET STIRRED REACTOR MEASUREMENTS: EXPERIMENTAL

METHODS AND RESULTS

3.1 Introduction

This chapter discusses the experimental method and details the experimental results
and findings obtained under the present study with the purpose of satisfying the
experimental objectives that were outlined in Section 1.4.1. The experiments study the
NOx and CO formation in lean-premixed combustion within a jet-stirred reactor for a
range of residence times from 0.5 to 4.0 ms, at three different pressure levels (3.0, 4.7,
and 6.5 atm), and for preheated (to 573 K) and unheated inlet fuel and air. Section 3.2
describes the experimental hardware, including the test rig, data analyzers, gas sampling
system and thermocouples. Due to the sensitivity of NOx to temperature, Section 3.3 is
entirely devoted to temperature measurements and temperature corrections. Section 3.4
shows the NOXx data for different residence times and pressures at unheated and preheated
reactant experiments. This section contains measured NOx and CO reactor profiles for
the studied conditions. Measured CO,, O,, C;1-C, hydrocarbons and nitrous oxide are
also shown for some conditions to assist discussion of the experimental results. The
conceptual data interpretation is given in Section 3.5, and is used as a conceptual basis
for the modeling of Chapter 4.

Data presented in Chapter 3 are accompanied by Appendices A and B. Appendix A

contains the spreadsheets of all of the experimental data. Appendix B contains the
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description of the gas temperature calculations, as well as results of the calculations in the

accompanying spreadsheets.

3.2 Experimental Setup

The experiments are conducted in the high-pressure jet-stirred reactor (HP-JSR)
facility at the University of Washington. The HP-JSR facility consists of a HP-JSR
system, fuel and air supply lines, temperature and gas sampling lines, and instruments for
measurements. The essential part of the facility is the HP-JSR system, which is
illustrated in Figure 3.1. The pressure vessel, rated for 15 atm (Steele et al., 1997),
houses the ceramic high-pressure jet-stirred reactor (HP-JSR), the nozzle, the fuel-air
premixer, and the air heater. The combustion air, i.e., air that enters the HP-JSR, first
passes through the preheater, then through the premixer, and finally through the nozzle
before entering the HP-JSR. A second air stream, significantly larger in volume than the
combustion air stream, is used to regulate the pressure in the vessel and does not pass
through the HP-JSR. This is indicated as “pressure vessel air” in Figure 3.1.

The HP-JSR facility is fully described by Steele (1995). Minor modifications to the
facility, necessary to achieve objectives of the present work, include: (1) smaller HP-JSR
and larger nozzle to obtain lower residence times; (2) a ceramic probe to avoid the
problem of fast deterioration of the former quartz probe; and (3) a smaller diameter wire
in the thermocouple probe to decrease conduction losses. These modifications are

described in detail later in the text.
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Fuel (i.e., natural gas or pure methane) and air entering the HP-JSR are premixed in a
chamber positioned below the jet nozzle and the HP-JSR. The residence time in the
premixer exceeds 100 ms for all of the flow rates used in this study. The premixer
residence time is two orders of magnitude greater than the eddy turnover times associated
with the baffles in the premixer. This supports the assumption that the gases enter the
HP-JSR fully premixed. Further, because of the mixing intensity within the HP-JSR, any
unmixedness entering the reactor tends to be washed-out. Calculations with a partially
stirred reactor model indicate that the effect of unmixedness on NOx formation in the
HP-JSR is weak to negligible (Nicol et al., 1997). Therefore, combustion in the HP-JSR
is treated in this work as perfectly premixed.

The HP-JSR system is equipped with a set of thermocouples for the measurement of
both the premixer temperature and temperature of the top of the pressure vessel near the
exhaust air port. The system is also equipped with a set of gages for pressure
measurement in the sampling line, in the premixer, in the vessel, and across the nozzle
(differential pressure drop). It should be noted that the pressure inside the HP-JSR is
essentially the same as in the vessel because the flow-resistance through the exhaust ports
of the reactor is small.

The maximum vessel operating pressure is determined by the maximum pressure
available in the air supply line (called “shop air”) which is about 7.5 + 0.4 atm. Thus, for
pressure stability, the maximum pressure at which the data can be taken is lower (i.e., 6.5

atm). The “shop air” is also used as combustion air in all experiments except for the
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lowest residence times. The lowest residence times require bottled air to maintain high
flow rates.

The schematic of the reactor cavity cross-section is shown in Figure 3.2. The
diameter at the widest point is 11.5 mm, the height is 20.19 mm, and the inlet nozzle
diameter is 1.4 mm, giving the height/jet-diameter ratio of 14.4. There are three
differences between the present HP-JSR and previous reactors used in research by Steele
(1995). The material used in the present reactor is cast alumina, versus cast zirconia used
by Steele. Although geometrically similar, the volume of the present reactor is 1.5 cm®,
versus a 2.0 cm® volume reactor used by Steele. Finally, the nozzle diameter is 40%
larger than the nozzle diameter used by Steele. The smaller volume, combined with the
larger jet diameter that permits higher mass flow rate, facilitates short residence time

operation. With these differences it is possible to obtain 0.5 ms residence time operation.
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Figure 3.2 Schematic of the jet-stirred reactor cavity
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The inlet jet diameter of 1.4 mm allows the HP-JSR to be run over a range of
residence times from 0.5 to 4.0 ms. The large range in residence time results in an eight-
fold range in the flow rate, thus, the pressure losses and jet velocity vary significantly. In
order to account for these variations, pressure losses are measured and jet velocities are
calculated. The jet velocity calculation is done using the following equation for

isentropic discharge speed (Zucrow and Hoffman, 1976, p.124):

17105
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where:

Uo — inlet jet velocity

y - ratio of specific heats for methane and air mixture,

R - gas constant for methane and air mixture,

T - total temperature; i.e., the measured temperature in the top of the premixing chamber,

p' - the pressure measured in the pressure vessel, which is assumed to be the pressure
within the HP-JSR cavity, and

P - the total pressure, which is the pressure measured in the premixing chamber.

For 6.5 atm operation at 0.5 ms mean residence time, the measured pressure loss is
45% and the jet velocity is close to sonic. Whereas, for operation at 4.0 ms mean
residence time, the pressure loss is about 3% and the velocity is about 80 m/s.

The gas sampling and temperature measurements are done at two-thirds of the height

of the HP-JSR, which is the widest part of the reactor, as shown in Figure 3.2. The
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position of the R-type thermocouple probe used for measuring HP-JSR gas temperature,
and the HP-JSR gas sampling probe with respect to the pressure vessel is indicated in
Figure 3.1. Gas sampling is done with a small ceramic probe, described by Horning
(1996) and shown in Figure 3.3 below. The use of ceramic probes is favored in high-
pressure environments over the previously used quartz probes, as described in Steele
(1995), for two reasons. First, quartz suffers intense devitrification or crystallization at
high temperatures, (of 1000 up to 1710°C), which is catalyzed by diffusion of water
vapor and oxygen through the cristobalite to the glass-crystal interface. Second,
nucleation on the external surfaces of fused silica is catalyzed by superficial condensed
phase impurities (Ainslie et al., 1962). Practically, this means that probes need to be
rebuilt after every run. Steele (1995) observed this problem in high pressure experiments
at 2.0 and 4.0 ms residence times. It was anticipated that in the present work the problem
would only be intensified at the short residence times, where high mass flow rates and

free-radical concentrations can only exacerbate the problem.
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Figure 3.3 Schematic of the probe (units are mm)
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The high pressure experiments have also increased the deterioration rate of the
thermocouples. At short residence time runs, i.e., below 2.5 ms, and at 6.5 atm pressure,
the thermocouple lifetime is about 5-6 run-hours. Upon that time, the thermocouples’
accuracy rapidly decreases, and they soon break. At longer residence times and lower
pressures, the thermocouple lifetime increases.

The R-type thermocouples are constructed in-house from Pt (platinum) and Pt/13%Rh
(platinum/rhodium) wires welded together and placed in sheath. The sheath is a double-
bore high-temperature alumina based ceramic with an outer diameter of 3/32 in (2.38e-3
m). The diameter of the wires, at 0.005 in (1.27e-4 m), is smaller than the wires used by
Steele (1995), and is the smallest commercially available wire diameter that is practical
for present application. The thermocouple junction, i.e., the welded bead joining the
wires, is coated with Ceramabond 569, a high temperature ceramic paste consisting of at
least 99% alumina. Burton et al. (1991) recommend this coating as opposed to toxic
beryllium oxide/yttrium oxide coating or to silicon dioxide coating. The same authors
also found that using a silicate thinner for Ceramabond 569 makes the coating less stable,
which is also observed in the present work. If a tiny crack develops in the coating, the
wires beneath deteriorate, and the thermocouple has to be replaced. Therefore, particular
attention is devoted to building sturdy thermocouples with only alumina based coatings.
To ensure that thermocouples, including the coatings, are properly manufactured, each
thermocouple was calibrated to within a 15 K temperature variation (at 1800 K nominal

temperature) at the standard operating conditions of the HP-JSR.
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Gas samples are continuously withdrawn from the reactor, and are analyzed for NO,
NOx, CO, CO,, and O, via process gas analyzers. The NO and NOx are measured by a
chemiluminescent analyzer while the CO and CO, are measured by non-dispersive
infrared analyzers, and the O, is measured by a paramagnetic analyzer. These four
analyzers are zeroed and spanned (with customized span-bottles) approximately every
two run-hours.

Additional (non-continuous) samples of gas are analyzed for C;-C3 hydrocarbons and
nitrous oxide by gas chromatography. The detector used for measuring C;-Cs
hydrocarbons is a flame ionization detector (FID), while N,O is measured with an
electron capture detector (ECD). The FID is calibrated for each hydrocarbon by
preparing the desired calibration gas mixtures in a Pyrex sample tank. The calibrations
for methane, ethane, and ethylene are linear, extending over mole fractions between 0 and
11000 ppm (see Appendix A). The N,O is calibrated (using a span gas of 1 ppmv N,0)
approximately every 2 run-hours to monitor small changes in the ECD sensitivity. A
linear calibration is assumed since measured N,O levels did not exceed 2.5 ppm, and
previous work by Steele (1995) found a linear correlation between the GC counts and the
N,O mole fraction up to about 10 ppm. The gas chromatograph operation parameters are
listed in Steele (1995).

Sample gas is continuously drawn from the HP-JSR with a sampling probe (sketched
in Figure 3.3), as was mentioned above. After passing through the probe, the gases pass
through the sampling line, which contains a water trap to dry the gas (because the

analyzers require a dry sample), and a metal-bellows pump prior to entering the
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analyzers. The pump maintains vacuum in the sample line of approximately 0.7 atm (0.3
atm absolute pressure). The high pressure difference across the probe from reactor
pressure (6.5, 4.7 or 3.0 atm) to the vacuum pressure of 0.3 atm, causes high mass flow
rates through the probe.

Reactions can continue within the probe, and some of those are relevant to this work,
e.g.,, NO + HO; —» NO; + OH, and CO + OH — CO, + H. The NO conversion to NO,
reaction is important because: (1) the probe alters the NOx composition from almost pure
NO at the inlet to the probe, i.e., in the reactor, to almost pure NO, measured at the
analyzer; and, (2) the NO, formed in the probe is soluble in water, thus it could be lost in
the water condensed in the sampling line and cause a loss in total NOx in the gas sample.
The CO oxidation to CO, reaction is important because it represents a loss of CO (while
total carbon is conserved). Losses of NOx and CO are not desired because they distort
the apparent reactor concentrations of these species, leading to problems in data
interpretation. The chemical Kinetics in probes sampling gas from flames were studied
by Kramlich and Malte (1978). The interaction between chemical kinetics and gas
dynamics in the quartz probe was studied by Steele (1995), and in the ceramic probe was
studied by Horning (1996).

The loss of CO in the probe, i.e., CO oxidation to CO,, occurs because of the
presence of the OH radical in the sampled gas. The concentration of OH radical is the
highest at the probe entrance and it is reduced as the sampled gas cools along the probe.
The cooling of the gas in the probe is induced by the cold pressure vessel air, surrounding

the probe in the space between the HP-JSR and the pressure vessel (see Figure 3.1). The
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portion of the probe in the pressure vessel wall and the sampling port is exposed to high
rate of convective cooling caused by the high velocity of the pressure vessel air exiting
the vessel through the narrow opening between the probe and the wall of the sampling
port. The cooling of the probe induces the decrease in gas temperature, which, in turn,
causes the rapid reduction of the OH, O, and H radicals to effectively zero, hence
guenching the CO oxidation. Horning (1996) found that for initial CO mole fraction of
200 ppm only about 8% was lost due to reaction in the probe. Steele (1995), who used
and modeled a different probe (as discussed above), has found that the fraction of the CO
that oxidizes within the probe is proportional to the initial amount of CO. This is
explained by the tendency of the OH concentration levels (and O-atom and H-atom
levels) to correlate with the CO levels in lean-premixed combustion (Nicol, 1995).
Therefore, high CO means high OH concentration, hence a high CO oxidation rate. The
CO concentration in the reactor [%, wet] is calculated from the measured CO by the
following equation (Equation 3.2), which accounts for the CO probe loss by a curve fit

from the probe modeling results given by Steele (1995) and Horning (1996).

[CO in reactor, % wet] = [CO meas, % wet]/{1.6327-0.1366In[CO meas, ppm wet]}
3.2)
Equation 3.2 is used in the present work only in Section 3.3.4 for estimating the
chemical energy retained in CO and thus not available to sensible energy. In the
reminder of the dissertation, the experimental CO data are presented as measured, i.e.,

without the correction for the CO loss in the probe.
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The conversion of NO to NO; in the probe occurs because of the presence of the
transient HO,. Kramlich and Malte (1978) found that the HO, concentration in the
sampled gas is negligibly small until the gas reaches a point of intense cooling, when the
concentration rapidly increases, which was also verified by Horning (1996) and Steele
(1995). At that point the concentrations of O, H, and OH radicals rapidly decrease,
reducing the destruction rate of HO, via second-order reactions with the radicals.
Consequently, the rapid HO, formation by three-body recombinations (induced by high
radical concentrations immediately before the cooling begins) and the slow destruction in
the rest of the probe, create a window of high HO; concentration. This transient HO,
reacts with NO to form NO,. The mechanism of transient HO, formation in sample
probes drawing gases from the flame zone is explained in Kramlich and Malte (1978).

It should be noted that the NOx in the HP-JSR is essentially only NO. However, due
to formation of the HO; in the probe, the NO is converted to NO,, and is measured as
such by the NOx analyzer. For the reminder of the dissertation, it is assumed that NOx
(as the sum of NO and NO;) measured by the probe sampling is equivalent to the NO
formed in the reactor.

The NO, presence in the sampled gas could cause the loss of total NOx in the gas
sample only if the NO; is removed by water in the sampling line. To prevent this, the
sampling line is kept above the condensation temperature for water at 0.3 atm via heating
tape. In addition, checks are made to confirm that little if any of the NO; is lost. These
checks are done with a NOx-to-NO converter placed at two different points in the

sampling line, i.e., just downstream of the probe and just upstream from the water trap.
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Because of the higher pressure in the probe of nominally 3 atm absolute pressure, caused
by the flow-resistance of the NOx-to-NO converter, the residence time of the gas in the
probe is increased, which inhibits existence of transient HO,, hence less NO is converted
to NO; in the sample probe. Thus, two things are achieved by placing the NOx-to-NO
converter in the sample line: (1) less NO, is formed in the probe, and (2) NO; is
converted back to NO in the converter prior to the water trap. Therefore, the NO; loss in
the sampling line is minimized. Tests showed no significant difference is measured
between the NOx measurements for same conditions with and without the converter in
the sample line. The in-line NOx-to-NO converter, however, promotes oxidation of CO
in the sample probe due to the increased pressure. Thus, the in-line NOx-to-NO

converter is only used periodically to verify the lack of NO, loss in the sample system.

3.3 Gas Temperature

Knowledge of gas temperature is important for the interpretation of NOx
measurements. However, the true gas temperature cannot be directly measured due to
heat-loss from the thermocouple, and thus, the measured temperature must be corrected.
In order to assess the true gas temperature the following approach is taken: first, three
types of temperature measurements are taken during production runs, and, second, the
results are subjected to a detailed heat-transfer analysis. The three temperature
measurements are:
1. Gas temperature inside the HP-JSR cavity measured by a R-type thermocouple,

2. Wall temperature measured by an optical pyrometer, and
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3. Inlet gas temperature measured by a K-type thermocouple in the top part of the

premixer.

3.3.1 HP-JSR Gas Temperature Measurements Using R-Type Thermocouples

Two main combustion zones are observed in HP-JSR — the jet zone and the
recirculation zone. Steele (1995) and Steele et al. (1998) have shown typical temperature
profiles across the HP-JSR. Temperature sharply increases from the jet centerline to the
edge of the jet zone and then remains essentially uniform throughout the recirculation
zone. The present work confirms this temperature profile by testing at a few conditions.
For the majority of the experimental runs the thermocouple is positioned in the middle of
the recirculation zone, measuring, and thus reporting, only one temperature - the
essentially uniform temperature of the recirculation of the reactor. This position is
chosen because it is in the region of the final stage of the combustion reaction and thus
the maximum amount of chemical energy has been released. The measured uncorrected
reactor temperature is held constant at 1803 + 5 K throughout the HP-JSR experiments.

During the experiments, enough time is allowed for the reactor to reach steady state
temperature conditions. Depending on the starting temperature, this time is up to three
hours in cases when the reactor is started cold, and as short as a few minutes when all of
the parameters were constant, but the probe location is changed. Thermocouples are
inspected daily for cracks in the alumina to assure minimal catalytic reaction at the
surface of the thermocouple wires and bead, as well as to check the life of the

thermocouple.
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As stated previously, thermocouple measurements taken in the HP-JSR experiments

do not represent the true gas temperature. This is mainly caused by radiation losses from
the thermocouple to the reactor wall. Heat loss through the reactor wall increases with
increasing residence time. This is manifested by decreasing wall temperature and results
in increased radiation heat flux from the thermocouple to the walls as the residence time
is increased. This flux cools the thermocouple, and is balanced by the convective heat
transfer from the gases to the thermocouple. Minor cooling of the thermocouple also
occurs by conduction through the wires and the thermocouple sheath. The thermocouple
surface temperature is slightly higher than the bead temperature, since some heat is
conducted to the environment through the thermocouple coating and through the

thermocouple wires. A schematic of the heat flow is shown in Figure 3.4.

3.3.2 Optical Pyrometer Wall Temperature Measurements

The reactor wall temperature is measured with the optical pyrometer. Due to
experimental constraints, the light emitted from the wall approaches the pyrometer
through a window on the reactor pressure vessel and a safety screen outside of the vessel.

See Figure 3.5.
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Figure 3.5 Light path during wall temperature measurements

In order to determine the effect of the window and the safety screen on the wall

temperature reading, the pyrometer measurement technique is calibrated with the

following four temperature readings:
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Case 1. Temperature reading with both the window and the safety screen,
Case 2. Temperature reading with the window and without the safety screen,
Case 3. Temperature reading without the window and with the safety screen, and
Case 4. Temperature reading without the window or safety screen, i.e., unobstructed.

The pyrometer temperature readings are summarized in Table 3.1. The overall
reactor residence time is 1.1 ms, the thermocouple measured temperature is 1813 K, the
fuel-air equivalence ratio is 0.8, and pressure is 1 atm. The wall emissivity is assumed to
be unity (ew = 1), that is, it is assumed the reactor cavity behaves as a blackbody cavity
for the purpose of estimating e.

Table 3.1 Measured pyrometer temperatures [°C]

Case 1 Case 2 Case 3 Case 4
Experiment 1 1030 1110 1120 1220
Experiment 2 1030 1100 1210 1210
Experiment 3 1080 1095 1180 1220

The experimental results point out that the unobstructed temperature reading of 1210
to 1220 °C is diminished with the addition of the window and the screen by 150 °C to 200
°C. Addition of the window decreases the temperature 110 °C to 125 °C. Addition of the
safety screen decreases the temperature between 0 and 100 °C. The significant difference
between the readings observed in cases 1 and 3 are attributed to the safety screen. The
safety screen is a clear plastic sheet and could have differences in transmissivity (due to
scratches, thickness, etc.) depending on the location of the measurement.

Two other errors could influence the pyrometer measurements. First, the emissivity

of the reactor wall varies due to varying surface roughness and due to wall deposits.
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Thus, if the experimentalist does not take the measurements at exactly the same spot each
time, variations in measured temperatures are possible. Second, the color of the filament
in the optical pyrometer has to be matched to the color on the measured surface, which

can be influenced by human error.

3.3.3 Inlet Gas Temperature Measurements with a K-type Thermocouple

Inlet gas temperature is measured inside the premixing chamber. The K-type
thermocouple is placed just below the inlet nozzle (Steele, 1995), as sketched in Figure
3.1. These measurements are not corrected for heat loss. Measured inlet temperatures
are plotted in Figure 3.6 versus HP-JSR residence time for the three pressure levels, i.e.,

3.0, 4.7 and 6.5 atm. The residence time is calculated based on the following formula:

pV (3.3)

The numerator in the equation is the product of the reactor volume, i.e., V = 1.5 cm®,
and the gas density (p), which is estimated for gas with a molecular weight of 28
kg/kmol, at reactor pressure, i.e., 3.0, 4.7 or 6.5 atm, and measured temperature (1803+5

K). The denominator represents the total (fuel and air) mass flow rate.
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Figure 3.6 Measured inlet temperature versus residence time for 6.5, 4.7 and 3.0 atm
runs in HP-JSR operated at 1800 K measured reactor gas temperature

Figure 3.6 shows that increasing residence time, i.e., decreasing mass flow rate,
results in an inlet temperature increase for all the pressure levels considered. Two
reasons are postulated to explain this increase: the increase in the true reactor temperature
and the increase in time for heat transfer from the reactor to the premixing chamber. At
high flow rates, the time gases spend in the reactor is insufficient for nearly complete
combustion, and the unreleased chemical energy is evidenced by high CO and unburned
hydrocarbon concentrations (discussed later in the text). To compensate for the
unreleased chemical energy the fuel-air equivalence ratio is increased, thus maintaining
thermocouple temperature at a constant value (i.e., 1803 K). Since the convective

loading onto the thermocouple is high, the true gas temperature is close in value to the
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thermocouple temperature. Consequently, the relatively low gas temperature in the
reactor cavity and the short time available for heat transfer results in the reduced
temperature of the premixer. As the overall residence time is increased, i.e., as the flow
rates are decreased, more time is allowed for completing the combustion (evidenced by
decreasing CO levels) and, there is more time for heat loss from the reactor. Also, under
these low velocity conditions the convective loading onto the thermocouple decreases.
This requires a higher true gas temperature to maintain the fixed thermocouple
temperature of 1803 K. Heat transfer from the HP-JSR cavity to the premixer increases
with increasing residence time because of higher gas temperature in the reactor cavity
and greater time available for heat transfer, resulting in higher premixer temperature.

Data presented in Figure 3.6 also suggest that most of the measurements at 3.0 atm
are obtained under conditions of increased heating of the premixer, compared to data
taken at 4.7 and 6.5 atm. The inlet temperature variation at 6.5 atm is between 66 °C at
0.9 ms and 103°C at 3.5 ms. At 3.0 atm, it increases between 98°C at 0.7 ms and 159°C
at 3.3 ms, which is a considerably higher temperature than at 6.5 atm. Inlet temperatures
at 4.7 atm fall between those at 6.5 atm and those at 3.0 atm. The increase in inlet
temperature with decreasing pressure is caused by an increase in heat transfer from the

HP-JSR cavity to the premixer.

3.3.4 HP-JSR Gas Temperature Calculation
Figure 3.7 shows the temperature measurements and calculations, including the

calculated true gas temperature, for the HP-JSR operating at 6.5 atm. The measured
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uncorrected reactor temperature is held constant at 1803 + 5 K throughout the HP-JSR
experiments as shown by the dark circles in Figure 3.7. The HP-JSR inside wall
temperature measurements, adjusted for finite transmissivity through the viewing ports of
the high pressure housing and using ey=1, are shown in Figure 3.7 as dark triangles. The
optical pyrometer measurement methods are described in Section 3.3.2 above.

As shown in Figure 3.7, the reactor inside wall temperature falls with increasing
residence time. The increasing temperature difference between the reactor gas and the
inside wall is indicative of increasing thermal resistance in the boundary layer as the
reactor mass flow rate and velocity decrease with increasing residence time.

Although the HP-JSR measurements are conducted for constant measured
uncorrected thermocouple temperature, the true gas temperature in the reactor increases
with increasing residence time. The gas temperature in the recirculation zone is
calculated by two methods. The first method is based on the heat balance for the
thermocouple. Convective thermocouple heating is balanced by radiative loss to the
walls and ports of the reactor. As the reactor residence time increases and velocity
decreases, the convective heat transfer coefficient for the thermocouple surface decreases.
Further, as shown in Figure 3.7, the wall temperature drops with increasing residence
time. This increases the radiative heat transfer from the thermocouple to the wall, since
the thermocouple views a surface of decreasing temperature. Both effects, i.e., the
smaller convection coefficient and the greater radiative transfer, increase the temperature
difference between the gas and thermocouple, and thus indicate an increasing true gas

temperature.
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Figure 3.7 HP-JSR temperature measurements and calculations for 6.5 atm data

The second method for calculating the true gas temperature is based on a three step
procedure that considers the chemical energy release in the reactor and the reactor heat
loss. In the first step of the procedure, the adiabatic equilibrium temperature for the
measured fuel-air equivalence ratio and measured mixture inlet temperature is computed.
This is plotted in Figure 3.7 with dark squares. The fuel-air equivalence ratio is
determined in two ways. It is based on the measurement of the sum of CO, and CO in
the recirculation zone of the reactor, i.e., on the total carbon, and on the measurement of
the O, concentration in this zone. The fuel-air equivalence ratio calculated with these
two methods differs at most by 1.5%. For the present experiments, unburned

hydrocarbons have a weak influence on the carbon balance.  The measured
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concentrations of unburned hydrocarbons show that the hydrocarbon levels in the
recirculation zone do not exceed a few hundreds of parts per million carbon. Including
unburned hydrocarbons into calculation of fuel-air equivalence ratio would change the
calculated fuel-air equivalence ratio, based on measured CO and CO, concentrations, by
less then 1%. Therefore, hydrocarbons are not included in calculations of the fuel-air
equivalence ratio.

A minimum fuel-air equivalence ratio of 0.68 occurs in the 1.5 ms to 2.5 ms residence
time range (at 6.5 atm). At longer residence times, the mixture is enriched to overcome
heat loss, and reaches 0.73 at 4.0 ms. At shorter residence times, incomplete combustion
occurs, i.e., CO is not oxidized to CO,, and the fuel-air equivalence ratio is enriched to
overcome this. Consequently, at 0.5 ms, the fuel-air equivalence ratio is 0.75.

As the next step in this gas temperature calculation, the gas temperature is adjusted
for the unburned CO. If this CO were burned, significant energy would be released. The
estimate (using chemical equilibrium and chemical reactor modeling) shows that 1% CO,
if oxidized forming CO,, increases the gas temperature about 80 K. The adiabatic
equilibrium temperature is debited using this result, giving the adiabatic temperature
plotted in Figure 3.7 as open squares. Detailed CO measurements are shown in Section
3.4 (see Figures 3.12 and 3.23). For the recirculation zone, i.e., for the (R/Rmax)?
between 0.36 and 1.00 (where R is radius of the reactor circular cross section at the probe
height, and Rmax is 5 mm, which is close to the wall radius of 5.75 mm), the measured
CO (volume averaged) increases from about 0.05% (dry) at 4.0 ms residence time to

about 0.81% (dry) at 0.5 ms. The CO measurements are adjusted for CO loss in the
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sampling probe based on the chemical kinetic modeling of the probe reactions by Steele
(1995) and Horning (1996), by using Equation 3.2. Thus, the measured CO of 0.81%
(dry) at 0.5 ms becomes 1.61% adjusted CO in the reactor, leading to a temperature
difference of 1.61 - 80 = 130 K, as shown in Figure 3.7.

The third step in this calculation of the reactor temperature is the treatment of the
reactor heat loss. This is conducted using engineering analysis to estimate the resistances
for the convective, conductive, and radiative heat transfer processes. Comparison of the
measured and calculated inside wall temperature serves as a check on the calculation. As
shown in Figure 3.7, this agreement on the inside wall temperature is good, and provides
confidence in the heat loss calculation for the reactor.

The loss in gas temperature predicted by the reactor heat loss, i.e., the second method,
is about 0 K at 0.5 ms and about 62 K at 4.0 ms. Consequently, the difference between
the predicted gas temperature and the measured uncorrected thermocouple temperature is
20 K at 0.5 ms, and 78 K at 4.0 ms. These values are in close agreement with the
independent calculation of thermocouple heat loss via the first method, which gives a
difference in temperature between the gas temperature and measured temperature of 13 K
at 0.5 ms and 75 K at 4.0 ms. The solutions to the two methods, because of their close
agreement, are averaged for the final result of the reactor true gas temperature. This
average is plotted in Figure 3.7 as the open circles.

In the region from 0.5 to 2.0 ms, the reactor gas temperature (in the recirculation

zone) is nearly constant at 1825 K, whereas in the region from 2.0 to 4.0 ms, the
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temperature increases to 1880 K. The reactor gas temperature dependence on residence

time [t] is shown in the Equation (3.4) below:

[Reactor gas temperature at 6.5 atm, K] = 4.4 [t, ms]* — 3.3 [t, ms] + 1824 (3.4

The same procedure is used in estimating the true gas temperature for the 4.7 and 3.0
atm data, and the results of the analysis are shown in Figures 3.8 and 3.9, respectively.
The adiabatic equilibrium temperature for 4.7 atm, plotted in Figure 3.8, is quantitatively
similar to the values at 6.5 atm, shown in Figure 3.7, because the equivalence ratios are
similar. At 4.7 atm, the fuel-air equivalence ratio decreases from 0.72 at 0.9 ms, reaches
a plateau of 0.68 in the vicinity of 2.0 ms, and then increases to 0.73 at 3.6 ms. However,
at 3.0 atm, the equivalence ratio decreases from 0.71 at 0.7 ms, reaches a plateau of 0.69
for lower residence times of 1.0-1.5 ms, and then steadily increases from 0.69 at 1.5 ms
to 0.8 at 3.3 ms. This increase, accompanied with lower CO levels (see Section 3.4.1),
suggests that the reactor is operating in a high heat loss mode for the 3.0 atm cases with
residence times between 1.0 and 3.3 ms. Unreleased chemical energy is noticed at lowest
residence time, (i.e., at 1.0 ms and below), where CO levels in the recirculation zone are
significantly higher than at the other residence times considered.

Heat transfer calculations for 4.7 atm show that the true reactor temperature increases
from about 1820 K in the vicinity of 1.0 ms, to 1880 at 3.6 ms. These calculations show
that the true gas temperature in the recirculation zone of the reactor at 4.7 atm is similar

to that at 6.5 atm.
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The true gas temperature in the recirculation zone of the reactor for data taken at 3.0
atm increases steadily between 1808 K at 0.7 ms and 1938 K at 3.3 ms. This increase is
due to the heat transfer through the reactor walls, ports and the inlet jet nozzle. This

dependence is plotted in Figure 3.9 and is given by equation (3.5).

[Reactor gas temperature at 3.0 atm, K] = 46.9 [Residence time, ms] + 1773 (3.5

The complete heat transfer analysis, with equations and assumptions, for the gas
temperature calculations in the HP-JSR are shown in Appendix B. The spreadsheets
containing the results of these calculations are shown in Appendix B. Appendix B also

shows data spreadsheets and figures for preheated inlet cases, which are not discussed in

this section.
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Figure 3.8 HP-JSR temperature measurements and calculations for 4.7 atm data
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Figure 3.9 HP-JSR temperature measurements and calculations for 3.0 atm data.

3.4 Experimental Results and Discussion
3.4.1 Residence Time and Pressure Effect on NOx Formation for Unheated Inlet
Experiments

The effect of the residence time on measured NOx for the pressures of 6.5, 4.7 and
3.0 atm is shown in Figure 3.10. The combustion air is not electrically preheated,
however, the measured air-fuel temperature at the exit of the premixer varies according to
Figure 3.6, as discussed in Section 3.3.3. The recirculation zone in the HP-JSR is nearly
uniform in NOx concentration and that NOx concentration is plotted in Figure 3.10.

Furthermore, the NOx concentration in the recirculation zone is taken as the NOx
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emission of the HP-JSR, since most of the exhaust draining from the reactor comes from
this zone and the zone is nearly uniform in NOx.

Data for 6.5 atm show that over the mean residence time range covered, starting with
0.5 ms, the NOx concentration drops substantially with increasing residence time, attains
a minimum in the vicinity of 2.5 ms, and then increases as the time is increased to 4.0 ms.
This is shown in Figure 3.10. A similar behavior is observed for the two lower pressure
levels, however, the minimum NOX is shifted towards shorter residence times. At 4.7
atm, the minimum is in the vicinity of 2.0 ms; whereas for 3.0 atm, it is between 1.0 and
1.5 ms. At residence times above about 2.0 ms, the NOx is clearly increasing with
decreasing pressure. At lower residence times, NOx for 3.0 atm is clearly higher then at
the other two pressures, while there is insignificant difference between NOx for 4.7 and
6.5 atm.

At 0.5 ms residence time and 6.5 atm, CO concentrations in the recirculation zone of
the HP-JSR are in the range of about 0.5 to 1.2% (dry), indicating a significant amount of
unreleased chemical energy. CO decreases to about 0.05% (dry) at 4.0 ms, indicating
that sufficient time is allowed for chemical energy release. However, at those long
residence times, more time is available for the heat loss from the reactor. Because the
uncorrected thermocouple temperature is maintained constant at 1803 K (by adjusting the
fuel flow rate of the reactor), the true gas temperature increases with increasing residence

time, as described in the previous section.
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Figure 3.10 NOX versus residence time at 6.5, 4.7 and 3.0 atm for unheated inlet.
Measured temperature is 1803 + 5 K

The increase in the NOx with increasing residence time (at the longer residence
times) is caused, at least partially, by the increase in the true gas temperature. In order to
avoid the effect of increasing reactor temperature on NOX, the NOx data for the 3.0 and
6.5 atm pressure levels are adjusted to a constant temperature of 1820 K, (i.e., the true
temperature at lowest residence time levels), using the NOX versus temperature
correlation developed by Steele (1995), (Equation 2.1). Since this correction is based on
NOx at 15% O, dry, the data of Figure 3.10 are first adjusted to the 15% O, dry
condition, and then are adjusted to 1820 K using the correlation of Steele (1995). Figure
3.11 shows the data corrected to the constant temperature of 1820 K. For the

intermediate and short residence times, the corrected NOXx increases with decreasing
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residence time. The corrected NOXx, as with uncorrected NOXx, decreases with increasing

pressure. The pressure effect on corrected NOx is small for residence times below 2.5

ms.
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Figure 3.11 Corrected measured NOx data at 3.0 and 6.5 atm for unheated inlet.
Corrected values correspond to a reactor temperature of 1820 K

3.4.1.1 NOx, CO and Hydrocarbon Profiles for Unheated Inlet Experiments

Profiles of CO and NOx concentrations at 6.5 atm for the unheated inlet, measured

between the centerline and the wall of the HP-JSR, at two-thirds reactor height, are

shown in Figures 3.12 and 3.13, respectively. The CO profiles clearly show that as the

mean residence time of the reactor is decreased, the whole reactor becomes increasingly

filled with high concentrations of CO. This implies a spreading of the free-radical rich



64
gas from the jet zone (i.e., the centerline region) into the recirculation zone (i.e., the bulk
of the reactor). For lean-premixed combustion, NOx should form mainly in the free-
radical rich (high CO) regions due to attack of super-equilibrium concentrations of O-
atom, H-atom, and CH radical on N, through the Zeldovich, nitrous oxide, NNH, and
prompt pathways (Section 2.3).

In Figure 3.13 one can note the decrease in the peak NOx as the residence time
increases from 0.5 to 2.5 ms. For the data taken at 2.0, 2.5 and 3.5 ms residence time, an
increase of the NOx in the jet zone is noted followed by a near flattening out of the
profile in the recirculation zone. This behavior, which is thought to be linked with the
sharp fall-off in the CO concentration at (R/Rmax)? = 0.2, and indicative of a free-radical
fall off, suggests that the NOx forms predominantly in the jet zone (or in the jet shear
layer). On the other hand, for 0.5 ms residence time, the NOXx profile, together with the
CO profile, suggests additional NOx formation in the recirculation zone. Additional
evidence for this is the inverse correlation between the NOx and CO concentrations in the
recirculation zone. In the region of (R/Rmax)® = 0.4, the NOXx reaches its maximum and
the CO reaches its minimum concentration. This region appears to be the eye of the
recirculation zone. Here the NOx has greater time to form, and the CO has greater time

to oxidize.
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Figure 3.12 CO [%, dry, as measured] profiles in the HP-JSR at 6.5 atm, no preheat and
0.5,1.0,1.5, 2.0, 2.5 and 3.5 ms overall reactor residence times
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Figure 3.13 NOx [ppmv, dry, as measured] profiles in the HP-JSR at 6.5 atm, no preheat
and 0.5, 1.0, 1.5, 2.0, 2.5 and 3.5 ms overall reactor residence times
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The CO + CO; (total carbon), shown in Figure 3.14, is relatively constant throughout

in the recirculation zone, but it significantly decreases towards the reactor centerline.
Therefore, the total carbon profile shows that, outside of the flame zone, most of the
hydrocarbons are reacted. Inside the flame zone, the decrease in CO + CO; is a
consequence of the significant quantities of unburned hydrocarbons in the jet yet to react.
This is further verified with the oxygen (O,) profile, shown in Figure 3.15, showing an

increase in Oy, and thus an increase in unreacted components, closer to the jet.
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Figure 3.14 CO+CO; [%, dry, as measured] profiles in the HP-JSR at 6.5 atm, no preheat
and 0.5, 1.0, 1.5, 2.0, 2.5 and 3.5 ms overall reactor residence times

An increase in the fuel-air equivalence ratio is required at short residence times in

order to compensate for the unreleased chemical energy. At long residence times the

fuel-air equivalence ratio is increased to make up for the heat lost through the reactor
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walls, as discussed earlier. The oxygen (O,) and (CO + CO,) profiles at 6.5 atm,
discussed above and shown in Figures 3.15 and 3.14 respectively, verify that the total
fuel-air equivalence ratio is high at low residence times, and is @ minimum in the middle

of the residence time range.
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Figure 3.15 O; [%, dry, as measured] profiles in the HP-JSR at 6.5 atm, no preheat and
0.5,1.0, 1.5, 2.0, 2.5 and 3.5 ms overall reactor residence times
Profiles of CO and NOx concentration, at 4.7 atm, measured between the centerline
and the wall of the HP-JSR at two-thirds reactor height, are shown in Figures 3.16 and
3.17, respectively. They resemble those for 6.5 atm. Hydrocarbon profiles measured at
residence time of 0.8 ms are shown in Figure 3.18. Methane is dominant, and its mole
fraction is always one-to-two orders of magnitude higher then for ethane and ethylene.

Ethane and ethylene form from the methane via one of the methane destruction pathways,
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which is the following: CH4 -> CH3 -> C,Hg-> CoHs-> CoHy4. It should be noted that
methane kinetics do not support significant Cs hydrocarbon formation, and this is
reflected in the negligible concentrations measured in the present work. The methane
profile shown in Figure 3.18 points to significant gradients in methane concentration in
the reactor. The methane mole fraction on the centerline is 38000 ppm, whereas in the
eye of the recirculation zone it is 250 ppm and 2050 ppm at the reactor wall. Ethane and
ethylene profiles are qualitatively similar to those of methane, except that the
concentrations are significantly smaller. In addition, the hydrocarbon profiles are
qualitatively similar to that of CO, which is shown in Figure 3.16, in that they are high at
the centerline and the wall, and low in the eye of the recirculation zone. The methane
mole fraction in air, i.e., fraction of methane in the gas entering the HP-JSR at fuel-air
equivalence ratio of 0.72, is approximately 7%, implying that almost half of the CHy, is
destroyed by the time gases reach two-thirds of the reactor height where the sample is
taken. If 3.8% CHy, is added to the measured 3.3% CO, and 0.4% CO at the centerline,
then the calculated total carbon is only 0.3% less then in the eye of the recirculation zone,

where measured methane, CO,, and CO are 0.025, 7.5, and 0.3%, respectively.
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Figure 3.16 CO [%, dry, as measured] profiles in the HP-JSR at 4.7 atm, no preheat and
1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 ms overall reactor residence times
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Figure 3.17 NOx [ppmv, dry, as measured] profiles in the HP-JSR at 4.7 atm, no preheat
and 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 ms overall reactor residence times
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Figure 3.18 Hydrocarbon [ppmv, dry, as measured] profiles in the HP-JSR at 4.7 atm, no
preheat and 0.8 ms overall reactor residence times

Profiles of CO concentration at 3.0 atm are shown in Figure 3.19. At residence times

above 1.0 ms, the CO levels flatten in the recirculation zone, indicating low free-radical

presence and little to no NOx formation. The CO profile at 1.0 ms differs from the

profiles at other residence times. This profile is similar to the CO data at 4.7 and 6.5 atm

at residence times below 2.0 ms due to the fact that the jet-stirred reactor is filled with the

CO and the HP-JSR approaches a well-stirred reactor.
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Figure 3.19 CO [%, dry, as measured] profiles in the HP-JSR at 3.0 atm, no preheat and
1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 ms overall reactor residence times

The NOx concentration profiles, shown in Figure 3.20, indicate that the NOx remains

constant in the recirculation zone. This behavior is true for all residence times, however,

the NOx concentration increases with residence time.
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Figure 3.20 NOX [ppmv, dry, as measured] profiles in the HP-JSR at 3.0 atm, no preheat
and 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 ms overall reactor residence times

3.4.2 Residence Time and Pressure Effect on NOx Formation for Preheated Inlet
Experiments

The effect of the residence time on measured NOX is shown in Figure 3.21, for the
pressures of 6.5, 4.7 and 3.0 atm. The conditions are the same as reported in Section
3.4.1 except the combustion air is electrically preheated, giving an inlet air-fuel mixture
temperature of 573 K. As in the unheated experiments, measured (uncorrected) gas
temperature is held constant at 1803 + 5 K. Also, NOx measurements are taken in the

recirculation zone of the HP-JSR and assumed to be equivalent to the reactor emission.
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Figure 3.21 NOX versus residence time at 6.5, 4.7 and 3.0 atm for inlet preheated to 573
K. Measured temperature is 1803 + 5 K

Figure 3.21 shows that measured NOx increases with increasing residence time for
the entire residence time range and for all three pressures. This differs from the NOx
trends at unheated inlet cases (Figure 3.10) where, for increasing residence time, NOx
concentrations decrease, reach a local minimum, and finally increase. This difference is
due to the fact that, for the preheated experiments, less chemical energy is required to
reach 1803 K during combustion. Less chemical energy required eliminates the need to
increase the fuel-air equivalence ratio at low residence times and, therefore, eliminating
the increase in NOx due to the increase in fuel-air equivalence ratio. Finally, Figure 3.21
also shows the NOx decreases with pressure, and, similar to the unheated cases, this

pressure effect is more pronounced at longer residence times.
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In order to eliminate the effect of true gas temperature, the NOXx, from Figure 3.21, is
corrected to a gas temperature of 1820 K and plotted versus residence time in Figure
3.22. The true gas temperatures for preheated inlet experiments are given in Appendix B
(Figures B.2-4). The NOx behavior shown in Figure 3.22 is similar to that observed for
the unheated inlet and shown in Figure 3.11. However, the short residence time
concentrations in the two figures differ, where the NOx concentration is smaller for the

preheated inlet experiments than for the unheated inlet experiments.
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5.5 573 K inlet temperature H3.0atm
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Figure 3.22 Corrected measured NOx data at 3.0 and 6.5 atm for inlet preheated to 573
K. Corrected values correspond to a reactor temperature of 1820 K
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3.4.2.1 NOx and CO Profiles for Preheated Inlet Experiments
Profiles of CO and NOx concentrations at 6.5 atm, for the inlet preheated to 573 K,
measured between the centerline and the wall of the HP-JSR, at the two-thirds reactor
height, are shown in Figures 3.23 and 3.24, respectively. The CO and NOx behavior
shown is similar to behavior shown for unheated inlet in Figures 3.12 and 3.13. The CO
peak is at the edge of the jet, and the minimum is in the middle of the recirculation zone.
At the wall, the CO concentrations are higher than in the recirculation zone only for the
reactor residence time below 1.0 ms. The significant filling of the reactor with the CO,
measured for preheated inlet at below 1.0 ms, also occurs for the unheated cases at below
2.0 ms (Figure 3.12). Therefore, the high CO concentrations in the HP-JSR occur for a
narrower range of lower residence times for the preheated than for the unheated inlet
cases. Another difference between the preheated and unheated inlet cases is at long
residence times: the CO concentrations are lower for preheated inlet cases. The
recirculation zone CO concentration at 4.0 ms is 0.02% by volume. Lower CO levels for
preheated experiments are attributed to the lower fuel-air equivalence ratio of heated inlet

experiments.
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Figure 3.23 CO [%, dry, as measured] profiles in the HP-JSR at 6.5 atm, 573 K preheat

and 0.75, 0.9, 1.2, 1.5, 2.1 and 4.0 ms overall reactor residence times
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Figure 3.24 NOX [ppmv, dry, as measured] profiles in the HP-JSR at 6.5 atm, 573 K

preheat and 0.75, 0.9, 1.2, 1.5, 2.1 and 4.0 ms overall reactor residence times
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The measured CO peak appears to be located at two different positions in the reactor.
On the run-day for which 0.75, 0.89, and 1.5 ms data were taken, it appears to be 2 mm
away from the centerline, and on the run-day for which 1.2, 2.1, and 4.0 ms data were
taken, it appears to be 1 mm away from the centerline for the 1.2 and 2.1 ms and on the
centerline for the 4.0 ms. An explanation for the difference is that at long residence
times, i.e., slower gas and shorter flame, the CO forms closer to the gas entrance. In
general with a hot inlet, the combustion is expected to begin sooner in the jet than for
cold inlet, resulting in more CO at the centerline.

The corresponding NOx reactor profiles, shown in Figure 3.24, depict the following
trends: (1) NOx concentration increases from the reactor centerline to the edge of the jet
zone; (2) NOx concentrations are constant throughout reactor recirculation zone; and (3)
NOXx concentrations increase with increasing residence time.

The CO and NOx concentration profiles at 4.7 atm for the inlet preheated to 573 K,
are shown in Figures 3.25 and 3.26, respectively. The CO concentration peaks at the
edge of the jet, and remains constant throughout the entire recirculation zone, even for
residence times as low as 0.9 ms. The profile of CO indicates that the NOx formation is
confined to the centerline region, which is evident in the NOx profiles shown in Figure
3.26. Although the NOx concentration does not significantly change with residence time
between 0.9 and 1.5 ms, the CO concentration does. As in the CO profiles at other

conditions, CO concentration decreases with residence time.
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Figure 3.25 CO [%, dry, as measured] profiles in the HP-JSR at 4.7 atm, 573 K preheat
and 0.9, 1.0, and 1.5 ms overall reactor residence times
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Figure 3.26 NOXx [ppmv, dry, as measured] profiles in the HP-JSR at 4.7 atm, 573 K

preheat and 0.9, 1.0, and 1.5 ms overall reactor residence times
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3.4.3 Nitrous Oxide Measurements

Nitrous oxide measurements taken in the recirculation zone of the HP-JSR are plotted
versus residence time for all three pressures and for both unheated and preheated cases
(Figure 3.27). Although the measured values span a relatively narrow range, the
following distinct trends are clearly identifiable:
1. N2O decreases with residence time.
2. N0 is insensitive to, or increases slightly with, pressure.

3. N0 is insensitive to inlet temperature.
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Figure 3.27 N,O versus residence time at 6.5, 4.7 and 3.0 atm for unheated inlet and inlet
preheated to 573 K. Measured temperature is 1803 + 5 K

Steele (1995) thoroughly explored the N,O formation in lean-premixed combustion in

jet-stirred reactors. The results shown in Figure 3.27 are similar in value and trend to the
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results Steele obtained at 1800 K, at elevated pressure and preheated inlet conditions.
Steele (1995) found a small decrease in N,O when residence time is increased between
1.9 and 3.8 ms, and essentially no pressure (for 4.7 and 7.1 atm) and inlet temperature
(for 300 and 600 K) dependencies, confirming the trends observed in the present work
and shown in Figure 3.27.

At the longest residence times, the measured N,O decreases towards the equilibrium

value of approximately 0.3 ppmv, wet.

3.5 Conceptual Data Interpretation
3.5.1 A Concept for Residence Time Effect on NOx Formation in the HP-JSR

The results presented in Section 3.4 suggest a concept for NOx formation in the HP-
JSR. This concept attempts to link the size of the NOx formation zone with the NOx
formation rates, and explains how the size of the NOx-formation zone changes with
residence time at 6.5 atm. This concept is the predecessor of the comprehensive model
developed in Chapter 4.

In lean-premixed combustion there is tendency for O-atom levels to correlate with
CO levels (Nicol, 1995). Since the CO profiles for 6.5 atm (Figure 3.12) show
significantly higher CO concentrations at the short residence times than at the long
residence times, it is expected that the O-atom levels are higher at short residence times.
At the shortest mean residence times tested, there is insufficient time for the O-atom to
relax to equilibrium concentration. [The characteristic O-atom relaxation time is about 1

to 2 ms for the 6.5 atm pressure tested in the HP-JSR, per Nicol (1995) and Steele et al.
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(1998)]. Thus, there is an opportunity for the recirculation zone to maintain high O-atom
concentration and to form NOx at a significant rate. Conversely, as the mean residence
time is increased, it appears that the free-radical rich, high NOx production region exists
mainly in the jet shear layer, and the overall rate of NOx production decreases. For the
longest residence times tested, the increase in NOx with residence time noted in the data
is probably caused by two factors, i.e., an increase in reactor gas temperature (as stated
above) and an increase in the time available for the NOx to form.

The NOXx production rate, calculated for a PSR operating at 6.5 atm pressure and at
0.5 ms residence time, is 10.1+0.3 ppmv, dry, (15% O;) per ms. If the NOx measured at
0.5 ms is assumed to have formed uniformly in the reactor, then the measured NOXx
production rate is found to be 13.5+0.3 ppmv, dry, (15% O;) per ms. The agreement
between the measured and calculated rates at the minimum residence time tested is
relatively good. However, for the longer residence time tested, the PSR model
significantly overpredicts the measured NOx.

Much slower rates of NOx formation are calculated when the O-atom concentration is
assumed to be at the equilibrium value. For conditions of 6.5 atm and 1820 K, the
thermal NOx formation is only 0.05 ppmv, dry, (15% O,) per ms. The nitrous oxide
pathway, assuming the nominal concentration of 2 ppmv, dry N,O measured for the
reactor recirculation zone, and again using the equilibrium O-atom concentration (as well
as the equilibrium H-atom concentration), forms NOx at about 0.15 ppmv, dry, (15% O,)

per ms. Thus, the total NOx production rate for the recirculation zone under the
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assumption of equilibrium free-radical concentrations is about 0.2 ppmv, dry, (15% O,)
per ms.

In order to explain the NOx production by a two-zone model, the following

expression is introduced:

NOX = t#[r*f + re*(1 — )] (3.6)

The terms ry and r._ are the NOx production rates in the high- and low-NOx forming
regions, respectively; t is the residence time of the reactor; and f is the fraction of the
residence time associated with the high-NOx production rate.

The function f is determined in a two step process. First, the NOx data for 6.5 atm,
adjusted to 1820 K, are curve-fitted. The data are fitted best with two linear equations,
one for 0.5 to 2.5 ms and the other for residence times greater than 2.5 ms, as shown in
Figure 3.28a. Then, the function f is determined from the fitted data, assuming ry = 12
ppm/ms and r. = 0.2 ppm/ms. (The term ppm denotes ppmv, dry, 15% O,.) The function
f is plotted in Figure 3.28b. For mean residence times below 2 ms, the function f is well
approximated as f = 0.415/t*3. Thus, as the overall residence time of the reactor
decreases and the mixing intensity increases, NOx formation occurs predominately at the
high production rate.

The high-NOx production rate used in the model, i.e., ry = 12 ppm/ms, is a rounded

off intermediate value between the measured NOx production rate of 13.5+0.3 ppm/ms

and the calculated rate of 10.1+0.3 ppm/ms for the reactor operated at 0.5 ms residence
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time. The value of the low-NOXx production rate, i.e., r. = 0.2 ppm/ms, is the value
estimated above assuming equilibrium free-radical levels. By this interpretation of the
data, the fraction of the reactor time used in high-NOx production varies from f = 0.96 to
0.05. Under the minimum f condition, 75% of the NOx forms in the high-NOXx
production region. If, instead, r_ = 0 is assumed, then the minimum value of f is 0.07, and
the NOx forms exclusively in the high-NOx production region for all conditions. If r_ =
0.80 ppm/ms is assumed, which is the maximum value possible based on the NOx data,
(i.e., 3.2 ppm NOx formed at 4.0 ms), then the minimum value of f is 0, and all of the

NOx forms in the low-NOx production region under minimum f conditions.
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Figure 3.28a NOx data at 6.5 atm corrected to a constant temperature of 1820 K. Two
linear curve-fits are used. One for data in the 0.5 to 2.5 ms range, and the other for the

data in the 2.5 ms to 4.0 ms range
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3.5.2 Pressure Effect on NOx Formation in the HP-JSR
The basic understanding of the NOx increase with decreasing pressure at long
residence times, as shown in Figures 3.10 and 3.21, is as follows. As the pressure is
decreased, the O-atom relaxation time increases until it reaches a value of about 17 ms
for lean-premixed combustion at 1.0 atm (Nicol, 1995). In this case, the bulk of the
reactor becomes rich in O-atom (as well as H-atom and OH), and NOx forms at a high
rate throughout the reactor. Steele (1995) showed about a doubling of NOXx as the reactor
pressure was decreased from 7.1 to 1.0 atm. At short residence times, however, the
reactor is free-radical rich throughout for both high and low pressure, that is, the reactor
is nearly well stirred for NOx. Thus, changes in NOx with pressure are nearly
exclusively caused by the chemical kinetic dependencies on pressure, which, by the

results in Figure 3.10, appear to be weak.

3.5.3 Inlet Temperature Effect in HP-JSR

This section is intended to directly compare the data taken with the unheated inlet and
data taken with the inlet preheated to 573 K, to thoroughly observe the inlet temperature
effect. Two plots of NOXx versus residence time are shown, one for 6.5 atm for both
unheated and heated inlet (Figure 3.29) and the other for 3.0 atm for the unheated and
heated inlet (Figure 3.30). Profiles of CO, also for unheated and preheated inlet
conditions, are shown in Figure 3.31. These three figures are used to explain the effect of

preheat, and to postulate that the NOx and CO formation in the HP-JSR are a function of



86
both the flame length, which varies with residence time and inlet temperature, and the
reaction kinetics within the flame, which is confirmed by the models used in Chapter 4.

Figure 3.29 compares unheated and preheated data at 6.5 atm throughout the range of
residence time. The measured NOx is lower when the inlet air is preheated than when the
inlet is unheated for residence times below 2.0 ms. At residence times greater than 2.0
ms, the preheat does not influence the NOx. As discussed above, the unheated inlet air
temperatures are not constant. Measured inlet temperatures are shown above in Figure
3.6 versus total flow rates for the three pressure levels, and are discussed in Section 3.3.3.

Table 3.2 contains NOx and fuel-air equivalence ratio data with unheated and
preheated inlet for two sets of residence times: a long residence time of 3.0 ms, and a
short residence time of 0.88 ms. As shown in Table 3.2, at 3.0 ms the NOx measured is
7.8 ppmv for the measured inlet temperature of 376 K and for the fuel-air equivalence of
0.71. The NOXx is 7.4 ppmv for the inlet mixture temperature of 573 K and the fuel-air
equivalence ratio of 0.63. At 0.88 ms, the measured NOx is 9.3 ppmv for the measured
inlet temperature of 345 K and for the fuel-air equivalence ratio of 0.69. The measured
NOx drops to 6.5 ppmv for the inlet mixture temperature of 573 K and the fuel-air
equivalence ratio of 0.58. Consequently, at 0.88 ms, preheating the inlet to 573 K
reduces the NOx formation by about 30% compared to the unheated inlet case. Thus, it
appears that increasing the inlet temperature affects the NOx formation process at the
short residence times. Table 3.2 also contains data for NOx in ppmv, dry, corrected for a
common oxygen content in the products of 15% O, to assess effect of dilution. Dilution

in preheated inlet cases is caused by a low fuel-air equivalence ratio. If the resultant
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NOX, corrected to common oxygen content, is constant between cases of different fuel-air
equivalence ratios, than dilution does affect NOx formation. Since the NOx values differ
(4.6 and 3.8), dilution is not the only cause for lower measured NOXx at preheated inlet
and low residence times. The other cause is the chemical kinetics, which is explained at

the end of this section.

Table 3.2 6.5 atm data at 3.0 and 0.88 ms. Unheated inlet and 573 K data are compared

Residence time | Measured inlet Fuel-air NOXx NOXx
temperature equivalence [ppmv, wet] [ppmv, dry,
[ms] [K] ratio 15% O]
3.0 376 0.71 7.8 3.8
573 0.63 7.4 4.0
0.88 345 0.69 9.3 4.6
573 0.58 6.5 3.8
14
AG.5 atm
12 JAN A 6.5atm-573K
'§' 10 T A
2 A A AA
g° A M
S A
4
2 T T T T
0 0.5 1 1.5 2 2.5 3 35 4 4.5
Residence time [ms]

Figure 3.29 Effect of preheat on NOx [ppmv, wet] at 6.5 atm and 1800 K measured
temperature in HP-JSR
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Figure 3.30 compares unheated and preheated data at 3.0 atm throughout the range of
residence times. The measured NOX is only slightly lower when the inlet air is preheated
than when the inlet is unheated. Therefore, the inlet temperature effect is small at 3.0
atm.

The CO profiles for both the unheated and preheated inlet have shown (Sections
3.4.1.1 and 3.4.2.1) that at short residence times CO and free-radicals spread throughout
the reactor. Thus, NOx forms in a larger portion of the reactor volume than at the long
residence times when the formation appears to be confined mainly to the region of the
reactor centerline. If the flame, i.e., high-CO concentration zone, is positioned in the jet
shear layer, then the profiles can be interpreted in the following way. When the jet is
longer then the reactor height, it hits the top of the reactor and sweeps the inner reactor
wall while carrying the flame and the high CO. The jet may then partly exhaust through
the exhaust ports and partly swirl around the recirculation zone. The CO profiles shown
in Figures 3.12 and 3.23 suggest that the jet is longer than the reactor height for the short
residence time runs, because high CO concentrations are measured near the reactor wall.
It is hypothesized that the jet sweeps around so quickly that there is insufficient time for
CO oxidation, thus resulting in high CO concentrations. However, for slower jets, i.e.,
for long residence time runs, the high CO concentrations are measured only near the
reactor centerline suggesting that the jet does not reach the reactor wall. The

confinement of CO is an indicator of a short reaction zone.
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Figure 3.30 Effect of preheat on NOx [ppmv, wet] at 3.0 atm and 1800 K measured
temperature in HP-JSR
Based on the previous discussion, it is postulated that the length of the jet varies with
reactor conditions. For example, at short residence time, the jet is longer than at the long
residence time. The application of the jet-entrainment formula (Equation 3.7) shows that
the jet entrainment length decreases with increasing inlet temperature (Thornton et al.,

1987):

L=b (pinlet/p)O'5 inlet (3-7)

where L is the jet entrainment length, b is a constant, p and pinie: are reactor gas and inlet

gas densities, respectively, and dinet is the inlet nozzle diameter.
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The CO profile data shown in Figure 3.31 indicate that preheating the inlet decreases
the CO levels that sweep around the walls of the reactor, confining the CO more to the
centerline region of the HP-JSR. At short residence times, the preheat significantly
changes the CO profile of the reactor, and thus NOx formation. At long residence times,
there is sufficient time for CO to oxidize for both the preheated and the unheated inlet.

Therefore, the effect of preheat on CO and NOx is reduced.
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Figure 3.31 Comparison of CO [%, dry, as measured] profiles in the HP-JSR at 6.5 atm,
for unpreheat cases at 0.89 and 1.5 ms and preheated cases at 0.75, 0.89 and 1.5 ms
overall reactor residence times

The kinetics in the flame could also be affecting the overall decrease in NOx with

increasing inlet temperature at short residence times. In these experiments, the increased



91
inlet temperature is associated with a leaner jet entering the reactor. For example, the
fuel-air equivalence ratio is reduced by about 16% at 0.88 ms and about 11% at 3.0 ms.
The leaning of the inlet jet means that the prompt pathway contributes less to the NOx

formation when the inlet is heated.

3.6 Summary of Major Experimental Findings
The experimental findings for the laboratory high-pressure jet-stirred reactor with a
single-jet nozzle indicate the following trends:

1. NOx versus residence time trend, for 0.5 to 4.0 ms residence time, at 3.0, 4.7 and 6.5

atm pressure, and 1800 to 1940 K reactor gas temperature. There appears to be an

optimum residence time range for which NOx levels are at their minimum values.
This range shifts towards shorter residence times at the lower pressures. At 6.5 atm,
NOXx decreases with increasing residence time below about 2-2.5 ms, and above that
increases with residence time. At 3.0 atm, the NOx minimum is at about 1.0 ms
residence time. The observed trends are believed to be a result of three competing
effects: (1) the fraction of total residence time that the gases spend in the high-NOx
formation zone (which is in the jet area) decreases with residence time; (2) the NOx
increases when the time for its formation is increased; and (3) the NOx increases

when the true reactor gas temperature increases.

2. NOx versus pressure, for 3.0, 4.7 and 6.5 atm pressure, at 1800 to 1940 K reactor gas

temperature and variable residence time, between 0.5 and 4.0 ms. The NOx

decreases with pressure because the time for O-atom relaxation to equilibrium
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decreases with pressure, and because the NOx formation zone shrinks. The NOX is
pressure neutral at low residence times and for the unheated inlet, because the
chemical kinetic dependencies on pressure are weak and because the NOx formation
zone spreads throughout the reactor for all pressure levels, i.e., the reactor is free-
radical rich throughout for both high and low pressure (reactor is well-stirred).

NOy versus inlet air temperature, at 3.0, 4.7 and 6.5 atm pressure, variable residence

time between 0.5 and 4.0 ms, and 1800 to 1940 K reactor gas temperature. Two

temperature levels are studied: unheated inlet (approximately 373 K) and heated inlet
(approximately at 573 K). Preheating the inlet combustion air has little effect at 3.0
atm, but it favors the reduction in NOx formation at 6.5 atm and residence times
below 1.5 ms. Two possible reasons are postulated as explanation of the behavior:
lower jet entrainment length, resulting in a smaller reaction zone, and a smaller

influence of the prompt pathway due to leaning out of the flame.



93
CHAPTER 4

MODEL DEVELOPMENT, RESULTS AND DISCUSSION

4.1 Introduction

The data obtained using the high-pressure jet-stirred reactor indicate novel trends
with respect to NOx dependency on pressure, residence times and inlet temperature
during lean-premixed combustion of methane. The trends are the result of complicated
chemical, fluid mechanical and heat transfer effects associated with combustion in a
confined space.

The physical picture that emerges from discussion in Chapter 3 is of a turbulent
premixed flame anchored over and around the inlet jet, all surrounded by a post-flame
environment of recirculating gas. This dual reaction zone configuration lends itself to a
two-zone chemical kinetic model in which the first zone represents the non-equilibrium
turbulent flame and the second the post-flame gas, per discussion in Section 3.5.1. The
size of the turbulent flame (i.e., the fraction of the reactor volume occupied by the highly
non-equilibrium gas) increases for low residence times and, at the lowest times, it may
fill the entire reactor. The flame also fills more of the reactor volume at lower inlet
temperatures than for a preheated inlet (Section 3.5.3). Therefore, the partitioning into
the two zones depends on the turbulent premixed flame regime present in the reactor.
Section 4.2.1 is dedicated to finding that regime by consolidating premixed turbulent

flame correlations into a coherent representation of a confined flame. Section 4.2.2
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develops a chemical reactor model to represent the flame and the post-flame zone, and
finds the sizes of the zones to best match the data.

However, the chemical kinetics within the zones are also changing with varying
combustion conditions. For example, the prompt mechanism has a smaller influence in
the leaner preheated inlet gas cases compared to unheated inlet cases. In addition, there
is an effect of pressure on NOx. The O-atom fills more of the reactor volume at low
pressures, resulting in higher NOx than at high pressures. Section 4.3 analyzes the
kinetics of the NOx formation based on the two-zone model developed in Section 4.2.2.
In Section 4.3 the final link between the zone sizes and the kinetics in each zone is
established for a broader understanding of the NOx formation in the HP-JSR.

The model is expected to have predictive capabilities for other jet-stirred reactor
configurations and conditions, and may provide a conceptual method for modeling gas

turbine combustors as well.

4.2 Model Development
4.2.1 Calculation of Turbulent Flame Characteristics
4.2.1.1 Defining the HP-JSR Operating Regime in Turbulent Combustion Terms

The turbulent flame characteristics of interest for the present study are burning
velocity and flame thickness. This section includes calculations of other characteristics,
as well, because they are necessary to calculating the velocity and thickness. All

calculations are done using some measured data, correlations from the literature, and
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some assumptions, which will be clearly stated. The calculated values are used both in
building the models and in verifying modeling results.

The first step is to define the regime of turbulent combustion in which the HP-JSR

operates. There are three regimes of turbulent combustion (Turns, 2000):

1. Wrinkled laminar flames regime, where the laminar flame thickness (5.) is smaller
than the smallest turbulent eddy, i.e., Kolmogorov scale, n: 8. <n. The small eddies
curve the otherwise straight laminar flame. So, the flame is as thin as a laminar
flame, but it is wrinkled due to turbulence.

2. Flamelets in eddies regime, where the laminar flame thickness is larger than the
Kolmogorov scale but smaller than the integral turbulent length, lo: n < &, < I,.
Kobayashi et al. (1997) have visualized flamelets in eddies by instantaneous
Schlieren photography and laser-tomography. They explain that the flames wrinkle
significantly, and, consequently, parcels of unburned gas are engulfed into the flame.
The experimental conditions are: Damkohler number is above 1.0, the ratio of
turbulent intensity to the laminar burning velocity is below 10, and the turbulent
Reynolds number is below 3000.

3. Distributed reaction regime, where laminar flame thickness is larger than the integral
turbulent length, lo: 8. > lo. In this case flame thickness is so large that turbulence is
embedded into the flame. Well-stirred reactors operate in this regime.

The above regimes are summarized in Figure 4.1, where Damkdhler number is
plotted versus turbulence Reynolds number. This plot was published by Abraham et al.

(1985) and is reproduced herein.
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Figure 4.1 Important parameters characterizing turbulent premixed combustion.
(Abraham et al., 1985.) Operation of the HP-JSR at the minimum and maximum
residence times are identified for following conditions: 6.5 atm (circles), 3.0 atm

(diamonds), 6.5 atm at 573 K inlet temperature (squares), and 3.0 atm at 573 K inlet

temperature (triangles)

The two non-dimensional numbers, i.e., Damkdhler and turbulence Reynolds, are
calculated using the following procedure. The Damkdhler number is defined as: Da =
mixing time/chemical time.  The turbulent Reynolds number is defined as:
Re=u'do/v, where v is kinematic viscosity at the measured inlet temperature and reactor

pressure. The nozzle diameter, d,, is assumed to be integral turbulent scale (I, = do), i.e.,

it is comparable to the order of magnitude of the largest turbulent eddies. The nozzle
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diameter in the present experiements is 0.0014 m. The time for mixing is calculated as
the ratio of the jet nozzle diameter, d,, to the turbulent intensity, u', where u' is defined as
10% of inlet jet (cold) velocity, u, (calculated by Equation 3.1 in Chapter 3), or

Tmix = Uo /U= do / 0.1u,

Turbulent intensity, u', is plotted in Figure 4.2 versus residence time for the three
pressures tested (3.0, 4.7 and 6.5 atm), with preheat (573 K) and without preheat.
Turbulent intensity is not a function of pressure, and is only a weak function of the inlet
temperature. It decreases 4-fold with the residence time increase between 0.5 and 4.0 ms.
The decrease in u' is proportional to the decrease in the inlet velocity, which is caused by
the 8-fold decrease in mass flow rate and the 2-fold decrease in the flow factor (caused by
the increase in the ratio of reactor and total pressure) for the same residence time range.
This decrease in u' causes a 4-fold increase in the mixing time over the range of residence
times.

Appendix C contains the spreadsheet of the turbulent intensity and all other

turbulence parameters discussed in this section and calculated for all conditions.
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Figure 4.2 Turbulence intensity, u', plotted versus residence time for three pressures and
for unheated and heated (573 K) inlets

The chemical time is calculated as the ratio of laminar flame thickness to the laminar
burning velocity:

Tehem = OL / S

The burning velocity, S, is a function of fuel type, fuel-air equivalence ratio (¢),
adiabatic flame temperature (Tp), inlet temperature (T,), and pressure (p). The equation

used herein to calculate S, for methane is taken from Gottgens et al. (1992):

M 0.565175 644427 T T To 2.5158
s, =022167.| M1 -exp(— —) . (_uj b
Mg + My TO TO Tb — TU

where for methane:
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Gottgens et al. (1992) give a physical definition of T° as the temperature at the point
of transition between the chemically inert preheat zone and the energy release layer.
Therefore, combustion chemistry only takes place at temperatures above T°.

The dependence of burning velocity on inlet temperature and pressure in the Gottgens
et al. (1992) equation for S_ is in excellent agreement with the comprehensive
measurements by Andrews and Bradley (1972) at $=1.0. During methane combustion, at
$=1.0 with no preheat, pressure affects the burning velocity to the exponent of —0.5. This
result was recently confirmed for ¢=0.9, 1.0, and 1.1 and for pressures between 0.1 and
1.0 MPa by Kobayashi et al. (1997). The dependence of the burning velocity on pressure
at lean fuel-air equivalence ratios is also relatively close to the measured values presented
in Andrews and Bradley (1972).

These points give confidence to the use of this equation for calculating burning
velocity for the present experimental conditions. The calculated values for S, versus the

residence time of the HP-JSR are given in Figure 4.3.
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Figure 4.3 Laminar flame speed versus residence time for three pressures and for

unheated and heated (573 K) inlets

The laminar flame thickness is calculated by &, = o / S, where o is thermal
diffusivity of air calculated using measured inlet temperature and reactor pressure.
Abraham et al. (1985) suggested this equation, with o based on inlet temperature, to be
consistent with their approximations used to construct Figure 4.1.

Figure 4.4 shows how the calculated thermal diffusivity decreases with pressure and
increases with inlet temperature. The slight increase with residence time, apparent at the
unheated inlet cases is due to the increase of inlet temperature with residence time, which
is concluded in Chapter 3 to be a result of increased reactor heat loss. The inlet
temperature effect is most pronounced at 3 atm where the inlet temperature difference

between low and high residence times is the highest.
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Figure 4.4 Calculated thermal diffusivity versus residence time for three pressures and for
unheated and heated (573 K) inlets

The kinematic viscosity (not shown), used to calculate the turbulent Reynolds
number, is similar in magnitude to the thermal diffusivity because the Prandtl number is
about 0.7. Both the kinematic viscosity and thermal diffusivity are inversely proportional
to pressure and increase with inlet temperature.

The calculated values for the laminar flame thickness are plotted versus residence
time for the three pressures in Figure 4.5. The laminar flame thickness decreases with
residence time, except at residence times below 1.5 ms, at 6.5 atm and 4.7 atm without
preheat, where it increases with residence time. This behavior is a consequence of the
decrease in laminar burning velocity at these conditions, caused by a minimum fuel-air

equivalence ratio for residence times between 1.5 to 2 ms. For all calculated cases o, is
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between 0.046 and 0.080 mm. This is larger than the Kolmogorov scale, plotted in
Figure 4.6, but smaller than the integral length scale, i.e., the nozzle diameter, d, = 1.4
mm, indicating burning in the flamelets in eddies regime (Turns, 2000). The
Kolmogorov scale is calculated using the following equation:

n= (V3 / 80)1/4
where v is the kinematic viscosity at the inlet temperature and reactor pressure, and g, is

the dissipation rate, estimated by the following equation:
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Figure 4.5 Laminar flame thickness versus residence time for three pressures and for
unheated and heated (573 K) inlets
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Figure 4.6 Kolmogorov scale versus residence time for three pressures and for unheated
and heated (573 K) inlets

The parameters obtained to this point are sufficient to calculate Da and Re and
determine the turbulent flame regime. The Da and Re numbers are shown for all
calculated cases in Figures 4.7 and 4.8, respectively.

The calculated limiting cases for combustion in the HP-JSR, i.e., minimum and
maximum residence times for the pressure levels of 6.5 atm and 3.0 atm for unheated and
heated (573 K) inlets, are shown on Figure 4.1. For both pressures and both inlet
temperatures, points higher in Figure 4.1 correspond to the largest residence time and the
lower points to the smallest residence time. For example, at 6.5 atm without preheat, Da
decreases from 0.41 at 4.0 ms (maximum residence time) to 0.09 at 0.5 ms (minimum
residence time), and Re increases from 2917 to 15135 for the same change in residence

time. The decrease in Da is primarily caused by the substantial increase in u’, which also
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causes Re to increase. Da is also influenced by changes of the chemical time, tchem,

whereas Re is influenced by changes in kinematic viscosity for the unheated cases.
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Figure 4.7 Damkdhler number versus residence time
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Figure 4.8 Turbulent Reynolds number versus residence time

The results shown in the Da versus Re plot of Figure 4.1 indicate the operation of the
HP-JSR falls in the flamelets in eddies regime (Turns, 2000). A similar conclusion can
be obtained if results are placed in the Borghi (1985) diagram, another non-dimensional
diagram for which the axis are u'/S, and 1,/8.. The flamelets in eddies regime is fairly
large with the criterion for the regime defined as: 1 < 1,/6,. < o0 and n/5, < 1.

The boundaries for the turbulent flame regimes suggested in the literature are rather
arbitrary. Abraham et al. (1985) place the boundary between the flamelets in eddies
regime and the distributed reaction regime at |, = 3, but note that a sufficient condition
for the presence of the distributed reaction regime is actually I, << 3. (the necessary
condition is not determined). Additionally, Kobayashi et al. (1997), based on Bray’s

diagram (Bray, 1980), and Chomiak (1990), call the regime of Da < 1 the distributed
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reaction regime. The Da < 1 criterion suggests that combustion in the HP-JSR is in the
distributed reaction regime because calculation of Da shows that it is always lower than
unity, except for the highest residence time preheated case at 3.0 atm, for which it is 1.0.

The discussion in the previous paragraph suggests that the combustion regime in the
HP-JSR is either the flamelets in eddies or the distributed reaction regime. The
experimental evidence from the CO profiles is that reaction high in free-radical
concentrations is spread through the reactor for operation at short residence times. This
implies distributed reaction.

In the HP-JSR, mixing rate is faster than the chemical reaction rate. This is due to
very high turbulence intensities which assure high turbulent Reynolds numbers (1100 <
Re < 15135). The ratio u'/S, varies from 28 for 3 atm, at 573 K inlet temperature, and a
residence time of 3.3 ms, to 356 for 0.5 atm, at no preheat, and a residence time of 0.535
ms. This ratio increases with increasing pressure and decreasing residence time and inlet
temperature. The laminar flame thickness is only an order of magnitude smaller then the
integral scale for all conditions, (i.e., 18 < do/6, < 31). In addition, for most cases, /3.
has the order of magnitude of 10, characterizing a regime far from the thin reaction
sheet regime of wrinkled laminar flames. This ratio increases with residence time, inlet
temperature and decreases with pressure. The highest value of 0.13 is at 3.0 atm, 573 K

preheat, and 3.3 ms.
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4.2.1.2 Calculation of Turbulent Burning Velocity

Glassman’s (1996) general definition of turbulent burning velocity, St, is a mass
consumption rate per unit area divided by the unburned gas density. In this analysis, St
is taken from the non-dimensional modeling performed by Schmid et al. (1998). They
found good agreement between calculated values for St and experimental results by the
following equation:

Sr=S, +u'(1+Da?)

Although their comparisons were done for Damkohler number in the range of 0.2 to
2.8, the trend for St appears to be applicable outside of the range.

For Da > 3.2, i.e., Da’ > 10, the above formula for St reduces to St = S_ + u'. This
solution is the same as the wrinkled laminar flame regime solution derived by
Damkaohler. Other theories that have been derived to describe the wrinkled laminar flame
regime have resulted in similar solutions. Turns (2000) notes that in all theories the St is
only a function of S_ and u' for this regime, and does not involve any other turbulence
parameters, such as length scales. Since experimental conditions in HP-JSR are far from
the wrinkled laminar flame regime, this will not be further discussed.

For Da<0.31, i.e., Da’ < 0.1, the above formula for St reduces to:

Sr=S, +u Da> =S + (u'SL do/8)%?

Since u'd,/d. >> Si, the equation for turbulent burning velocity can be approximated
by:

St (U SL dof/81)%° = (U' do/tehem)*"= (ot Ftenem)™”
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This is analogous to laminar flame theory with the turbulent diffusivity, o, taken as
u'd,, and substituted for o, the laminar thermal diffusivity. This means that St is
proportional to the square root of the turbulent intensity and the integral scale, and
inversely proportional to the square root of the chemical time (tchem = Si/61). This is the
distributed reaction regime solution presented in Chomiak (1990). The present work
assumes that the integral scale is constant in all conditions, since large-scale turbulence is
generated by flow through the nozzle of constant diameter d,. This somewhat simplifies
the analysis to a discussion of u' and tchem. HoOwever, the significantly large range of inlet
velocities in the experiments complicates the problem, because it causes turbulent
intensities to vary substantially. This causes the increase in Re and is the primary cause
of the decrease in Da at lower residence times. This change in Re and Da could mean a
transition in combustion regimes occurring within the data range, which will be discussed
later.

The calculated values of St for the pressures, residence times, and inlet temperatures
of the HP-JSR are shown in Figure 4.9. Turbulent burning velocity decreases with
residence time from 0.5 to 1.5 ms, and is constant or varies only slightly for residence
times above 1.5 ms. This trend is explained by the following. Since the thermal
diffusivity and the laminar burning velocity are fairly constant at low residence times,
and u' is fairly large, St is effectively a function of u®. At residence times higher than
1.5 ms, St remains relatively constant because the increase of Da is compensated by the

decrease of u'.
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Figure 4.9 Turbulent burning velocity versus residence time for three pressures and for
unheated and heated (573 K) inlets

Turbulent burning velocity decreases with pressure. This is a consequence of the
decrease of Damkohler number with pressure. It increases with inlet temperature due to
the increase in both the Da and the u’ with increasing inlet temperature.

The non-dimensionalized burning velocity, St/S., is plotted versus u'Da’/S, in
Figure 4.10. For most cases, the relationship can be approximated as linear and
originating from the zero of the coordinate system, proving that the Sr = u'Da’®
approximation is valid for most conditions in the present work. Only at highest residence
times in preheated cases is a slight diversion from linearity observed, indicating that the

above approximation begins to fail only for the largest Damkohler numbers encountered

in this study.
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In Figure 4.11, a ratio of the turbulent and laminar burning velocities is plotted versus

the ratio of the turbulent intensity and laminar burning velocity for all reactor conditions.

If all the results are approximated by two linear functions, one to fit the lower data and

the other the rest, then the change in the slope of the data, termed “bending”, occurs in

the vicinity of u'/S_ = 60 in all cases. The “bending” of the St/S. curves for high u'/S_

ratios, and small Da, is suggested by Schmid et al. (1998) to be a result of reaching a

point in which chemistry becomes so slow (relative to mixing) that it reduces the

acceleration of the flame front by turbulence.

The chemical time, defined as tchem =

dL/Sy, is plotted versus residence time for all conditions in Figure 4.12. It decreases with
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residence time for all conditions, except for 6.5 and 4.7 atm without preheat, where it first

increases and then decreases with increase in residence time.
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Figure 4.11 Ratio of turbulent and laminar burning velocities versus ratio of turbulent
intensity and laminar burning velocity
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Figure 4.12 Chemical time versus residence time for three pressures and for unheated
and heated (573 K) inlets

4.2.1.3 Calculation of Turbulent Flame Thickness

The turbulent flame thickness is or. It is calculated by analogy with the laminar
flame thickness, &, as ratio of the turbulent diffusivity to the turbulent burning velocity,
St, as discussed above. Turbulent diffusivity in this work is estimated as a product of
turbulent intensity, u', and integral length scale, d,, as suggested by Chomiak (1990).

Therefore, the values for turbulent flame thickness are calculated by the following
formula: 8t = u' do / St. The relation between the flame thickness and the residence time
for all three pressures and both heated and unheated inlets is depicted in Figure 4.13,

which indicates that for a constant residence time the flame thickness decreases between
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6.5 and 3.0 atm. This is a consequence of the turbulent flame speed’s inverse dependence
on pressure. For all three pressures and both heated and unheated inlets, the flame
thickness increases with decreasing residence time. This is a consequence of the increase
in inlet velocity with decreasing residence time. The increase in flame thickness at low
residence times is counteracted by an increase in St with decreasing residence times, as
shown in Figure 4.9. It is noted that the maximum thickness is 5.4 mm and it occurs at
0.75 ms and 6.5 atm, 573 K inlet temperature. This thickness is nearly identical to the
radius of the HP-JSR at the widest point, which is 5.75 mm. This indicates that at this
condition the flame spreads throughout the reactor. A flame thickness of the same order
as the reactor radius is also calculated for the shortest residence times for the other
pressures and for both heated and unheated cases.

Another factor that is important in the analysis of the physical parameters of the flame
is how far the unreacted fuel and air reach into the reactor before being burned. Since the
flame is assumed to form a cone positioned on top of the nozzle, then the height of the
cone corresponds to the maximum length the unreacted gas reaches before being burned.
This length, defined as the unreacted core length, increases with decreasing residence
time. In fact, the core length increases in direct proportion to the flame thickness. The
relation between the core length and the flame thickness is derived by the following
procedure. The unreacted core length, h, is defined using the following geometric
relation:

h = 0.5d,/tana
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where o = asin(St/U,) is the half-angle of the unreacted jet core, defined in Figure 4.14.
Figure 4.14 depicts the relation between flame angle, inlet velocity, and turbulent burning
velocity at the flame front. The flame front is defined as the time and space average of
the area at which fresh reactants begin to burn. It also depicts the unreacted core and it’s

length.
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Figure 4.13 Turbulent flame thickness versus residence time for three pressures and for
unheated and heated (573 K) inlets

For small angles, tana = sina., S0 do/2h = St/u, = St/10u’. Consequently, one obtains
h = 567.

Assuming that the flame forms a cone positioned on the nozzle, as depicted in Figure
4.14, by neglecting the unreacted core, the volume of the flame can be approximated as

Viiame = 5n871°. The percent of the reactor volume filled by the flame is calculated as
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(Viiame/ Viotar) 100, where Vi =1.5 cm®. When 8t = 3.6 mm, the flame volume becomes
Viiame = 0.75 cm?, which is one-half the reactor volume. This corresponds to h = 18 mm,
which is almost the reactor height of 20.19 mm. The calculated flame volume is shown
in Section 4.3, where it is directly compared to the flame volume inferred from the

chemical reactor modeling presented in Section 4.2.2.

Unreacted core length

Unreacted ]
core Flame thickness

Figure 4.14 Sketch of flame geometry

The longest unreacted core length is at 6.5 atm, 0.75 ms and 573 K preheat, and it is
27.2 mm. This means that at this condition, premixed, unreacted fuel and air reach the
top of the reactor and probably sweep along the top and sides of the reactor, before being
burned. The shortest core length is 7.9 mm, for 3.0 atm, 3.33 ms and 573 K preheat. In

this case, the unreacted gases reach at least 39% of reactor height.
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At the low residence times, the core length and the flame thickness are large, so more
of the reactor volume is filled by the unreacted mixture. The necessary criterion for the
existence of a well-stirred reactor in combustion is that the flame spreads evenly
throughout the whole volume, and it appears that combustion in the HP-JSR meets this
criterion at low residence times. The sufficient criterion for the existence of a well-
stirred reactor in combustion is that the chemical reaction species are time-mean
homogeneous within the flame. The turbulent intensities are high in the HP-JSR at low
residence times, implying it is approaching the sufficient criteria for a well-stirred
reactor.

At large residence times, the flame thickness decreases, confining the flame to the
region around the inlet jet. This effectively divides the reactor into two zones, i.e., the jet
with surrounding flame brush (with a high NO production rate) and the recirculation zone
or post-flame zone (with a low-NO production rate). This division into two zones has
been postulated in Chapter 3 based on CO experimental measurements. It is important to
define the transition point between the reactor volume being filled by the flame, and the
flame being confined to a small part of the reactor volume. The Damkohler number is a
convenient tool for assessing flames and is used to define this transition point.

Chomiak (1990) postulates that distributed reaction combustion occurs when I, < 3.
If the equation for St= (u' I, S / 8,)*°, derived in Section 4.2.1.2, is substituted into the
equation for 6+ = u' I, / St, then &t is expressed as:

Sr=ulo/St=ulo/ (Ul SL/8)*° = (u'lo 8/ S)%

After substituting the equation for &7 into I, < &t, the inequality becomes:
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lo< (U'lo 8L/ S)%,

which is equivalent to

lo< U'dL/SL

This inequality is equivalent to Da < 1, the distributed reaction criterion of Chomiak
(1990).

The HP-JSR approaches the well-stirred reactor for Damkohler numbers that satisfy
the following inequality:

Da<C
where C is constant less than 1. The value of constant C is influenced by the fact that the
flame in the HP-JSR is confined. Due to confinement, the flame bends, i.e., sweeps

around the inner walls of the reactor cavity, and mixing within the flame is enhanced.

4.2.2 Two-PSR Model

The two-PSR model is considered in this work. The model consists of two PSR’s in
series where fresh methane and air enter the first PSR, denoted PSR1, and all of the
products exiting PSR1 enter the second PSR, denoted PSR2. This model was
successfully used by Bengtsson et al. (1998) and Steele (1995) to model NOx data from
high-pressure jet-stirred reactors. This model has the advantage of being very simple and
easy to use. It is validated in thick turbulent flames with low Damkohler numbers if
PSR1 and PSR2 represent the flame zone and the stirred post-flame zone respectively.

Mixing of fuel and oxidizer in the distributed regime of turbulent flame is improved
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compared to molecular diffusion, which is the only mechanism for mixing within thin
laminar or wrinkled laminar flames. The flame zone is thicker than the smallest turbulent
eddies, i.e., the Kolmogorov scale eddies roll within the flame, thus enhancing the
mixing. The high mixing intensity at low Da warrants that the flame is reasonably well
represented by the perfectly-stirred reactor. For the post-flame zone, the characteristic
turbulence time is longer than in the flame zone because the characteristic length scale is
the overall reactor dimension and not the inlet jet diameter. The chemical time is also
longer than in the flame, since rate of chemistry slows considerably in the post flame
zone. Therefore, the post-flame zone is also reasonably well represented by the
perfectly-stirred reactor. Since conversion in PSR2 is highly dependent on the gas
temperature, PSR2 is run at the measured temperature corrected by the heat transfer
analysis presented in Section 3.3.4. Adiabatic conditions are assumed for PSR1 because
the heat release rate in the flame is so high that any other heat transfer can be neglected.
The volume of the PSR1 is an adjustable parameter. It is determined based on matching
measured and modeled values for CO and NOx. The two-PSR model uses the GRI 3.0
(Smith et al., 1999) chemical kinetic mechanism.

The two-PSR model is illustrated, conceptually, in Figure 4.15, which represents the
axi-symmetric cross sectional area of the HP-JSR. Figure 4.15 shows the jet zone and the
recirculation zone. The flame is positioned on the edge of the jet zone in the form of a
cone. The length of the unreacted core is depicted in Figure 4.15 with arbitrary height,
because it varies with reactor conditions, i.e., it is shorter than the reactor height for the

long residence times, and longer at the short residence times. The two-PSR model



119
consists of three reactors, as shown in the schematic given in Figure 4.16. A small PFR
is added upstream of the two PSR’s to represent the cold jet of premixed methane and air,
i.e., the unreacted core. It’s volume is determined assuming that it is a cone with a
circular base of diameter d, and with height h, which is the unreacted core length. (The
means of calculating the unreacted core length were described in Section 4.2.1.3.) This
volume is rather small, and for all cases does not exceed 1% of the total reactor volume.
The sum of the volumes of the core-PFR, PSR1 and PSR2 is 1.5 cm®, which is the total
volume of the HP-JSR. Matching of the model to the measured NOx and CO is
performed by varying the volume of PSR1 starting from the blowout volume to the
maximum volume. The blowout volume is determined based on the prescribed fuel-air
equivalence ratio and mass flow rate. The maximum volume is determined as 1.5 cm®

minus the core-PFR volume.
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As mentioned, the volume of PSR1 is determined as a result of analysis based on
matching the measured and modeled values for CO and NOx. An example is given in
Figure 4.17 below for 0.5 ms at 6.5 atm and no preheat. In this figure, both the NOx and
the CO exiting the PSR2 are shown for volume partitions ranging from the PSR1 volume
at blowout to the PSR1 volume equal to 100% of the reactor. The volume partition is
defined as Vpsri/Viotal, Where Vit = V psr1 + V psrz. TWO lines present the modeling
results: the upper line corresponds to the modeled NOx and the lower one for modeled
CO. The NOx and CO are for PSR2, which are the modeled reactor exit concentrations.
The two circles indicate experimental measurements: the upper circle shows the
measured CO and the lower circle shows the measured NOx. The measured NOx and
CO are for the recirculation zone of the reactor, at the location of minimum CO (i.e., in
the eye of the recirculation zone, as defined in Chapter 3). Assuming a nominal
experimental error of 15% in measured concentrations, suggested by Steele (1995) for a
similar system, the model can successfully predict the NOx for the volume ratios
anywhere between about 17 and 100%. For CO, however, the model reaches the
experimental value only around 97% volume ratio. Therefore, it is the CO level that
determines the volume ratio for which the model successfully predicts the experimental
emissions measurements at the conditions shown in Figure 4.17. In this case, the CO and

NOx measurements suggest the reactor is operating close to a single PSR.
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Figure 4.17 CO and NO exiting PSR2 in PFR+PSR1+PSR2 reactor setup, using GRI 3.0
Mech. at 0.5 ms, 6.5 atm and no preheat conditions. The two arrows indicate
experimentally measured values of CO and NOx.

Figure 4.18 depicts the same modeling approach applied to conditions at 4.0 ms, 6.5
atm and no preheat. In this case the NOX, rather than CO, determines the volume ratio of
Vpsri/Viota. This is because the NOx modeling results are similar to measured values at
the low volume ratios only, whereas the CO modeling remains within the experimental
error for a wide range of volume ratios, from 0 to 95%. In this case, the NOx and CO

data suggest the reactor is operating with two zones: a flame zone of small volume,

followed by a large post-flame stirred zone.
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Figure 4.18 CO and NO exiting PSR2 in PFR+PSR1+PSR2 reactor setup, using GRI 3.0

Mech. at 4.0 ms, 6.5 atm and no preheat conditions. The two arrows indicate

experimentally measured values of CO and NOx.

In order to further understand the two-PSR model, a plot of NOx formation rate

versus volume ratio, for 0.5 and 4.0 ms cases at 6.5 atm and without preheat, is shown in

Figure 4.19. Figure 4.19 is accompanied by Table 4.1, which contains concentrations of

relevant species, for 0.5 ms case at 6.5 atm and no preheat. The O-atom, OH and CH are

shown Dbecause they are indicators of the free-radical presence responsible for

hydrocarbon destruction, CO oxidation, and finally NOx formation. The hydrocarbons

are represented by CHs. The O-atom and CH radical have primary responsibility for

NOx formation, per discussion in Sections 2.3 and 3.4. Figure 4.19 shows that the NOx

formation rate is higher in PSR1 for both 0.5 and 4.0 ms cases and for all volume ratios.
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With exception of near blowout, the NOx formation rate decreases with increasing
volume ratio. The reduced NOx formation rates near blowout are probably caused by the
reduced O-atom concentrations near blowout, which in turn, are caused by insufficient
time for O-atom formation. The NOx formation rate decreases 5-fold in the PSR1
between volume ratios of 20% and 100%, whereas the O-atom decreases 56%. The CH
radical is an order of magnitude different between 20% (and blowout, which occurs at
14%) and 100% volume ratio. Results in Figure 4.19 also suggest that the NOXx
formation rate in PSR2 decreases slightly for small volume ratios, and then increases
slightly for most of the reactor volume ratios. At high ratios, it picks up and increases to

reach single PSR conversion at 100%.
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Figure 4.19 NOXx conversion or formation rate versus volume ratio in two-PSR model
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Table 4.1 Free radical concentrations [ppmv, wet] in PSR1 and PSR2 at 6.5 atm at 0.5
ms and no preheat conditions.

Volume
ratio [%] 0 OH | CH4 CH NOx | coO

14 PSR1 | 528 | 1786 | 1348 0.1 5.64 | 18800
(Blowout) | PSR2 | 142 | 1299 7 0.0003 | 7.64 | 1993
20 PSR1 | 702 | 2594 | 645 0.12 11.33 | 12300
PSR2 | 118 | 1191 4 0.00015 | 12.85 | 1497

30 PSR1 | 580 | 2391 | 486 0.07 11.32 | 9589
PSR2 | 109 | 1146 4 0.0001 | 12.53 | 1360

90 PSR1 | 322 | 1842 | 233 0.02 11.04 | 4742
PSR2 | 187 | 1487 10 | 0.00056 | 11.46 | 2364

100 PSR1 | 305 | 1797 | 219 0.02 11.02 | 4449

The high rate of NOx formation in PSR1 causes a sharp increase in NOx at low

volume ratios shown in Figures 4.17 and 4.18. The maximum NOXx occurs at a volume

ratio of 20% for all residence times (shown in Figure 4.20 below) except 4.0 ms, where

this maximum NOXx occurs at volume ratio below 10%.

NOx remains rather flat for

higher volume ratios, because the rate is inversely proportional to residence time, i.e.,

(NOx rate) x (VPSR1/Vtotal) = const. For example (directly from the Figure 4.19):

[(NOx rate) x (VPSR1/Vtotal)] @30% = [(NOx rate) x (VPSR1/Vtotal)] @50% =

[(NOXx rate) x (VPSR1/Vtotal)] @90%
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Figure 4.20 CO and NO exiting PSR2 in PFR+PSR1+PSR2 reactor setup, using GRI 3.0
Mech. at 1.5 and 2.0 ms, 6.5 atm and no preheat conditions. The arrows indicate
experimentally measured values of CO and NOx

Figure 4.20 contains modeling and experimental results for 1.5 and 2.0 ms cases at
6.5 atm with no preheat. It can be noted that the best match between the model and the
experiment is found at two distinctly different volume ratios. For 1.5 ms, the best match
is found at 95%, and for 2.0 ms it is found at 6%. Therefore, the model suggests that
transition between the HP-JSR operating as a single large flame and as a small flame
zone followed by a large post-flame zone occurs somewhere between the two residence
times shown in Figure 4.20. For low residence times, data are matched for volume ratios

of about 100%, whereas at high residence times the match occurs closer to volume ratios

of a few percent. This can be characterized as a two-mode behavior. Further, the
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transition between the two modes appears to occur over a narrow range of residence
times.

Similar plots to the ones shown in Figures 4.17, 4.18, and 4.20 have been created for
other conditions. The best match with the experimental data is obtained for various
levels of volume ratios. However, two-mode behavior is observed for all cases, with
exception of the preheated 3.0 atm data, which will be discussed later. The best match
volume ratio is plotted in Figures 4.21 and 4.22 for unheated and preheated (573 K)
cases, respectively. It is apparent from these two figures that there are three
distinguishable sets of data:

1. 6.5 atm with and without preheat, and 4.7 atm without preheat, which undergo
transition between 1.5 and 2.0 ms

2. 4.7 atm with preheat, and 3.0 atm without preheat, which undergo transition between
1.0and 1.5 ms, and

3. 3.0 atm with preheat, which remains in the small-flame-zone mode for residence
times greater or equal to 1.0 ms.

The existence of the three distinguishable sets of data is related to the turbulent flame
thickness, shown in Figure 4.13. The lowest values of &1 are noted for the 3.0 atm with
preheat case, i.e., the third data set. The next highest values of &1 are noted for the 4.7
atm with preheat, and for 3.0 atm without preheat, i.e., the second data set. The highest
values of &1 are noted for the first data set. In addition, for all three sets, all the cases for
which &t is above 3.6 mm correspond to the cases successfully modeled as a single PSR,

and all the cases for which &7 is below 3.6 mm correspond to the cases successfully
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modeled as a small PSR followed by a large PSR. The flame thickness of 6= 3.6 mm
approximately corresponds to unreacted core gas striking the reactor top wall, and flame
encompassing half of the reactor volume. The turbulent flame calculations indicate that
the 3.6 mm flame thickness corresponds to a residence time of about 1.0 ms for the third
data set, about 1.3 ms for the second data set, and about 1.8 ms for the first set. The
varying residence time for the occurrence of the transition flame thickness is a result that
is related to the discussion presented in Section 4.2.1.3. There, it is postulated that the
HP-JSR approaches the well-stirred reactor for Da < C, where C is constant less than 1.
Since transition occurs at 6r= 3.6 mm, i.e, |,/ 6r = 0.39, then Da = 0.15 is a non-
dimensionalized transition point. The value of constant C in the HP-JSR is determined to
be 0.15.
Figures 4.23 through 4.26 give the comparisons of the two-PSR modeling for NOx
and CO to the measured data at the point of minimum CO in the recirculation zone, to

show how well the two-PSR model can fit both NOx and CO data.
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Figure 4.23 NOXx data compared to the results obtained using two-PSR model for
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Figure 4.24 CO data compared to the results obtained using two-PSR model for unheated
cases
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Figure 4.25 NOXx data compared to the results obtained using two-PSR model for 573 K
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Figure 4.26 CO data compared to the results obtained using two-PSR model for 573 K
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The agreement between the modeled and measured NOx and CO is excellent for all
cases at low residence times. However, at higher residence times, with the exception of
6.5 and 4.7 atm cases without preheat, the model overpredicts CO. The cases
overpredicting CO are: 3.0 atm, no preheat, 3.3 ms; 3.0 atm, preheat, 1.6 and 3.3 ms; 4.7
atm, preheat, 3.0 ms; and, 6.5 atm, preheat, 4.1 ms. Since the model for these conditions
is done assuming that PSR1 is at blowout (due to relatively low measured NOXx), the
predicted CO can not be any lower. It is postulated that, since in these cases mixing is
the poorest, gases that reach close to the eye of the recirculation zone flow through a zone
without any mixing, which could be represented by a PFR. The modeling suggests that
the addition of a small PFR downstream of PSR2 could bring the CO levels within 20%
of measured value, without significantly changing the NOx. The size of a PFR depends
on the reactor conditions, as does the percent of the total volume pertaining to the eye of
the recirculation zone. The PFR size increases with decreasing pressure, increasing
residence time, and increased inlet temperature. At the highest residence time for 3.0 atm
and 573 K preheat, a PFR with a volume of 5% of the total reactor volume is sufficient to
lower the CO to level within 20% of the measured value.

It is important to note that although the reactor partition is done solely based on
obtaining the best match between the measured and the modeled NOx and CO, the
volume of PSR1 does appear to have physical significance. The residence time in PSR1
is of the same order of magnitude as the chemical time (shown in Figure 4.12). In
addition, the high rate of formation of NOx in PSR1 is representative of the flame zone,

whereas the slow burnout in PSR2 is representative of the post-flame zone. In cases for
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which a single PSR models the data, the NOx formation rates are high in the entire
reactor volume, simulating spreading of the flame and high concentrations of O-atom,
CO, and other reacting species, throughout the HP-JSR.

The disadvantage of the two-PSR model is that it does not capture high CO levels that
are measured at the reactor walls in the low residence time cases. Using a single PSR to
model data at these conditions suggests homogeneous species concentrations, which is
not the case according to the CO and NOx HP-JSR reactor profiles.

The HP-JSR researchers Steele (1995) and Bengtsson et al. (1998) have modeled the
experimental data by using the chemical reactor model. Both have found that using two
PSR’s in series, first to represent the flame zone and the second the burnout zone, gives
the best match to the experimental data. Steele has sized reactors to match the CO
concentrations in the “high-CO” and “low-CO” zones. His work was done at high
residence time (2-4 ms) with preheated inlet, so the reactor at these regimes was certainly
experiencing a flame confined to the region around the inlet jet. In his work, Vpsr1/Viotal
=~ 5-10%, which is consistent with the present findings that measured NOx and CO levels
are best predicted using low volume ratios for Vpsgi/Viotal-

Bengtsson et al. (1998) have added a PFR to the two PSR’s to represent reactions in
the flow that exits the reactor prior to entering the probe positioned in the exit pipe. The
reactor sizes were determined by matching measured and predicted CO levels at all
studied conditions and atmospheric extinction limits using the Bockhorn mechanism.
The optimum volume partition in this work was 30% PSR1, 60% PSR2 and 10% PFR for

residence times between 1.0 and 2.0 ms. The turbulent flow characteristics in the reactor
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used by Bengtsson et al. (1998), i.e., the integral length scale, the multiple jets, the size of
the reactor, were very different from the present work. In addition, Bengtsson et al.
(1998) used a different chemical kinetic mechanism and measured species outside the
reactor, where sufficient time was allowed for chemical conversion (namely CO
oxidation to CO,), thus making it even more difficult to compare to the present work.
Configurations other than PSR+PSR+PFR were explored in their work, as well, but
without successful results. For example, they explored the addition of the recycle of the
exit from the second PSR back into the first, which did not result in the significant
reduction of high CO concentrations in the first PSR. Steele (1995) has independently
arrived to the same conclusion regarding recycling. This is easily explained by the fact
that the exhaust of the second PSR contains very little reactive species that could oxidize
the CO. Bengtsson et al. (1998) have also explored the effect of different chemical
kinetic mechanisms, and found that best match to the NOx data is not obtained by the
GRI 2.11 mechanism — predecessor to the currently used GRI 3.0 (Smith et al., 1999),
although this mechanism gives closest prediction of CO and N,O concentrations.

In summary, the two-PSR model was proven to give best results with respect to CO

and NOXx for both Steele (1995) and Bengtsson et al. (1998).
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4.3 Comparison of Turbulent Flame Thickness Model to Chemical Reactor Model
This section is intended to combine the results obtained in Sections 4.2.1 and 4.2.2.
The physical dimension of the flame, expressed as the flame thickness, o1, calculated in
Section 4.2.1.3, is related to the chemical kinetic solutions of the two-PSR model, i.e., to
the sizes of the two PSR’s, which are shown in section 4.2.2. The goal is to find a
comprehensive model of NOx formation for the lean-premixed flame in the high-pressure
jet-stirred reactor. This model is then used in Section 4.4 for the further explanation of
the chemical kinetics of NOx formation as a function of reactor conditions, i.e., residence

time, pressure, and inlet temperature.

4.3.1 Determination of the Size of the Flame

The percent of the reactor volume filled by the flame, calculated as Vsame/Viotal, Where
Viiame = 5787° and Vo = 1.5e-6 m® (section 4.2.1.3) varies with residence time, pressure,
and inlet temperature. Figure 4.27 depicts Vsame/Viotar applied to the 6.5 and the 3.0 atm
cases without preheated inlet. The volume ratio Vpsri/Viotar 1S Superimposed for the same
conditions in Figure 4.21. By comparing Figures 4.21 and 4.27, it can be seen that the
Vpsr1/Viotar @aNd Vame/ Vot CUrves are qualitatively similar.  For all three pressures
considered, and for both preheated and unheated cases, when height h of the unreacted
core becomes approximately 18 mm, which is just below the height of the reactor cavity
(20.2 mm), the turbulent flame thickness & is 3.6 mm and thus Viame = 0.75 cm®. This is

one-half the reactor volume. Comparison to the two PSR modeling shows this condition
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closely corresponds to the sharp transition from Vpsri/Viotal = 100% t0 Vpsr1/Viotal < 10%

where the Damkohler number at transition is Da = 0.15.
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Figure 4.27 Ratio of PSR1 volume to the total volume (Vpsr1/Vt), corresponding to the
best match between the measured and modeled data, and ratio of flame volume to the
total volume (Vflame/Vt), estimated by turbulent premix combustion correlations, plotted
versus reactor residence time. The pressures are 6.5 and 3.0 atm and there is no preheat

The sharp decrease of Vsame/Viotal at intermediate residence times, (i.e., 1 to 2 ms), is

noted in Figure 4.27, and is caused by a decrease in 6. The 3.0 atm case undergoes the

transition at a smaller residence time than the 6.5 atm case. The 3.0 atm flame has a

greater Da than the 6.5 atm flame, and hence, a smaller thickness. In order for the 3.0

atm flame to fill the reactor, the reactor must operate at a lower residence time than for

the 6.5 atm case. Also, the 3.0 atm case shows closer agreement between the flame

thickness modeling and the two PSR modeling, probably because its fuel-air equivalence
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ratio, and hence Da, change significantly between low residence times (¢=0.7) and large
residence times (¢=0.8).

Similar behavior to that shown in Figure 4.27 for the unheated cases is also noted for
the preheated cases. The preheated results are shown in Figure 4.28 for all three pressure
levels. The Damkohler number is higher for the preheated cases because the chemistry is
faster than for the unheated cases. Thus, a lower residence time is required for transition.
For the case of the preheated inlet and 3.0 atm, no transition to single PSR behavior
occurs. That is, throughout the range of residence times studied, the reactor remains a
small PSR for the flame zone and is followed by a large PSR for the stirred post-flame

Zone.
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Figure 4.28 Ratio of PSR1 volume to the total volume (Vpsr1/Vt), corresponding to the
best match between the measured and modeled data, and ratio of flame volume to the
total volume (Vflame/Vt), estimated by turbulent premix combustion correlations, plotted
versus reactor residence time. The pressures are 6.5, 4.7 and 3.0 atm and reactants are
preheated to 573 K
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The model points to two-mode behavior in the reactor. At low residence times, the
necessary and sufficient conditions for combustion in a well-stirred reactor, defined in
Section 4.2.1.3, are reached, so the reactor is modeled as a single-PSR. At long times,
the flame remains confined to a part of the reactor (less than 10% volume), so the reactor
is modeled with a two-PSR model. The PSR is used because the Damkohler number is
low (Da < 1). The flame is modeled as PSR1 and the rest of the reactor, or post-flame
zone, is modeled as PSR2. The NOx forms in both the flame and in the stirred post-
flame zone, but the kinetics for it’s formation are significantly different in the two zones.

Therefore, single- and two-PSR cases are analyzed separately in the following sections.

4.4 Chemical Kinetic Results

The chemical kinetics of the NOx formation in the HP-JSR are analyzed for the
single-PSR and the two-PSR cases separately. Section 4.4.1 analyzes kinetics of NOx
formation for the single-PSR (low residence time) cases, whereas Section 4.4.2 analyzes
kinetics of NOx formation for the two-PSR (long residence time) cases. At the end of
each section, the kinetic analysis is applied to explain the experimental trends. In Section
4.4.2, the kinetics in PSR1 are analyzed separately from the PSR2, but at the end of the

section, both are combined to explain the experimental trends.
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4.4.1 Kinetics of NOx Formation in Single-PSR (Short Residence Time) Cases

As shown above, the entire HP-JSR can be modeled as a single-PSR for several of the
short residence time experiments. For these cases, chemical kinetic modeling can be
conveniently used to assess the relative importance of the several pathways that can form
NOXx. These pathways are discussed in Chapter 2.

Each NOx formation pathway exchanges species that form NOx with two or more
other pathways. For example, N-atom, which oxidizes into NO primarily through the
second and third Zeldovich reactions, i.e., Equations 2.2 and 2.3, is formed via the first
Zeldovich reaction (Equation 2.1), the prompt reaction (Equation 2.10), as well as
through a series of reactions involving short-lived species such as NH and CN.

However, the maximum contribution of each pathway is easily estimated. The
present work uses the following estimates based on the discussion by Nicol et al. (1994).
The maximum contribution from the Zeldovich pathway is (ANO/dt)zeiq = 2 k2.1 [O] [N2];
from the nitrous oxide pathway it is (ANO/dt)n.0 = 2 ko5 [O] [N20] + 2 ka7 [H] [N2O];
from the prompt pathway it is (ANO/dt)prompt = 2 K210 [CH] [N2]; and, from the NNH
pathway it is (dNO/dt)nnn = 2 k212 [O] [NNH].

The NO computed using the above rate equations for each pathway and multiplied by
the residence time in the PSR is plotted in Figures 4.29-4.32 as a percent of the total NO,
or the sum of the four pathways shown. Table 4.2 contains the information used in the
analysis for single-PSR cases, for the three pressures without preheat, and for 6.5 atm
with 573 K preheat. The experimental conditions, i.e., the residence time, gas

temperature, and fuel-air equivalence ratio, are presented first. The measured NOXx
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[ppmv, wet] is also included for comparison with the modeling results. The next section
of Table 4.2 contains PSR output (with full mechanism) for O-atom, CH, H, NNH, N0,
N2, and NO, expressed in [ppmv, wet]. The next section of Table 4.2 contains the values
of the NO in [ppmv, wet] that are formed via the Zeldovich, nitrous oxide, prompt and
NNH pathways, as well as the sum of the NO formed by the four pathways. The sum of
NO formed by the four pathways equals the NO formed by the full mechanism within +
5%. The last row is the NO formation rate, which is calculated as the NO mole fraction
in [ppmv, wet] from the PSR output divided by the reactor residence time in [ms]. The
values in the table are taken from the spreadsheet shown in Appendix D. Appendix D
also contains plots of O-atom and CH-radical concentration versus reactor overall

residence time, which are not included in the text, but are nevertheless useful.
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Figure 4.29 Percent of the NO formed by each of the four pathways in a single-PSR at

6.5 atm and without preheat
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Figure 4.30 Percent of the NO formed by each of the four pathways in a single-PSR at

6.5 atm with 573K preheat
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Figure 4.31 Percent of the NO formed by each of the four pathways in a single-PSR at

4.7 atm without preheat
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Figure 4.32 Percent of the NO formed by each of the four pathways in a single-PSR at

3.0 atm without preheat
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Table 4.2 Numerical results for single-PSR model. ([ppmw] denotes [ppmv, wet].)

6.5 atm 6.5 atm 4.7 atm 3.0 atm
unheated preheated unheated unheated
ofResidence 054 | 098 | 1.48 | 074 | 156 | 0.89 | 1.40 | 0.66 | 0.98
Sjtime [ms]
ET;]mperat“re 1820 | 1825 | 1830 | 1805 | 1825 | 1819 | 1829 | 1804 | 1820
C
[eB) B
glruel-Air 074 | 071 | 067 | 057 | 059 | 0.72 | 0.69 | 0.70 | 0.69
S|Equiv. Ratio
SMeasured
Slnox . [opmw] 120 91 | 96 | 61 | 72 | 103 | 88 | 11.3 | 103
—=o 305 | 221 | 178 | 252 | 173 | 369 | 288 | 789 | 652
ElcH 0.017 | 0.006 | 0.003 | 0.003 | 0.001 | 0.013 | 0.006 | 0.03 | 0.02
Sl 130 | 66 40 50 28 | 130 | 80 | 344 | 240
SINNH 0.001 | 0.0006 [0.0004[0.0005 [0.0003] 0.002 [0.0006] 0.002 | 0.001
9IN,0 1.64 | 1.82 | 1.87 | 2.33 | 207 | 1.07 | 161 | 1.07 | 1.18
=N, 730200(733700] 73670 |743700|743000|732700{734800[732300(734200
gNo 11 10 | 96 | 64 8 116 | 11.7 | 126 | 13
=|zeldovich NO| 1.00 | 1.41 | 1.82 | 1.00 | 1.78 | 1.44 | 1.98 | 1.24 | 1.82
S[Nitrous NO | 3.76 | 4.44 | 478 | 367 | 449 | 311 | 513 | 3.44 | 4.40
EpromptNO | 534 [ 351 [ 270 | 129 [ 0.94 | 484 | 362 | 499 [ 5.19
SINNH NO 100 | 079 | 064 | 058 | 049 | 2890 | 1.06 | 2.95 | 1.80
Ssum NO 11.09 | 10.14 | 992 | 654 | 7.70 | 12.29 | 11.80 | 12.62 | 13.21
NO formationf )5 | 105 | 65 | 85 | 51 | 131 | 84 | 191 | 133
rate[ppm/ms]

Figures 4.29-4.32 show that the dominant pathways for NOx formation in lean-

premixed combustion without preheat, for residence times corresponding to the single-

PSR solution, are the prompt (designated by “CH” in the figures) and the nitrous oxide

pathways. The latter is dominant for preheated cases, and yields about 56-58% of the

NO. The prompt pathway is, however, important for the cases with the unheated inlet.

The prompt pathway’s maximum contribution of 48% of the NO occurs at 0.53 ms and
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6.5 atm. The contribution from the Zeldovich pathway is secondary because of the
relatively low temperature of the experiments. The NNH pathway’s contribution is
secondary, as well. The Zeldovich and NNH pathways add up to 33% of the total NO for
all cases.

The NO formed by the prompt and NNH pathways decreases with increasing
residence time, except for the 3.0 atm case, for which prompt NO is insensitive to the
residence time. The prompt NO decreases because of a significant drop in [CH] with
residence time. The NO formed by NNH decreases because both [NNH] and [O]
decrease with increasing residence time.

The CH-radical is a short living species in flames, so the only way to capture it’s
existence in a PSR is if the PSR residence time is short. Figure 4.33 depicts [CH] versus
PSR residence time for single-PSR cases. (Figure D.2 in Appendix D shows [CH] versus
PSR residence time for all cases.) Figure 4.33 shows how the [CH] decreases an order of
magnitude from 0.5 to 1.5 ms. The [CH] dependency on fuel-air equivalence ratio,
pressure, temperature, and inlet temperature conditions is secondary to the strong
decrease with residence time.

The NO formed by the nitrous oxide and Zeldovich pathways increases with
residence time. The nitrous oxide NO and Zeldovich NO increase with residence time
because the time available to form NO increases and overcomes decreases in [O] and [H].
Temperature is nearly constant at these low residence times. The decrease of O-atom
with residence time is plotted in Figure 4.34 for the single-PSR cases. (Figure D.1 in

Appendix D shows [O] versus PSR residence time for all cases.) It is apparent that the
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decrease in O-atom with residence time is significantly weaker than the decrease in [CH],
shown in Figure 4.33. O-atom also decreases with pressure, but the inlet temperature

does not influence it.
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Figure 4.33 Concentration of CH radical versus reactor residence time for single-PSR
cases
The absolute value of NOx formation from each of the four pathways, the sum of the
NOx formed by all four pathways, the modeled NO and the experimentally measured

NOX, are shown in Figures 4.35-4.38 at the end of the section.
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Figure 4.34 Concentration of O-atom versus reactor residence time for the single-PSR
cases

Results from the chemical kinetic modeling explain the following experimental trends
when the reactor is operating in single-PSR mode (residence time from 0.5 to 1.6 ms):

1. The fall-off in measured NOx with increasing residence time for unheated
cases (Figure 3.10) is consistent with the decrease of the NO formed by the prompt
and the NNH pathways at the lowest residence times. At 6.5 atm, the prompt
contribution to NO formation decreases from 48% at 0.54 ms to 27% at 1.48 ms.
This decrease is promoted by the sharp decrease (5.7 times) in [CH] (Figure 4.33).
Furthermore, since [NNH] decreases 2.5 times and [O] decreases 1.7 times, the
contribution of the NNH pathway to NO formation decreases from 9 to 6%. The

Zeldovich contribution increases from 9 to 18% primarily due to the increase in
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residence time. The NO yield by the nitrous oxide pathway increases from 34 to 48%
between 0.54 and 1.48 ms residence time, but has little overall effect on total NOx
yield. At 3.0 atm, the predominant pathway is the prompt, which remains constant at
40% NO vyield between residence times of 0.66 and 0.98 ms. This behavior occurs
because the decrease in [CH] by factor 1.5 through this residence time range is
cancelled by the increase in time to form NO. In spite of the decrease in both the [O]
and the [H] by factors 1.2 and 1.4, respectively, the NO-yield from the nitrous oxide
pathway increases from 27 to 33% due to an increase in time and [N,O]. Zeldovich
NO also slightly increases, whereas the NO yield from the NNH-pathway decreases
from 23 to 14% primarily because of the 50% decrease in [NNH].
. The decrease in NOx obtained by preheating the inlet air is consistent with a
diminished influence of the prompt pathway, since the absolute yield of NO by the
other three pathways is similar between the unheated and preheated cases (compare
Figures 4.35 and 4.36). [O] is nearly insensitive to preheat, while [H] and [NNH]
decrease slightly and [N2O] increases slightly. [CH] decreases significantly, because
of the decrease in the fuel-air equivalence ratio, causing the prompt pathway to
contribute only 12 to 20% of the NO. The nitrous oxide pathway is predominant,
yielding 56-58% of the total NO. The Zeldovich pathway yields 15-23% of the NO,
and the NNH pathway vyields 6-9%. The measured increase in NOx of only 1.1
ppmv, wet between 0.74 and 1.56 ms at 6.5 atm (with the inlet preheated to 573 K) is
explained by the small increase of only 2% in NO formed by the nitrous oxide

pathway, as well as by the small increases in NO formed by the three other pathways.
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3. The small increase in NO with decreasing pressure observed in the experiments is
explained by the following. [O], [H], [NNH], and [CH] increase with decreasing
pressure, while [N,O] decreases. Thus, the absolute yields of the NO formed by the
prompt and the NNH pathways increase with decreasing pressure, whereas the
absolute yields of NO formed by the nitrous oxide and Zeldovich pathways remain
relatively constant with pressure. The increase of prompt NO from 3.5 to 5.2 ppmv,
wet at 1.0 ms between 6.5 and 3.0 atm explains the measured small increase in NOx

with decreasing pressure.
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Figure 4.35 Absolute value of the NO formed by each of the four pathways in a single-
PSR at 6.5 atm and without preheat. Also shown is the sum of the NOx formed by the
four pathways, the NO from the PSR output (NO model) and the measured NOXx
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Figure 4.36 Absolute value of the NO formed by each of the four pathways in a single-
PSR at 6.5 atm and 573 K preheat. Also shown is the sum of the NOx formed by the four

pathways, the NO from the PSR output (NO model) and the measured NOXx
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Figure 4.37 Absolute value of the NO formed by each of the four pathways in a single-
PSR at 4.7 atm and without preheat. Also shown is the sum of the NOx formed by the

four pathways, the NO from the PSR output (NO model) and the measured NOx
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Figure 4.38 Absolute value of the NO formed by each of the four pathways in a single-
PSR at 3.0 atm and without preheat. Also shown is the sum of the NOx formed by the
four pathways, the NO from the PSR output (NO model) and the measured NOx

4.4.2 Kinetics of NOx Formation in Two-PSR (Long Residence Time) Cases

Results from the chemical kinetic modeling applied to higher residence time cases,
where the reactor is modeled as a small PSR1 followed by a large PSR2, indicate that
(depending on conditions and overall residence times), 16 to 53% of NO forms in PSR2.
This percentage increases with increasing overall residence time and with decreasing
pressure. When the modeling results for all three pressures, with unheated and preheated
inlets, are combined, the following conclusions can be made: at 2 ms, 26+10 % of the
modeled NO forms in PSR2, whereas at 4 ms, the value is 46+7 %. The increase of the

percentage of the NO formed in the PSR2 with increasing overall residence time is
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caused by the increase in both overall time and temperature in PSR2. The increase of the
percentage of NO formed in the PSR2 with decreasing pressure is a consequence of
increasing O-atom levels in the PSR2 with decreasing pressure, as well as higher gas
temperatures at the lower pressures. The predominant pathways for NOx formation in
PSR2 are the Zeldovich and nitrous oxide pathways. The prompt and NNH pathways
yield less than 5% NO each, due to low concentrations of CH and NNH. The Zeldovich
contribution increases with residence time due to higher gas temperatures, offsetting
contribution of the nitrous oxide pathway. The information used in the analysis of the
two-PSR cases, for the three pressures without preheat, and for 6.5 atm with 573 K
preheat is contained in Tables 4.3a and 4.3b below, as well as in the spreadsheet of
Appendix D. The contributions of the four pathways that form the NO in PSR2 are
plotted in Figures 4.39-4.42, for the case of unheated inlet at all pressures and the case of
the heated inlet at 6.5 atm. The sum of the NO formed by the four pathways is up to
8.4% higher than the NO formed by the full mechanism in PSR1, whereas the difference
between the sum and the full mechanism for NO in PSR2 is +2.5%.
The summary of the results for PSR2 follow:

1. For 2 ms overall residence time, about 25% of the NOx forms in PSR2. For the
unheated inlet cases, and at all pressures, about 50% is from the nitrous oxide
pathway and 50% from the Zeldovich pathway. For the preheated inlet case, the

Zeldovich pathway is favored over the nitrous oxide pathway.
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2. For 4 ms overall residence time, about 50% of the NOx forms in PSR2. Both the

Zeldovich and nitrous oxide pathways contribute to NOx. However, the Zeldovich

NO is favored.

Table 4.3a Numerical results for two-PSR model (for 6.5 atm). ([ppmw] denotes [ppmv,

wet].)
6.5 atm 6.5 atm
unheated preheated
C_)verall residence 2ms Ams 2ms Ams
time [ms]
s [PSR number PSR1 | PSR2 | PSR1 | PSR2 || PSR1 | PSR2 | PSR1 | PSR2
G Resid ti i
= [Resiaence  Ume 1N 5 196 | 1.897 |0.0695| 3.833 || 0.231 | 1.847 | 0.045 | 3.892
£ |PSRx [ms]
[¢D)
.E Temperature  [K] [ 1757 | 1836 | 1748 | 1880 || 1820 | 1840 | 1764 | 1884
[¢D)
o < N
m Fue_I-Alr Equivalence 07 073 06 0.66
Ratio
Measured NOX 75 10.3 6.2 8.8
[ppmv, wet]
=0 518 53 | 569 | 53 516 | 44 | 750 | 60
£ [cH 005 | 5e-5 | 0.12 | 2e-5 |[ 0.016 | 5e-6 | 0.13 | 2e-5
SH 303 | 57 | 474 | 6.0 159 | 2.8 [5354] 55
S [NNH 0.003 | 6e-6 | 0.004 | 6e-5 |[ 0.002 | 3e-5 | 0.005 | 6e-5
35 IN,O 1.33 1 095 [ 078 || 21 | 0.9 1 0.87
= N 730400(735700|724800{733300|[739800[742700(728900{738200
2 INO 5.5 73 | 54 | 96 68 | 81 | 43 | 92
= [zeldovich NO 020 | 074 | 011 | 236 |[ 0.74 [ 063 | 0.11 | 2.85
5 Nitrous NO 119 | 071 | 065 | 1.30 || 282 | 044 | 055 | 1.57
£ [Prompt NO 307 | 006 | 393 | 005 || 219 | 0.01 | 291 | 0.05
& [NNH NO 124 | 0 | 1200 | 007 |[ 145 | 0.01 | 1.06 | 0.08
2 SUM NO 560 | 151 | 569 | 3.79 || 7.2 | 1.09 | 463 | 456
NO formationrate {437 | 38 | 777 | 25 || 204 | 44 | 956 | 24
[[ppmv,wet/ms]




153

Table 4.3b Numerical results for two-PSR model (for 4.7 and 3.0 atm). ([ppmw] denotes
[ppmv, wet].)

4.7 atm 3.0 atm
unheated unheated
C_)verall residence 2.0ms 3.6 ms 2.0ms 3.3ms
time [ms]
@ [PSR number PSR1 | PSR2 | PSR1 | PSR2 || PSR1 | PSR2 | PSR1 | PSR2
SIR — - :
< [~estaence ume 1 4956 | 184 |0.0704| 3.391 || 0.08 | 1.78 |0.0432| 2.994
€ [PSRx [ms]
[¢D)
g Temperature  [K] || 1704 | 1836 | 1739 | 1879 || 1716 | 1865 | 1734 | 1928
[¢D)
o < N
o5 [uel-Air Equivalence) g 0.72 0.71 0.79
Ratio
Measured NOX 71 10.9 11.7 19.5
[ppmv, wet]
=0 683 | 91 | 948 | 84.2 || 1591 [ 224 | 1613 | 222
E |cH 007 | 1e6 | 02 | 5e5 || 0.35 [0.0002] 1 [0.0004
SH 4241 | 11.2 | 7777 | 11.3 || 1354 | 448 | 2113 | 60.4
S INNH 0.003 | 8e-5 | 0.005 | 8e-5 || 0.006 0.00021]0.0087]0.0003
5 [N,0 1 11 | 08 [ 083 |[ 057 | 102 | 037 | 0.76
= N 730700737000 724600[733700|[724100[734000{713000|728100
2 [No 428 | 64 | 68 | 112 || 7.7 | 121 | 101 | 211
= [zeldovich NO 010 | 089 | 012 | 238 || 0.11 | 1.83 | 0.07 | 5.72
5 Nitrous NO 071 | 099 | 064 | 152 || 051 | 1.92 | 029 | 357
£ [Prompt NO 260 | 000 | 450 | 008 || 532 | 0.11 | 856 | 0.42
S |NNH NO 121 | 006 | 154 | 010 || 228 [ 023 | .79 | 053
S [sum NO 462 | 194 | 6.88 | 408 || 822 | 4.09 | 10.7 | 10.24
NO formation rate 338 | 35 | 966 | 33 || 96 | 6.8 | 2338 7.0
[ppmv,wet/ms]




NO/NOtotal [%]

80
6.5 atm
70 4 |no preheat
60 -
PSR2
50 -
40 - T~ -
30 -
20 -
10 -
0 T r '..._---_-_:_'.'.'_'_-.-:-_--..—
1 15 2 2.5 3 35 4

Residence time [ms]

Zeldovich
— — — N20
— - - — NNH

154

Figure 4.39 Percent of the NO formed by each of the four pathways in the PSR2 at 6.5

atm without preheat
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Figure 4.40 Percent of the NO formed by each of the four pathways in the PSR2 at 6.5

atm with 573 K preheat
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Figure 4.41 Percent of the NO formed by each of the four pathways in the PSR2 at 4.7

atm without preheat
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Figure 4.42 Percent of the NO formed by each of the four pathways in the PSR2 at 3.0

atm without preheat
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For the residence time of 2 ms, the majority of the NOx forms in PSR1, whereas at 4
ms, the NOx split, about equally, between PSR1 and PSR2. For the cases considered
herein, the O-atom is an order of magnitude higher in PSR1 compared to PSR2, [H] and
[NNH] are two orders of magnitude higher, and [CH] is four to five orders higher. [N,O]
decreases 15-30% between PSR1 and PSR2 at 6.5 atm (except for 2.0 ms with preheat
where the decrease is 56%). However, at lower pressures [N,O] increases between PSR1
and PSR2. The highest increase in [N2O], which is 78%, is noted at 3.0 atm and 2.0 ms
overall residence time. The rate of NOx formation is significantly higher in the PSR1,
reaching a rate of 234 ppm/ms when the pressure is 3.0 atm and the overall residence
time is 3.3 ms. The NOx formation rates in PSR1 and PSR2 are shown in Tables 4.3a
and 4.3b. The rates in the PSR1 are compared to the rates in the single-PSR modeling in
Figure 4.43. The PSR1 rates are plotted versus overall reactor residence time. It can be
noted in Figure 4.43 that rates in PSR1 are larger than for the single-PSRs, in spite of
lower temperatures. This is because the free-radical concentrations are significantly
higher in PSR1, which is caused by the very short residence time of PSR1. (Note that
PSR1 rates in Figure 4.43 are plotted versus overall reactor residence time and not PSR1
residence time.) As PSR residence time increases, there is more opportunity for free

radical relaxation towards equilibrium.
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Figure 4.43 NOx formation rate versus overall residence time for three pressures with
unheated inlet and for 6.5 atm and inlet preheated to 573 K. For residence times at 2.0
ms and above, the values correspond to the rates in corresponding PSR1

The contributions of the four pathways that form the NO in PSR1 are plotted in
Figures 4.44-4.47, for the unheated inlet cases at all pressures and for the heated inlet
case at 6.5 atm. The dominant pathway is the prompt pathway, responsible for the
formation of up to 80% of the NO. The influence of the NNH-pathway is significantly
increased compared to the single-PSR modeling and the PSR2 cases, contributing
between 20 and 30% of the total NO. These effects occur because residence time in
PSR1 is very short, causing high concentrations of short-living CH and NNH species.

The influence of the nitrous oxide pathway is significantly diminished, and Zeldovich

pathway contributes less than 10% of the NO in all cases.
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Figure 4.44 Percent of the NO formed by each of the four pathways in PSR1 at 6.5 atm

without preheat
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Figure 4.45 Percent of the NO formed by each of the four pathways in PSR1 at 6.5 atm

with 573 K preheat
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Figure 4.46 Percent of the NO formed by each of the four pathways in PSR1 at 4.0 atm

without preheat
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Figure 4.47 Percent of the NO formed by each of the four pathways in PSR1 at 3.0 atm
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The prompt pathway yields increased amounts of NO formed in PSR1 for the long
overall residence times. For example, the NO yield from prompt pathway for 6.5 atm at
2.0 ms overall time is 54% (3.1 ppm, wet), whereas, at 4.0 ms overall time the NOx yield
IS 69% (3.9 ppm, wet). This increase in prompt NO is caused by the increased CH-
radical concentration in PSR1 from 2.25e-12 to 5.44e-12 mol/cm®. The increase in [CH]
is caused by two factors: one is the increasing fuel-air equivalence ratio, and the other is
shortening of PSR1 residence time from 0.13 to 0.07 ms for the overall residence time
increase from 2.0 to 4.0 ms. The latter has a stronger effect, which can be evidenced in a
few examples. The first example is for 6.5 atm with preheat and with residence times
below 1.6 ms. The reactor is operating in the single-PSR mode. There, [CH] decreases
with increasing residence time, in spite of the increase in fuel-air equivalence ratio. The
second example is at 4.7 atm at a fuel-air equivalence ratio of 0.72 and the two residence
times of 0.89 ms (single-PSR) and 0.0704 ms (PSR1). The CH radical concentrations are
4.1e-13 and 6.6e-12 mol/cm?®, respectively, indicating a strong dependence on the reactor

residence time.

Results from the chemical kinetic modeling explain the following experimental trends
when the reactor is operating in two-PSR regime (residence times above 1.6 ms):
1. The increase in measured NOx with increasing overall residence time for unheated
cases (Figure 3.10) is consistent with the increase of O-atom, H, CH, and NNH
concentrations in PSR1, and with the increased time for the NO formation in PSR2.

The former is, in effect, caused by decreasing residence times in PSR1. Since the
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prompt pathway is predominant in PSR1, and its contribution to the total NOx
increases with the overall residence times, it is most responsible for the increase in
the NOx formed in the PSR1. The increased time available for the NOx formation in
PSR2 (at the longer overall residence times) increases the percentage of the NOx that
is formed in the PSR2. The reactive species concentrations are lower, but the overall
residence time, and thus temperature, is significantly higher in PSR2, hence
increasing the contribution of the Zeldovich pathway, which is the predominant NOx
pathway in PSR2.

The decrease in measured NOx with preheating the reactants is relatively small at
long residence times. The model is consistent with this observation. When PSR1
outputs listed in Table 4.3a are compared for unheated and preheated inlet cases, at 4
ms overall residence time, it is concluded that the mole fractions of O, CH, NNH, and
N2O are relatively similar, thus resulting in similar NOx yields. The same is
concluded when PSR1 outputs are compared for unheated and preheated cases for 2
ms cases, or when PSR2 cases are compared at both residence times. The
contribution of each pathway is also rather similar in both PSR1 and PSR2.

The increase in NOx with decreasing pressure is caused by the increase in free-radical
concentrations in both zones. In PSR1, between 6.5 and 3.0 atm, the O-atom
concentration increases 3 times, the [CH] 7-8 times, the [H] 4.5 times, and the [NNH]
2-times, whereas the [N,O] decreases 2.5 times. Consequently, the NOx formation
rates in PSR1 increase between the two pressure levels from 2.2 times at 2.0 ms to 3

times at 4.0 ms. The contribution of each pathway changes, however. In general, the
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prompt contribution increases, nitrous oxide and Zeldovich are decreasing and the
contribution of the NNH-pathway to the total NOx remains relatively constant. For
example, at 2.0 ms, between 6.5 and 3.0 atm pressure levels, the prompt NO
contribution increases from 54 to 65%, the NNH-NO contribution increases from 22
to 28%, the nitrous oxide NO contribution decreases from 21 to 6%, and Zeldovich
NO decreases from 3 to 1%. The O-atom concentration in the PSR2 increases with
decreasing pressure, and so does the gas temperature. This causes Zeldovich and
nitrous oxide pathway NO rates to increase which, in turn, increase NO formation
rates in the PSR2 from 1.8 times at 2.0 ms to 2.8 times at 4.0 ms. The prompt and

NNH-pathways have little contribution to the overall NO production.

4.5 Summary of Modeling Results
The experiments were modeled using two approaches: turbulent flame thickness

estimation and chemical reactor modeling. The results are summarized below:

1. The turbulent flame thickness model shows the Damkéhler numbers are low (0.06 <
Da < 1) and turbulent intensities are high (ratio of turbulent intensity to laminar
burning velocity is 28<u'/S; <356), indicating the combustion in the HP-JSR occurs in
the high intensity, chemical rate limiting regime.

2. The chemical reactor model is developed to match the NOx and CO experimental
data. The low residence time cases are modeled with a single PSR, indicating that the

HP-JSR approaches a well-stirred reactor. The long residence time cases are modeled
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with two PSR’s in series, a small PSR to model the flame confined to the centerline
region of the HP-JSR and a large PSR to model the reminder of the reactor.

. The volume of the flame estimated by the turbulent flame thickness model, Vfiame =
5187°, is comparable to the volume of PSR1, adding confidence to the validity of the
chemical reactor model. This allows for the chemical kinetic interpretation of the
experimental data by the chemical reactor model.

. The low residence time data are modeled with a single-PSR chemical reactor model.
The prompt pathway is the predominant pathway for NO formation in this regime.
Both the decrease in NOx with residence time (found for unheated inlet experiments
at short residence times) and with preheat are explained by the decrease of the NOx
formed by the prompt mechanism.

. The long residence time cases are modeled with a two-PSR chemical reactor model.
The volume of the first PSR is up to 10% of the volume of the second PSR. The
predominant pathway for NO formation in the first PSR (which represents the flame)
is the prompt pathway. The predominant pathway in the second PSR (which
represents the post-flame zone) is the Zeldovich pathway. The measured NOXx
increase with increasing residence time is consistent with the increased prompt NO in
the first PSR and increased Zeldovich NO in the second PSR. The inlet temperature
does not affect the measured NOx and this is consistent with the model. The decrease
of NOx with pressure was measured only at long residence times and is consistent
with the reduction of the prompt NO and NNH-NO in the first PSR, and with the

reduction of the Zeldovich NO and nitrous oxide NO in the second PSR.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
The NOx and CO formation in lean-premixed combustion have been studied at

elevated pressures (6.5, 4.7 and 3.0 atm), for unheated inlet gas and for the inlet

preheated to 573 K, and for a range of residence times (0.5 to 4.0 ms) - all at reactor gas
temperatures between 1800 and 1940 K. The study has been conducted in two parts.

First, an experimental database was created using a high-pressure jet-stirred reactor (HP-

JSR). Second, data were modeled and interpreted using premixed turbulent combustion

correlations and chemical reactor modeling.
The conclusions of this study are as follows:

1. The HP-JSR experiences significant heat loss at small flow rates, i.e., at large
residence times. Consequently, although the measured temperature was held constant
at 18035 K, the true gas temperature in the experiments varied from about 1800 to
1940 K.

2. The percent of the HP-JSR volume taken up by the flame varies with reactor
residence time, pressure, and inlet temperature. This conclusion is made based on the
measured CO reactor profiles and by the calculations of the flame volume. At short
residence times, the highest CO concentrations are measured both at the centerline
and at the wall. This CO behavior indicates the flame has extended all the way

around the top and down the reactor wall. The turbulent flame thickness calculations
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verify this behavior by showing a long and a thick flame at short residence times.
Furthermore, at long residence times, the CO concentrations are low throughout the
reactor, except near the centerline, where they are much higher. This CO behavior
indicates that the flame is short and thin and confined to the centerline region of the
reactor. The turbulent flame thickness calculations verify this observed CO behavior
by showing a short and thin flame at long residence times. Additionally, a
comparison of CO profiles for unheated and preheated cases shows that an increase in
inlet temperature decreases the flame volume. Finally, calculations of the flame
volume show that by increasing the pressure, the flame volume is decreased.

The NOx concentrations are dependent on the following: (a) the size of the flame and
the post-flame zone, and (b) the NOx formation kinetics in each zone.

Experimental data and modeling of NOx formation show that the HP-JSR approaches
a well-stirred reactor at lower residence times.

For unheated inlet combustion gas, the NOx decreases with increasing residence time,
reaching a minimum at an intermediate residence time. This residence time is about
2.0 ms at 6.5 atm, 1.5 ms at 4.7 atm and 1.0 ms at 3.0 atm. At these residence times,
the flame volume is approximately one-half of the reactor volume. The NOXx
behavior is consistent with a decrease in the contribution of NOx formation through
the prompt pathway as residence time increases. The prompt NO decreases with
residence time due to significant decrease in the CH radical concentration in the

flame.
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6. The measured NOx increases with increasing residence time above 2.0 ms at 6.5 atm,
1.5 ms at 4.7 atm and 1.0 ms at 3.0 atm. Two effects cause this increase. First, the
NOx concentration in the flame zone increases with increasing residence time,
primarily due to the increase in the NOx formed by the prompt pathway (caused by
the increasing CH radical concentration in the flame). Second, the NOX
concentration in the post-flame zone increases with increasing residence time due to
the increase in the NOx formed by the Zeldovich pathway (caused by the increasing
gas temperature).

7. At low residence times, the measured NOx concentrations for preheated inlet gas are
somewhat lower than for the unheated inlet gas. This decrease in NOXx is consistent
with a decrease in the NOx formation through the prompt pathway, since the yield of
NO by the other three pathways is similar between the unheated and preheated cases.
At long residence times, the impact of the prompt NO is reduced since it only
influences a small part of the reactor. Therefore, decrease in measured NOx with
preheating the reactants is relatively small.

8. The measured increase in NOx with decreasing pressure is caused by: (1) the increase
in free radicals in the flame and the post-flame zone, and (2) the increase in the true
gas temperature with decreasing pressure. At the short residence times, the yields of
the NO formed by the prompt and the NNH pathways increase with decreasing
pressure, whereas the absolute yields of NO formed by the nitrous oxide and the
Zeldovich pathways remain relatively constant with pressure. At the long residence

times, the yields of the NO formed by the prompt pathway increase with decreasing
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pressure in the flame, and the yields of the NO formed by of the Zeldovich and the

nitrous oxide pathways increase with decreasing pressure in the post-flame zone.

5.2 Recommendations
The results obtained in this dissertation warrant the following recommendations for

future research:

1. The model for predicting NOx and CO should be validated with data from other jet-
stirred reactors and from industrial combustors.

2. The model for predicting NOx from gas turbine combustors should be applied to the
design development of gas turbine combustors.

3. High pressure JSR experiments should be conducted with constant reactor
temperature at higher pressures, higher inlet temperatures, and lower fuel-air
equivalence ratios than used in this research, to better simulate the commercial gas
turbine conditions.

4. A model should be developed that simulates distributed addition of fuel-air mixture to
parcels of reacting gas as they flow through the reactor. This would be equivalent to
distribution of fuel-air mixture throughout the reactor because of the intense jetting
and mixing. However, the distribution would not be uniform (as assumed in the PSR
theory). It would be skewed towards the jet zone in the reactor.

5. A model should be developed that simulates effect of residence time distribution on
NOXx formation and CO. Interpretation of the present NOx measurements is based on

NOx formation in the jet zone as a means of explaining the NOx uniformity in the
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recirculation zone. However, the NOx uniformity could also arise as the recirculation
zone being a PSR-NOx producer. It could be that NOx forms two ways: 1) by fast,
free-radical chemistry in the jet zone (and jet shear layer), and 2) by slow, free-radical
deficient chemistry in the eye of the recirculation zone. The latter could yield
significant NOx if gas is trapped in the eye for a long time. As a first approximation,
NOx formation could assume a PSR residence time distribution, or a PSR distribution
with a short PFR added up front (effectively requiring each gas particle to remain
within the reactor for at least the PFR time). The young particles in the reactor would
form NOx at a fast rate, and the old particles would form NOx at a slow rate. Most
likely, only the “limit” particles, i.e., the very young (through free-radical driven

NOx) and the very old (through a large amount of time) would yield significant NOx.
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CHAPTER 6
DESIGN CONCEPT FOR A LEAN-PREMIXED COMBUSTOR WITH A TIME-

OPTIMIZED FLAME CAVITY

6.1 Background

Growing environmental concerns, discussed in Chapter 1, are driving the industry
towards reducing greenhouse gases, ozone layer depleting chemicals and pollutant
emissions. As concluded, natural gas fired gas turbines present an important source of
pollutant emissions, and their impact on the environment will increase in the future due to
their increased utilization in the US and international electric power generation markets.

Over the past ten years, the lean-premixed combustor has been developed and is now
the accepted technology for burning natural gas in gas turbine engines. In lean-premixed
combustors, fuel and air are premixed prior to entering the combustor. This technology is
popular, due to its relatively low cost, reliability and acceptable levels of pollutant
emissions. However, NOx emissions are still two digit parts-per-million by volume,
corrected to 15% O, (ppmv, dry, 15% O,), while new emissions regulations are pushing
towards single-digit NOx emissions. One approach to addressing this issue is the use of
catalytic combustors, guaranteeing NOx emissions of a few parts-per-million from gas
turbine engines. However, these devices still have several technological difficulties, such
as material and structural integrity of the catalyst under high temperature and thermal

cycling conditions, which have to be resolved in practical operation. Also, the use of
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catalytic combustion may increase the capital, operating and maintenance costs of the gas
turbines.

The results presented in Chapter 3 lead to a conclusion that if flames in the gas
turbine combustor were confined to a small, enclosed volume, the emissions from these
devices could be significantly reduced. This is the basis of the Time-Optimized Flame
Cavity (TOFC) concept in the lean-premixed combustor of a gas turbine engine. The
Time-Optimized Flame Cavity (TOFC) is essentially a jet-stirred reactor embedded into a
primary combustion zone of combustion systems that involve burning of gaseous and
prevaporized liquid fuels. This device significantly reduces pollutant emissions by
intensely mixing the gases and by controlling their residence time.

The TOFC is a relatively small cavity that contains a stabilized flame. Fuel and air
enter the TOFC through a single jet or multiple jets. (The fuel and air may be premixed
or partially premixed.) Mixing of the colder inlet gases with the hot combustion products
in the TOFC results in combustion of the inlet gas and consequently in a distribution of
temperature and species concentrations from the colder jet core(s) of combustion
reactants to the hot combustion products within the cavity. An optimal distribution of
species concentrations and temperature, leading to the maximum reduction in pollutant
emission, can be obtained by optimizing the residence time of the cavity. It is expected
that this utilization of the TOFC will reduce the NOx emissions levels by an order of
magnitude from the levels measured in the currently operating lean-premixed gas turbine
engines, with a potential of significant CO reduction as well. In addition, the application

of the TOFC can be extended to many other industrial combustors and furnaces.
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The addition of the TOFC to lean-premixed combustors can lead to single-digit NOx
emissions (in ppmv) with natural gas fuel, which is comparable to the levels expected
from the catalytic combustor technology. However, the TOFC in lean-premixed gas
turbine combustors has a significant advantage over the use of catalytic combustion
technology. This device presents only a modification of the existing designs of lean-
premixed gas turbine combustors that have run successfully for thousands of field hours,
and have proven to be reliable and marketable. The TOFC can be implemented into
existing designs with only minor modifications; it does not require developing additional
new technologies, which could be very expensive. In addition, the TOFC has advantages
over the existing designs of lean-premixed gas turbine combustors since single-digit NOx
emissions are feasible with natural gas fuel at current firing temperature conditions, and
the potential for low emissions still exist even if these temperatures are increased.

The central idea of the TOFC is to use a residence time, or a range of residence times,
that minimizes pollutant formation. If the residence time is too short, fuel and
intermediates of combustion, such as CO, will be emitted, and free radicals, such as O-
atom, H-atom, OH-radical, and CH-radical, will fill the combustion cavity and cause a
high formation rate of oxides of nitrogen (NOXx). If the residence time is too long, NOXx
emission will increase simply by virtue of the long time during which it can form. Thus,
there is an optimal residence time, or residence time range, for each cavity geometry and
jet design, which leads to maximum pollutant reduction.

The decrease in the CO, emitted to the atmosphere per every kilowatt of power

produced is achieved by increasing the overall thermodynamic efficiency of the process.
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One way of increasing this efficiency is by increasing the firing temperature, but that
generally results in increasing the NOx formation. The TOFC, by reducing the residence
time in the flame, can be effective in achieving low overall NOx formation in spite of the
increased firing temperature, and therefore creates a potential for future gas turbine

engine development.

6.2 Application to Lean-Premixed Gas Turbine Combustors

The TOFC’s are positioned inside the gas turbine combustor. The fuel and air enter
the combustor through several fuel/air injectors. The TOFC’s should be placed as an
inverted cup, or cap, on each injector. Two design options are proposed:

1. TOFC is a cap detached from the housing but secured in the combustor, and
2. TOFC is a cap attached to the combustor housing.

In the first option, the TOFC’s need to be securely positioned due to high intensity of
the fuel/air jet exiting the injector nozzle. The specifics of the positioning will depend on
the actual combustor in which the cavity is placed. In the case of the example design
shown in Figure 6.1, the fuel/air jet is hitting the opposite side of the TOFC, with a
consequence being that the TOFC would move away from the injector. A solution for
securing the TOFC in place could be a rod secured on one end in the combustor housing,
and reaching with the other end to the outside walls of the TOFC. This rod will prevent it
from moving axially, i.e., in the direction of the jet(s), while a cap, or a ring would
prevent it from moving radially. Both the rod and the cap, or the ring, should be made of

temperature resistant materials.
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In the second design option, the use of the rod and the cap might not be necessary
since the TOFC is an integral part of the housing. This means that the TOFC and the
housing are cast in the same mold. This second design is believed to be the optimal
solution, because the vibrations and the fatal errors of the system will be minimized.

Figure 6.1 shows an example of the TOFC positioned on a single inlet premixed
fuel/air jet nozzle where back mixing is used to stabilize the flame. This example was
conceptualized based on the current design of the HP-JSR, but it can be modified in other
applications. Arrows in Figure 6.1 indicate the back-mixing pattern. The gases exit on
the bottom, underneath the cavity. Any further chemical reaction, and possible pollutant
formation, is quenched by injecting air, denoted secondary air in Figure 6.1, into the
exiting gases immediately upon leaving the cavity. The use of the TOFC opens another
possibility in LP combustion, which is staged lean-lean combustion for ultra low NOXx.
The flame in TOFC is very lean, so little NOx is formed, and if a second flame
downstream of the TOFC is also lean, then it would not form much additional NOx since
burning would be under highly diluted conditions.

The cavity should be constructed with temperature resistant material. Various
ceramic materials that are designed to operate in highly oxidizing and high temperature
environments are recommended for this application.

The fabrication of the ceramic TOFC is proposed as a three-step process. In the first
step, a mold is constructed out of a high temperature resistant material. In the second
step, the ceramic is poured into the mold. Then, the mold with the ceramic is placed in a

high temperature oven, in which the ceramic is cured, i.e., hardened. This mold should
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be re-usable for mass production and it should include the outer shell, and the inner piece.
The outer shell should define the outside dimensions of the device. The inner piece
defines the shape of the cavity. For example, for the design of the example TOFC shown
in Figure 6.1, the outer shell should be made as a cylinder with half-spherical bottom.
The inner mold has the same shape in this case. This design has the advantage that the
inner mold can be pulled out after curing. If, however, the inlet to the cavity is smaller
than the cavity, as in the case of stirred reactor described in Chapter 3, then the mold
cannot be pulled out after curing. Then the inner mold has to be constructed from a
material, such as wax, that would melt in the oven during curing. The ceramic properties
are such that the inner mold will serve its purpose, during the poring and hardening of the
ceramic, by giving the shape to the cavity. But, once the ceramic is hardened the inner
mold can be melted out.

The placing of TOFC’s as caps on single or smaller groups of fuel/air injectors adds
another advantage to the implementation of this design to lean-premixed gas turbine
combustors which is low emissions during start-up, shut-down, and low-power operation.
This can be accomplished by the regulation of mass flow rates into each fuel/air injector.
During reduced-power operation the overall mass flow rates are reduced. This can be
regulated in two ways: 1) by reducing the flow into all the injectors, and 2) by shutting
down flows into some fuel injectors, while the rest work with optimum mass flow rates.
Since the TOFC’s are designed for a particular range of residence times, which are

defined by the optimum range of mass flow rates entering the TOFC, the latter regulation
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option is preferred since it will ensure the low emission formation operating conditions
within the TOFC’s.

The dimensions and shapes of the TOFC depend on the flow rates and composition of
the jet(s) gas, jet(s) diameter, conditions in the reactor, and the optimal residence time or
residence time range for which the pollutant formation will be minimized.

Results obtained in Chapter 3 lead to the conclusion that the application of the TOFC
can yield the NOx levels of as low as 3 ppmv, dry, (15% O,). In order to terminate all
post-flame NOx formation, a relatively small amount of secondary air could be injected
at the exit of the TOFC, as indicated in Figure 6.1. Reducing the gas temperature in the
TOFC can further decrease the low NOx levels. However, higher temperatures increase
the thermal efficiency of the cycle, which ultimately results in lower CO, emissions per
kW power produced. CO is also expected to be low. Measured levels in the HP-JSR are,
on average, a few hundreds ppmv. Allowing enough time, this level should significantly
decrease due to CO oxidation into CO,. Work by Nicol et al. (1997) suggests that most
of the CO in the exhaust from the gas turbine engines originates from liner cooling with
air addition into the flow, as discussed in Section 2.4. This air addition leans out the gas
near the liner, so that the CO oxidation process is slowed down. Therefore, secondary air
addition into the gas stream exiting the TOFC has two functions: it cools the gases and
quenches the NOx chemistry, and it eliminates the necessity for liner cooling because the
flame is confined and the exiting gases are cool. The reminder of the combustor should
be designed to provide enough time for the CO oxidation to CO,. CO should oxidize to

low levels of the order 10 ppmyv, dry (15% O;). The unburned hydrocarbons measured in
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the HP-JSR are approximately 100 ppm, dry at lowest NOXx levels, and should oxidize in
the reminder of the combustor to levels of the order 10 ppmv, dry (15% Oy).

As shown in Figure 6.1, the jet entering the TOFC delivers premixed fuel and air,
feeding the flame located inside the TOFC.

The modeling by Nicol et al. (1997) supports the theory that intense mixing in closed
cavities washes out the tendency of fuel-air unmixedness to increase NOx levels. Fuel-
air unmixedness means that the fuel and air entering the cavity through the jet are not
perfectly premixed. This allows an advantage for gas turbine manufacturers that have
pOoOr premixers.

Use of the Time-Optimized Flame Cavity is not limited only to gas turbine
combustors. It can be utilized in furnaces and any industrial combustors.

This device can be used with other gaseous fuels, (such as alternative gaseous or
gasified coal, biomass or liquid fuels), and prevaporized liquid fuels, (such as liquid

petroleum distillates, naphtha, diesel fuels, kerosene, and JP fuels).
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Figure 6.1 Conceptual design of the circular Time-Optimized Flame Cavity (TOFC)
positioned above single premixed fuel-air nozzle in a lean-premixed combustor primary
zone
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APPENDIX A

EXPERIMENTAL DATA

The following explanations are accompanying data presented in Appendix A:

1.

2.

3.

All experimental data are taken at measured temperature of 1803 +5 K.

Residence time is calculated based on equation 3.2 in Chapter 3.

The fuel-air equivalence ratio (¢) is calculated based on measured total carbon (%CO
+ %CO0O,), using the following formula:

d = ((%CO+%CO,) 9.546/100)/(1 + (%CO+%CO,)/100)

The inlet temperature is measured with a “K” type thermocouple positioned in the
premixer, 0.025 m below the nozzle.

The reactor wall temperature is measured with an optical pyrometer through 6 mm
holes for optical access.

The measured mole fractions of O,, CO,, CO, NOx, and N,O are in volume percent
or ppm by volume of dry gas, and are referred to “as measured” (See the tables of the
reactor profiles). The “as measured” data are corrected for the estimated 2.2% of
water remaining in the sampling line downstream of the water trap and for air leaks
into the sampling line (expressed as %0;) to obtain true dry data. The air leaks are
small and measured as 0.1% O, or below. The wet corrected data are obtained by
dividing the dry data by the ratio of wet to dry combustion product gas, calculated

based on the calculated fuel-air equivalence ratio. The CO data listed are not
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corrected for CO oxidation in the probe. The following formulas show the exact
method for calculation:

[wet data] = [as measured data] [1.022/((100-%0,/0.21)/100)]/[wet/dry], where
[wet/dry] = [(9.546 + ¢)]/[9.546 - ¢]

. The NOx conversion to 15% O, is done based on the dry NOx mole fraction and the
O, calculated for complete combustion. That is:

[NOx, ppmv, dry, 15% O] = [NOx, ppmv, dry] [5.95/(20.95 — 100(2-2¢)/(9.546-¢))]

. The pressure difference across the nozzle, Ap, is measured by a differential pressure

gage.
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woeek 6.5 atm EXPERIMENTAL DATA e
RESIDENCE FUEL-AIR INLET |WALL| AIR | CH4 | TOTAL |WET CORRECTED DATA NOx NOZZLE
TIME EQUIVALENCE | TEMP | TEMP| flow | flow flow 02 Cco2 Cco NOx | N20O |[ppmv,dry AP
[ms] RATIO | [degC] | (K] | [o/s] | [o/s] | [o/s] | 1%] | (%] | (%] | [ppm] | [ppm] | 15% O2] | [psi]
*** 4,0 ms Jan 1997*** 4.05 0.73 0.433|0.018| 0.451 7.11 | 0.019| 10.3 4.8 <3
*** 3.5 ms Jan 1997*** 3.51 0.72 0.500|0.020| 0.520 6.99 | 0.020| 8.8 1.35 4.2 3
*** 3 ms Jan 1997*+ 3.03 0.71 0.581]0.023| 0.603 | 5.7 6.89 | 0.025| 7.8 1.59 3.8 3.75
*** 2.5 ms Jan 1997*** 2.50 0.69 13781 0.704|0.026| 0.730 | 6.3 6.66 | 0.053| 6.3 1.42 3.1 5.2
*** 2 ms Jan 1997*** 2.04 0.70 1383 0.860|0.033| 0.893 | 6.1 6.75 | 0.064| 7.5 3.7 7.0
*** 1.5 ms Jan 1997*** 1.48 0.67 1393]1.185|0.037| 1.222 | 6.1 6.48 | 0.124| 9.6 4.8 12.0
*** 1 ms Jan 1997*+ 0.99 0.71 1458 | 1.775)/0.059| 1.833 | 6.0 6.65 | 0.277| 9.1 4.4
*** 0.5 ms Jan 1997*** 0.54 0.75 1533]3.238|0.120| 3.358 | 5.2 6.85 | 0.411| 12.0 5.5 77.0
** 3.5 ms July 29, 1997* 3.45 0.70 1230 0.509|0.020| 0.530 | 6.3 6.80 | 0.027| 7.7 3.8 3.1
** 2.5 ms July 29, 1997* 2.40 0.69 12451 0.732|0.028| 0.760 | 6.5 6.64 | 0.069| 7.6 3.8 5.2
** 1.5 ms July 29, 1997** 1.64 0.69 54 1310 1.068|0.001| 1.068 | 6.4 | 6.67 | 0.117 | 8.5 4.2 10.2
** 3.5 ms Jan 15, 1998** 3.55 0.70 103 | 1343]0.495]/0.021| 0515 ] 5.6 6.82 | 0.035| 7.8 3.8
** 2.5 ms Jan 15, 1998 **| 2.44 0.68 1383 0.721|0.028| 0.749 | 6.0 6.58 | 0.073| 6.9 3.5
*** 1 ms May 4,1998*** 1.22 0.68 87 1.440/0.054| 1.494] 6.1 6.44 | 0.256 | 8.4 4.2 19.8
*** 1 ms May 4,1998*** 1.22 0.68 87 1.44910.054| 1.503 | 6.2 6.38 | 0.292| 8.1 4.0 19.8
*** 1 ms May 4,1998*** 1.08 0.67 86 1030 1.627|0.060| 1.687 | 6.1 6.22 1 0.345| 85 4.3 26
** 2.5 ms July 15, 1998* 2.43 0.71 91 1105]0.721|0.028| 0.749 | 5.8 6.83 | 0.058| 8.0 3.9 5.6
*** 2 ms July 15, 1998*** 2.00 0.69 89 1170 0.879/0.034| 0.913 | 5.8 6.63 | 0.096 | 8.0 4.0 7.6
*** 3 ms July 17, 1998** 3.05 0.71 103 | 1165)0.575]/0.024| 0.599 | 5.6 6.87 | 0.025| 8.7 4.2 3.8
** 2.5 ms July 17, 1998* 2.52 0.70 95 0.695|0.028| 0.723 | 5.7 6.80 | 0.040| 8.6 4.2
*** 2 ms July 17, 1998*** 2.07 0.69 91 1180 0.846|0.034| 0.880 | 5.7 6.71 | 0.072| 8.6 4.2 6.9
** 2.5 ms July 17, 1998* 2.44 0.62 300 |1210]0.721/0.026| 0.747 | 7.4 | 6.06 | 0.028 | 7.1 3.9 7.2
*** 3 ms July 17, 1998*** 3.04 0.63 300 |1160|0.579/0.022| 0.601 | 7.3 6.21 1 0.021| 7.4 4.0 5.2
*** 3 ms July 17, 1998*** 2.93 0.65 300 |1160]0.601/0.019| 0.619 | 6.8 6.33 | 0.019| 8.7 4.5 3.8
*** 4 ms July 17, 1998*** 4.08 0.67 300 |1155]|0.431/0.016] 0.448 | 6.5 6.51 | 0.019 | 10.0 5.1 3.05
[* 4.0 ms Sept. 10, 1998*] 3.97 0.66 300 |1160]0.444/0.016| 0.460 | 6.8 6.44 | 0.018 | 10.0 5.1 3
[* 2.1 ms Sept. 10, 1998*] 2.09 0.61 303 |1180)0.843/0.027| 0.871 | 7.6 5.96 [0.024| 7.4 4.1 9.4
* 1.2 ms Sept. 10, 1998 1.20 0.59 301 |1260|1.468/0.044| 1512 | 7.9 5.78 | 0.060| 7.5 4.3 28
[* 1.2 ms Sept. 10, 1998*] 1.19 0.67 1220 1.474|0.051| 1.526 | 6.4 | 6.26 | 0.269 | 8.1 4.1 21
[* 2.1 ms Sept. 10, 1998*] 2.10 0.67 1140 0.839|0.030| 0.869 | 6.3 6.47 1 0.061| 75 3.8 7.2
[* 0.89 ms Sept. 16, 1998 0.88 0.69 1320 1.990|0.053| 2.043 | 6.2 6.33 1 0.381| 9.3 4.6 34
[* 0.89 ms Sept. 16, 1998 0.88 0.58 300 |1300|2.009/0.058| 2.067 | 8.2 5.55 | 0.151| 6.5 3.8 48
[* 0.75 ms Sept. 16, 1998 0.75 0.58 297 |1300]2.371|0.069| 2.440 ] 8.3 551 | 0.194| 6.3 3.7 66
[* 1.5 ms Sept. 16, 1998*] 1.49 0.58 301 |1250]1.184/0.035| 1.219 | 81 5.70 | 0.059| 6.2 3.6 21
* 1.5 ms Sept. 16, 1998 1.50 0.66 64 1250 1.173|0.040] 1.214 | 6.7 6.25 | 0.181| 7.6 3.9 14
** 1.5 ms Dec.17, 1998** 1.54 0.67 78 1160 1.143|0.040| 1.183 | 6.5 6.33 1 0.198| 7.7 3.9 12
** 1.0 ms Dec.17, 1998** 1.00 0.68 67 1210 1.758|0.063| 1.821 | 6.0 6.36 | 0.328 | 9.1 4.5 26
** 0.9 ms Dec.17, 1998** 0.90 0.69 66 1225]1.959|0.071| 2.030 | 5.9 6.36 | 0.354| 95 4.7 32
** 1.6 ms Dec.21, 1998** 1.57 0.59 300 |1195]|1.129/0.034| 1.164 | 7.9 5.78 | 0.079| 6.8 3.9 17
** 1.0 ms Dec.21, 1998** 1.03 0.58 300 |1230|1.724/0.051| 1.775| 8.0 | 559 | 0.170| 6.8 3.9 36
[** 0.9 ms Febl11, 1999** 0.92 0.67 50 12101 1.917|0.069| 1.986 | 6.0 6.18 | 0.354 | 9.1 2.0 4.6 32
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rekekk 4.7 atm EXPERIMENTAL DATA  *exxkx
RESIDENCE FUEL-AIR INLET | WALL| AIR | CH4 | TOTAL |WET CORRECTED DATA NOx | NOZZLE
TIME EQUIVALENCE | TEMP | TEMP| flow | flow | flow 02 | CcO2| CO | NOx | N20 |[ppmv.dry| AP
[ms] RATIO [degC] | [K] [ [ars] | [afs] | [afs] [%] | [%] | [%] | [ppm] | [ppm]} 15% O2]| [psi]
** 3 ms May 1997*+* 3.08 0.69 0.41810.017| 0.435] 59 | 6.73|0.051| 8.1 1.6 4.0 3
** 2.5 ms May 1997** 2.50 0.69 0.516]0.021| 0.537 | 6.1 | 6.62 |0.080| 7.6 1.8 3.8 3.9
** 2 ms May 1997*** 2.01 0.68 0.641|0.025| 0.666 | 6.2 | 6.50 |0.136| 6.9 1.9 3.5 5.6
** 1.5 ms May 1997** 1.58 0.69 12100.812(0.031| 0.843 | 6.2 | 6.53 |0.195| 7.3 2.0 3.6 8.5
** 1 ms May 1997*** 1.07 0.71 1245)1.196|0.047| 1.243 | 58 | 6.57 10.314| 9.1 1.9 4.4
P+ 3.5 ms July29, 1997* 3.64 0.72 1210 0.353|0.015| 0.368 | 5.5 | 7.02 |0.035| 10.9 5.1 2.4
*** 3 ms July29, 1997** 3.01 0.71 1220 | 0.427[0.017| 0.444 | 6.0 | 6.85|0.045| 9.1 4.4 3.1
#+* 2.5 ms July29, 1997+ 2.46 0.70 1200 | 0.522(0.021| 0.543 | 6.3 | 6.79 |0.059| 7.8 3.8 4.1
** 2 ms July29, 1997** 2.05 0.69 1260 | 0.627[0.024| 0.652 | 6.4 | 6.63 |0.088| 8.1 4.0 5.7
*** 1.5 ms July29, 1997* 1.57 0.70 13500.820/0.032| 0.852 | 6.3 | 6.66 |0.152| 8.5 4.2 8.5
** 1 ms July29, 1997+ 1.05 0.71 1350 | 1.226(0.048| 1.275 | 6.1 | 6.65 |0.273| 8.6 4.1 18
*+ 0.89 ms July29, 1997** 0.90 0.72 1.42810.056| 1.484 ] 5.8 | 6.71|0.281| 10.3 4.9 24
[+ 3.5 ms Jan.15, 1998** 3.56 0.74 119 | 1110/0.359|0.016| 0.375 | 4.9 | 7.09 |0.070| 11.0 5.1 2.3
[ 2.5 ms Jan.15, 1998* 2.59 0.71 1250 | 0.495[0.020| 0.516 | 5.6 | 6.83 |0.073| 8.2 3.9 3
[ 1.5 ms Jan.15, 1998** 1.43 0.70 87 1120 | 0.896|0.035| 0.931 | 5.7 | 6.56 |0.230| 8.8 4.3 9.2
**+ 3.5 ms Jan.8, 1998** 3.53 0.75 1180 | 0.362|0.016| 0.378 | 4.9 | 7.25|0.028| 12.1 5.5 <25
*** 2.6 ms Jan.8, 1998** 2.61 0.72 107 | 1220/0.491|0.020| 0.511 | 5.6 | 6.88 |0.113| 8.8 4.2 3.5
** 1.5 ms Jan.8, 1998** 1.46 0.70 86 1360 | 0.880(0.035| 0.915 | 6.0 | 6.70 |0.173| 7.9 3.8 9
*** 1 ms April 1998*** 1.04 0.70 101 | 1160 [1.251|0.049| 1.300 | 5.7 | 6.53 |0.312| 10.3 5.0 21
** 1 ms May 4,1998** 1.07 0.69 1120)1.208/0.047| 1.255 | 6.0 | 6.45|0.327| 8.9 4.4 19.5
[+ 3.5 ms May 11,1998** 3.72 0.72 137 | 10800.347|0.016| 0.363 | 5.1 | 6.97 [0.027| 11.7 | 1.0 5.6
[+ 3.5 ms May 11,1998** 3.74 0.66 307 | 1110/0.347|0.014| 0.362 | 6.4 | 6.40|0.022| 9.4 | 0.9 4.9
[+ 2.5 ms May 11,1998** 2.48 0.62 304 | 1110/0.524|0.019| 0.543 | 7.4 | 6.02 |0.040| 6.3 1.5 3.4
*** 2 ms May 11,1998*** 2.08 0.60 306 0.625]0.022| 0.647 | 7.6 | 5.83 |0.056| 5.5 1.9 3.1 7.7
*+* 2 ms July 15, 1998** 2.06 0.70 104 0.62210.025| 0.647 | 5.6 | 6.75/0.099| 8.7 4.2 5.6
[** 2.5 ms July 15, 1998*~] 2.48 0.71 111 | 10850.516|0.021| 0.537 | 5.5 | 6.90 |0.061] 9.1 4.3 4.2
*+* 3 ms July 15, 1998+ 2.91 0.72 118 | 1080 /0.439|0.019| 0.458 | 5.3 | 6.98 |0.044| 9.2 4.4 3.2
[** 1.5 ms July 17, 1998*~] 1.59 0.61 301 | 12400.808|0.029| 0.837 | 7.6 | 5.93 |0.074| 8.5 4.7 12.7
*** 1.5 ms Sept.4, 1998**% 1.56 0.61 298 1230 0.826/0.027| 0.852 | 7.5 | 594 |0.069| 7.8 4.3 13.2
*** 1 ms Sept.4, 1998*+* 1.09 0.60 304 | 12901.184|0.037| 1.220 | 7.8 | 5.82|0.124| 7.8 4.3 25
*** 0.9 ms Sept.4, 1998** 0.93 0.61 302 | 13151.385|0.042| 1.427 | 7.6 | 5.88 |0.170| 8.1 4.5 33
** 3.1 ms Sept.10, 1998** 3.13 0.72 74 1130 | 0.409(0.016| 0.426 | 5.4 | 6.98 |0.031| 11.1 5.3 3
** 1.6 ms Dec.17, 1998 *¥ 1.51 0.67 106 | 1160 |0.849|0.029| 0.878 | 6.3 | 6.38 |0.158| 8.2 4.2 9.2
[** 1.0 ms Dec.17, 1998**] 0.97 0.68 83 1195]1.324/0.045| 1.369 | 59 |6.38]0.298| 9.1 4.5 20
** 0.85 ms Dec.17, 1998*4 0.82 0.69 76 1200 | 1.570(0.054| 1.625 | 5.8 | 6.35 |0.358| 9.8 4.9 27
** 1.6 ms Dec. 21, 1998** 1.58 0.60 300 | 1175/0.816|0.026| 0.842 | 7.7 | 5.87 |0.073| 7.6 4.3 11.8
** 1.0 ms Dec. 21, 1998** 1.02 0.59 300 |1210/1.269|0.038| 1.308 | 7.9 | 5.68 |0.170| 7.3 4.2 28
t* 0.85 ms Dec. 21, 1998*] 0.85 0.59 300 | 12251.515|0.046| 1.561 | 7.8 | 5.64 |0.220| 7.5 4.3 39
*** 2 ms Jan. 1999*** 1.99 0.67 68.5 | 1070 0.645|0.022| 0.667 | 6.3 | 6.44 |0.142| 8.3 4.2 5.45
** 0.84 ms Jan. 1999*+++ 0.84 0.68 57 1140 | 1.525[0.052| 1.578 | 6.4 | 5.96 |0.647| 8.6 4.3 26
*** 3.5 ms Feb. 2, 1999** 3.56 0.73 143 | 1030/0.361|0.014| 0.375 | 5.0 | 7.08 [0.025| 12.3 | 0.9 5.7 2.35
** 3 ms Feb. 2, 1999*** 3.02 0.72 137 | 1030/0.425|0.016| 0.441 | 5.4 | 6.96 [0.026| 11.1 | 1.2 5.3 2.75
*** 2.5 ms Feb. 2, 1999* 2.40 0.70 128 | 1060 | 0.536|0.019| 0.556 | 5.7 | 6.76 |0.044| 9.8 1.4 4.8 3.8
** 2 ms Feb. 2, 1999*** 2.00 0.69 122 | 1075)0.644|0.023| 0.667 | 5.8 | 6.62 |0.079| 9.1 1.4 4.5 5.4
*** 1.5 ms Feb. 2, 1999** 1.51 0.68 94 1155 | 0.852|0.030| 0.881 | 6.0 | 6.49 |0.174| 8.9 2.0 4.4 9.4
*+ 0.88 ms Feb. 2, 1999** 0.84 0.69 84 1190 | 1.529(0.053| 1.582 | 5.9 | 6.28 |0.460| 9.6 1.5 4.7 26
** 3 ms Feb. 2, 1999*** 3.03 0.67 300 | 1100 0.423|0.015| 0.438 | 6.4 | 6.52 [0.020| 10.6 | 0.9 5.4 3.4
*** 2.5 ms Feb. 2, 1999 2.41 0.64 300 | 1140/0.537|0.018| 0.554 | 6.7 | 6.29 |0.027| 9.3 1.3 4.9
** 2 ms Feb. 2, 1999*** 2.01 0.63 300 | 1140)0.642|0.021| 0.663 | 7.1 | 6.15/0.034| 8.6 1.3 4.6 7.2
** 1 ms Feb. 2, 1999*** 0.92 0.61 300 | 11901.401|0.042| 1.443 | 7.5 | 5.91|0.117| 85 1.8 4.7 32
*+ 3.5 ms Feb. 11, 1999** 3.52 0.72 130 | 1090 /0.365|0.016| 0.380 | 5.2 | 7.01 |0.025| 11.7 5.5 2.4
*+ 3.5 ms Feb. 11, 1999** 3.53 0.68 300 | 1100/0.365|0.015| 0.379 | 5.8 | 6.62 |0.023| 11.4 5.7 2.6
[* 0.89 ms Feb. 11, 1999*) 0.86 0.68 1.500/0.052| 1.552 ] 6.0 | 6.30 |0.387| 9.8 4.9 25.5
** 2.5 ms March 2, 1999* 2.44 0.68 127 0.52710.020| 0.548 | 6.0 | 6.61 |0.079] 9.1 4.5 4
** 1.5 ms March 2, 1999* 1.53 0.67 112 0.840|0.031| 0.871 | 6.4 | 6.20 |0.327| 8.6 4.4 8.6
**+ 1 ms March 2, 1999** 1.04 0.66 102 | 1150(1.243|0.046| 1.288 | 6.7 | 5.85 |0.658| 8.4 4.3 18
*** 2 ms March 2, 1999%* 2.03 0.67 121 | 1085 [ 0.634|0.024| 0.658 | 6.3 | 6.35 0.166] 8.3 4.2 5.5




190

weeekk 3.0 atm EXPERIMENTAL DATA o
RESIDENCE FUEL-AIR INLET |WALL| AIR | CH4 | TOTAL JWET CORRECTED DATA NOx NOZZLE

TIME EQUIVALENCE | TEMP | TEMP| flow | flow flow 02 Cco2 co NOx | N2O |[ppmv,dry AP

[ms] RATIO [degC] | [K] | [o/s] | [o/s] | [g/s] [%] [%] (%] | [ppm] | [ppm] | 15% O2] | [psi]

*** 3 ms Sept. 98*** 2.91 0.76 154 |1140]0.283]0.013| 0.297 | 4.79 | 7.34 | 0.053 | 15.1 6.8 2.4
*** 2 ms Sept. 98*** 1.96 0.72 140 |1200)0.424/0.018| 0.442 | 5.362 | 6.91 | 0.086 | 11.7 5.5 4.4
*** 1 ms Sept. 98*** 0.95 0.70 96 1240 0.875|0.035| 0.910 | 6.1 | 6.51 | 0.308 | 10.2 5.0 15.5
*** 3.5 ms Sept. 98*** 3.33 0.80 159 |1110)0.248|0.012| 0.260 | 3.9 | 7.65 | 0.067 | 20.5 8.8 2.0
*** 2.5' ms Sept. 98*** 2.40 0.74 145 |1150)0.344/0.016| 0.360 | 5.1 | 7.09 | 0.076 | 14.0 6.5 34
*** 1.5 ms Sept. 98*** 1.57 0.70 132 |1185)0.528|0.022| 0.550 | 5.8 | 6.69 | 0.157 | 10.6 5.2 6.2
** 1.6 ms Dec. 17, 1998 1.63 0.69 135 |1120)0.508|0.018| 0.526 | 6.1 | 6.63 | 0.150 | 9.6 4.7 5.8
** 1.0 ms Dec. 17, 1998* 1.00 0.69 114 |1160]0.827|0.030| 0.857 ] 6.0 | 6.46 | 0.300| 9.6 4.7 13.9
* 0.67 ms Dec. 17, 1998% 0.67 0.71 98 1.231/0.045| 1.277 | 5.6 | 6.45 | 0.462 | 10.6 5.1 28.5
*** 2.5 ms Feb.9, 1999**¥ 2.35 0.72 81 1050 0.352|0.015]| 0.367 | 54 | 6.92 | 0076 | 11.2 | 14 5.3 3.15
*** 3.5 ms Feh.9, 1999**¥ 3.32 0.78 1010 0.249|0.012| 0.260 | 4.0 | 7.47 | 0.059 | 16.8 | 1.0 7.4 <2
*** 1.5 ms Feb.9, 1999** 1.64 0.69 76 1080 0.506 |0.020| 0.526 | 5.7 | 6.64 | 0.142| 101 | 1.4 4.9 5.6
*** 1 ms Feb.9, 1999*** 1.01 0.69 68 1110 0.820|0.032| 0.852 | 5.8 | 6.39 | 0.340 | 9.8 1.2 4.8 13.9
*** 1 ms Feb.9, 1999*** 1.02 0.62 300 |1160)|0.818/0.029| 0.846 | 7.5 | 592 | 0.167| 8.2 4.5 20
*** 1.5 ms Feb.9, 1999**¥ 1.65 0.64 300 |1130]0.506|0.018| 0.523 | 7.0 | 6.17 | 0.077| 9.0 1.6 4.8 7.85
*** 2.5 ms Feb.9, 1999**¥ 2.36 0.67 300 |1075)|0.351/0.014| 0.366 | 6.1 | 6.55 | 0.051| 109 | 1.2 5.5 4.3
*** 3.5 ms Feh.9, 1999**¥ 3.33 0.74 300 |1045)|0.248|0.011| 0.259 | 4.8 | 7.16 | 0.044| 16.0 | 0.7 7.4 2.3

** 2.5 ms Feb.18, 1999** 2.38 0.72 89 0.34810.015| 0.363 | 53 | 6.94 | 0.079| 11.7 5.5
** 2.5 ms Feb.18, 1999** 2.39 0.68 300 0.348|0.014| 0.362 | 6.1 | 6.56 | 0.056| 11.0 | 1.4 5.5




*hkdkk

2.5 ms Jan 977 TC  Pyro
% % | ppm oppr % Temp Temp
x | COZ CO NOx N20 02 | ("C) (°C)
1108
5 7500170073 2 | 73 1808
4 | 7550057 71 185 71 1818
3 7450116 B9 177 7.2 1530
2 | B130682 B4 177 88 1533
1 3120400 3.4 08 139 1510
0 2550306 29 14.85
3.5 ms July 29, 19977
% % | ppm oppr % Temp
x CO2 CO HNOx N20 02 | (°C)
PHI
6 | 7700033 87 0.69
4 7700031 875 71 0.69
3 7350252 89 0.67
2 | 5280588 B7 105 0.53
1 360 0.431 5.1 0.37
0 4750563 B.6 14.1 0.48
"4 0 ms Sept.10, 1998™ preheated
% % | ppm ppm % Temp
x C02 CO NOx NO 02 | (C)
PHI
6 720019 89 25 7B 1528 0647
4 7240020 9 2 7B 1528 0.646
3 7180022 91 21 75 1532 0642
2 7200068 91 06 75 1532 0.647
1 6530513 88 01 759 1533 0632
0 3290700 48 02 131 1530 0.366

" 0.89 ms no preheat Sept. 16, 1998™

% % | ppm ppm % Temp
x CO02 CO NOx NO 02  (C)
6 717 0.370 7 PHI
5 6530645 76 02 75 1532
4 7150430 B3 02 7 1533
3 7170358 83 02 7 1533
2  B33058%0 78 02 &1 15833
1 3250430 45 02 132 1533
0 0810088 1.4 02 175 1530
35 7170351 83 7 1830
E) 0.358
25 0.430

0.656
0.673
0.668
0.618
0.339
0.085

6.5 atm PROFILES as measured*****

20 ms Jan 97

o =rmwen

% %
Ccoz co

755 0238
7.7 /0088
7.5 0200
56 0765
26 0360
23 |0275

ppm_ ppm
NOx NO
G4 0
85 075
83 0
7 0
35 | 0
29 0

35 ms Jan 15, 19987

o= njw e o,

% %
coz Co

777 0040
7.78 0,040
7.23 0378

pRm | ppm
HOx NO

94 30
68 25
85 00

mr2Ams Sept 10 1998

O =N we oo

=

#%1.5ms Dec. 17, 1988%** 1.0 ms Dec. 17, 1998

% %

x | CO £ co
5 0376 5 0629
4 0223 4 0.370
3 0318 3 |0.456
2 0510 2 0743
1 0336 15 0817
0 0092 10402

0 |0.100

COZ CO
B.66 0014
6.7 0028
B.62 0027
B.55  0.056
B.37 0214
5.34 0623
298 0.440

ppm_ ppm
NOx NO
595 1
52 | 02
6 | 02
[
59 | 01
58 01
32 02

89 ms Sept.16, 19958™"

% %
coz Co

B.07  0.240
B.13 0167
6.01 0228
5.3 | 0531
3.42 0457
1.4 10128

0.172

0.168

ppm | ppm
HOx NO

5 1}
5| 1}
a0a 0
47 01
32 /01
14 01
515

TC

% Temp Temp

02 ()

7.3 1540
1547
71538
96 1533
149 1512
1586

-

TC

% Temp Temp

02 ()

6.3 1535
6.4 1532
69 1532

preheated
% Temp
02 | [°C)
36 1530
86 1531
8.5 1832
87 1532
8.6 1830
99 1531
14 1832

preheated
% Temp
02 | [°C)

9.1 1530
91 1528
9.2 1530
10 1528
131 1528
16.7 1530
92 1530
9.2

Pyro

I°C)
1110

Pyro

1070
PHI

0.69
0.63
0.67

PHI

0.6
0.59
0.5
0.59
0.54
0.32

PHI

0.57
0.57
0.56
0.53
0.36
0.14

1.5 ms Jan 977 TC Pyro
% %  ppm | ppm | % Temp Temp)
x €02 CO NOx N20 02 | (*C) (°C)
120
5 B90 0475 89 73
4 7.30 0.140 10.8 6.9 1530
3 700 0.335 105 72
2 513 0777 86 a7
1 245 0306 4.3 14.9
0 321 0257 52 137
2.5 ms Jan.15, 1998 TC Pyro
% %  ppm | ppm | % Temp Temp)
% €02 CO NOx| NO | 02  (*C) 1110
PHI
745 D10 78 16 68 1532 067
743 0033 78 17 68 1532 067
703 0375 72 00- 1532 0.66

[= NNy

1.2 ms Sept. 10, 19987 preheated

% %  ppm ppm | % Temp

% C02 CO NOx NO 02 (°C)
6 G5 0018 G1 - 87 1532 PHI
5 641 0078 61 0 87 1532 058
4 640 0086 61 | 0 | 88 1533 058
3 B35 0105 6 - B8 1533 056
2 606 0306 59 O 9 1533 0&7
1 491 0674 515 0 104 1533 050
0 650 0018 6.1 - B7 1532 046
™ 0.75ms Sept.16, 1998™  preheated

% %  ppm ppm | % Temp

% C02 CO NOx NO 02 (°C)
PHI
5 6596 0363 48 | 0 94 1528 057
4 G608 0214 48 | - 9.2 1528 057
3 599 0263 495 0 92 1529 056
2 625 0882 48 | - 10 | 1533 | 082
1 1324 0433 32 | 0 134 1531 034
0 138 0130 14 0 168 1530 014

35 G607 0210 51 0 | 82 1531

4 613 0205 &1 - 91 1533

0.9 msDec 17, 1998™ *% 1 6 ms Dec.21, 1998™ *** 1.0 ms Dec.21, 1998

%
% co

0.670
0.400
0524
0767
1.5 0890

[SERIENTS]

[SERIENTS]

%
co

0.110
0.087
0.138
0.334
0.49
0.382
0.164

preheated %
% co

preheated

0.263
0.188
0.210
0.379
1.5 0.508
1 0402
0 0138

&
4
5
2

*1.0 ms Jan 977 TC Pyro
% % | ppr ppr % Temp Temp
x COZ CO NOx N20 02 (°C) (°C)
1185
5 71067 87 71410
4 | 785032 103 6.8 1470
3 | 749032 10 6.8 1520
2 | BE7 DB 83 8.8 1480
1 129033 38 14.4
0 215021 28 15.8

1.2 ms no preheat Sept. 10, 1998

% | % |ppm  ppm Temp
C02 CO NOx HO (°C)
PHI
670 054 BB O 1530 064
705 030 69 O 1529 065
714 023 695 O 1532 066
665 039 67 O 1533 063
453 085 5 0 1530 046
.76 018 2 01 1533 018
1.5 ms Sept.16, 1998 preheated
% | % |ppm  ppm Temp
C02 CO NOx HO (°C)
PHI
6.31 007 45 01 1833 057
6.30 007 46 01 1532 057
6.21 014 49 0 1534 057

0.5 ms Jan 977 TC
% %  ppm ppm % Temp
% CO2 CO NOx N20 02 (C)
5 64129 117 7.3 120
4 75073 132 6.1 1395
3 | 784 047 137 G 1480
2 64110 108 76 1529
1 28 043 5] 14.4) 1485
a

™ 2.1 ms no preheat Sept.10, 1988™"
% % ppm ppm % Temp
%x €02 CO NOx NO 02 ()

PHI
0.654
0.654
0.654
0.630
0.511
0.208

7.20
7.28

5] 016 62 015 7.2
4

3 726
2

1

a

007 62 0174
009 62 01|72
030 82 - |77
058 54 02103
023 22 02 158

1629
1530
1830
1529
1833
1535

B.76
5.07
2.00

™ 1.5 ms no preheat Sept.16, 1998™"
% % ppm ppm % Temp
%x €02 CO NOx NO 02 ()

PHI
0.638
0.643
0.640
0.602
0.370
0.119

B75 041 605 02 7.7
702|020 63 |02 |75

5] 1530
4

3 /B89 020 63 02745
2

1

a

1829
1529
1831
1830
1529

B.26 047 6 02 84
361 042 37 02 128
115 011 135 02 171

167



dkkkik

4.7 atm PROFILES as measured®™****

3.0 ms May 977

X

5]
4
=)
2
1
a

%

C0Z CO HNOx

7.700.088
7.600.058
7.450.220
5,65 0.695
3.1010.400
3.50 0.444

%

ppm

89
92
9.1
75
45
5.2

pRm
N20

3.05
1.84
1.86
1.39
0.78
0.86

™ 1.0ms July28, 19977

%

5
4
&)
2
1
o

%

%

ppm

ppm

C02 CO HOx N20

727 0.508

10

7850310 98
7400403 103
5900875 91

330 0.427

]

3100373 48

3.5 ms Jan 15, 1998

%

5
4
S
2
1
o]

%

%

ppm

pRM

C0z CO HOx NO

813 0048 113
0.080 126 55
775 0352|115 05

g1

4

02
BE7
6.75
B9
93

132

02

7.05
E9

a1

141

02

54
555

TC
Temp’
e

1470

1516
1526
1517
1318

TC
Temp
i1

TC
Temp
6]

1523
1534
15830

™ 1 ms Septd, 1998 preheated

X

5
4
3
2
1
a

%

%

ppm

pRMm

%

COZ CO HOx NO 02

6.56 0124 6.8
6.46 0130 6.4
5.48 0155 6B
6.220.303 64
5.100.667 5.6
2660313 3

31 ms Sept. 10, 1998

x

5
4
S
2
1
a

%

%

ppm

C0z CO HNoOx

795
792
7.92
785
6.45
262

0.035
0.033
0.037
0.179
0.845
0.470

10.4
105
10
115
10
42

pRM
NO

3.4
4
35
15
02
0z

%
02

.1
.1
B.1
B.1
77
144

Temp
e

1535
1532
1532
1533
1528
1530

TC
Temp
e

1528
1528
1526
15833
15832
15827

PHI
0.69
0.68
0.68
0.57
0.32
0.36

PHI
0.69
0.70
0.69
0.61
0.34
0.32

Pyro
Temp
1145
PHI
0.72
0.72
0.72

PHI
0.598
0.591
0.594
0.585
0.521
0.276

PHI
0.708
0.703
0.704
0.703
0.643
0.286

)

25 ms May 977

®

5]
4
=)
2
1
a

35 ms

%
coz

732
7.45
7.8
535
248
3.2

%
coz

82
g
785
617
367
43

% ppm
CO  HNOx

0208 82
0080 855
0283 78
0B21 B

0319 31
0335 355

% ppm
CO  HNOx

0036 12.8
0040 12.4
0176 125
0787 98
0555 635
0714 775

ppm
N20

2.32
2.08
2
1.45
0.76
0.77

July29, 18877

pprm
N20

2.5 ms Jan. 15, 1998

[=1EN NI

%

% ppm

ppm

C0z CO HNOx NO

7E3 0083 9
7750083 9.3
728 0431 855

23
0

%
0z

7.05
7
7.2
9.85

14.3
13.7

0z

B3
8.6

(A]

0z

6.4
6.4
B8

TC
Temp
e

TC
Temp
)

TC

PHI
067
067
066
0.54
0.29
0.33

PHI
073
071
071
062
0339
0.46

Pyro

Temp Temp

1530
1534
1529

0.9 ms Septd, 1998 preheated

[=1E AN

%

% | ppm

pprm

C0Z CO HNOx NO

6.55
6.54
6.45
6.26
5.08
4.08

0.181 66
0.189 6.8
0.194 6.8
0295 6.4
0710 55
0414 4

0
0.1
0.1
0.1
0.2

**1.6ms Dec. 17, 1988

%

[=IENEN AN

%
Cco

0.300
0178
0.270
0.548
0.353
0.033

%
0z

8.5
8.5
8.6
8.9
10.2
138

Temp
e

1533
1533
1533
1531
1531

1250
PHI
063
063
065

PHI
0.602
0.602
0.595
0.587
0522
0.411

T 2.0 ms May 8777

%

[= SRR

% % ppm ppm
€02 CO  NOx N20
706 036 74 25
730 005 78 21
700 035 70

520 063 53

240 024 23 07
281 028 26 07

T8 ms Jan.15, 1998

°c) %

&
4
&
2
1
o

Y% %  ppm ppm
C02 CO NOx NO

725 0410 858 | 2
743 0280 10 |45
7 0494 87 0

1.5 ms Septd, 19987

[= R

% % ppm ppm
C02 CO NOx NO

6.65 0.074 62 | 0

6.60 0.077 64 | 0

6.63 0.062 6.2 |04
0.194

1.5 ms May 977

%

%

x €02 CO MNOx N20 02 (°C)

.05
735
7.08
547
275
278

O =W e o,

TC
% Temp
02 | (0
PHI
7.4 0.66
71 0.66
7.4 0.65
9.9 0.53
150 0.25
143 0.29
TC Pyro
% TempTemp
02 | (*C) 1120 (°C)
PHI
B.E 1532 068
6.5 1535 063
1825 067
preheated
% Temp
02 | (")
PHI
8.3 1533 060
8.3 1531 0.60
8.3 1532 0.60

**1.0ms Dec. 17, 1988™ ™ 0.85 ms Dec. 17, 1998

x

O =MW = m

%
Cco

(0.569
0337
0.435
0763
0.452
0.035

%

(=1 INIr

%
co

0.s7
0.41
053
083
0.42
0.0

0.46
022
038
067
0.30
0.28

TC Pyro

ppm ppm . % TempTemp
1210 (°C)

FHI

7ES 2.2 735 1482 0.67

825 225 7.1 1800 0.67

7.9 7.35 1810 0.66

6.1 162 9.7 1525 0.55

285 146 1507 0.28

285 146 1270 0.28

1.0 ms May 977

& &
x Co2 Co

5]
4
5]
2
1
1}

%

B9
7.42
7.05
5.04
286
258

%

07
0.36
051
07
0.34
029

16 ms Dec. 21, 19987 1.0 ms Dec. 31, 1998° " 0.85 ms Dec. 21, 1898
preheated

%o

x Co
5 010
4 008
3 018
2 038
15 053
1 056
0 019

preheated

(SNSRI

%
co

0.27
0.19
0.24
0.44
0.60
0.53
017

preheated

(SNSRI

Y
Cco

0.36
0.24
0.27
0.45
0.66
0.50
0.16

pprm
NOx

a.05
103
8.95
6.75
385
365

ppm
N20

193

1.47

0z

7.2
6.7
7.15
103
14.3
14.8

167



weakkx 3.0 atm PROFILES as measured******

*FAms Sept. 937

X

[=1E N NI )

38 ms Sept.
% | %

x

5
4
&)
2
1
0

% %
co2 Co

8.37 0078
.43 0.061
.43 0.067
8.268/0.208
5.95 0.895
3.46/0.401

Coz2 Co

§.64 0.083
8.85 0.077
8.86 0.080
0.73/0.242
693 1.110
3.15/0.471

ppm | ppm
NOx | NO

145 9.4
15 10
1535 102
156 96
137 0
65 | 0.1

gEee
ppm | ppm
NOx  NO

21 144
214 15
22 1154
227 1448
16 015
88 | 0.1

16 ms Dec 17, 987

X

[= 1NN

%
co

0.280
0.170
0,236
0.598
0.627
0.128

TC Pyro
% TempTemp
02 (°C) 1140 (°C)

FPHI

54 1528 074
5.5 1532|075
5.3 1530 075
5.3 1530 0.75
6.7 1833 070
129 1520 036
TC Pyro

% TempTemp
02 {°C) 1110 ()

PHI
46 | 1528|078
45 (1528|078
4.4 (1527|078
45 1528 0.79
6.3 | 1525|072
13.4 1525 | 0.33

*** 2 ms Sept. 837

X

=1 RN )

25" ms Sept
% | %

X

=1

% %
coz2 Co

7.87 0129
7.06 0.095
7800118
7.40/0.443
5.010.809
3.05 0295

coz co

8.05 0108
8.10/0.087
8.10 0.097
7.95 0,303
5.687 0530
266 0334

ppm | pprm
NOx  NO

106 59
11 | BA
106 589
106 28
843 0
42 0

g
ppm | ppm
NOx | NO

136 76
137 82
136 8.4
16 | 748
1 02
5.1 015

™ 1.0ms Dec 17, 98" " 0.67 ms Dec. 17, 98"

£
¥  CO

0.574
0.340
0.440
0.842
0.648
0.100

[=1ENT N

X

[=1ENT N

%
co

0.640
0525
0.655
1.030
0.670

%
0z

6.1
6.1
6.2
6.4
8.3
13.8

k)
0z

6.85
5.8
6.0
6.6

14.5

TC Pyro
Temp Temp
(°C) 1200

FPHI
15834 0.7
1530 0.70
1526 0.70
15827 0.BS
1525 0.61
1527 031

TC Pyro
TempTemp
(°Cy | 1150

PHI
1532 0.72
1530 0.72
1529 0.72
1532 0.73
1527 | 061
1532 0.28

5]

°C)

1 ms Sept. 987
%o % ppm ppm

®

Co2z CO HNOx

NO

5 708063 905 23
4 7380349 93 36
3 73 03E1 97 41
2 E593063 97 08
1 E1B0821 BE 01
0 2470308 3 0
*** 1.5 ms Sept. 957

% % ppm  ppm
x C0Z CO MNOx NO

7E40276 98 36

7890178 98 4

O = R W e M

76830169 995 4.45
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HYDROCARBON MEASUREMENTS
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Figure A.1 GC calibration data and best-fit functions for C;H,4, CoHg, and CHa.
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HP-JSR DATA - HYDROCARBON MEASUREMENTS
1.0 ms run at 4.7 atm on May 4, 1998

4mm 176224 17269 11082 2 277.1 13.8 8.9
4mm 194734 19660 12198 2 306.3 15.7 9.8
4 mm 131274 13883 7902 2 206.5 11.1 6.3

[ 2633 | 135 [ 83 |

1.2ms run at 6.5 atm on May 4, 1998

4mm 119153 12801 6642 2 187.4 10.2 5.3
4 mm 125198 13309 7601 2 196.9 10.6 6.1
4mm 140336 15147 8084 2 220.7 12.1 6.5

[ 2007 T 1120 J 60 ]

1.2 ms run, preheated, at 6.5 atm on May 4, 1998

4mm 88228 8209 4946 2 138.8 6.5 4.0
4mm 79726 6649 4558 2 125.4 5.3 37

| 1322 | 59 | 38 |
6 mm 16046 1825 - 2 25.2 15 -
6 mm 15430 2517 - 2 24.3 2.0 -

[ 248 T 17 ] - |

1.0 ms run at 6.5 atm on May 4, 1998

4mm 122953 15638 6231 2 193.4 125 5.0
4mm 107760 14293 5155 2 169.5 11.4 41
[ 1814 | 1129 | 46 ]

0.8 ms run at 4.7 atm on January 28, 1999

PROFILE CH4 counts C2H4 counts C2H6 counts Attenuation CH4 PPM C2H4 PPM C2H6 PPM

POINT 154771 16194 10758 16 1947.3 103.2 69.1
5mm 170314 17704 11731 16 2142.8 112.8 75.3
AVERAGE [ 2045.0 108.0 722 |
4mm 36160 4855 1798 16 455.0 30.9 115
4mm 49108 6241 2489 16 617.9 39.8 16.0
4mm 52822 6910 2924 16 664.6 44.0 18.8
4mm 380999 48318 23050 2 599.2 38.5 18.5
| 5841 | 383 [ 162 |
3mm 17612 2367 0 16 221.6 15.1 0
3mm 21629 2777 0 16 272.1 17.7 0
| 2469 | 164 ] 0 |
1 mm 517195 24962 26023 16 6507.1 159.1 167.1
1 mm 570237 25732 27518 16 7174.5 164.0 176.7
| 6840.8 | 1615 [ 1719 |
cL 1558176 8126 15789 32 39208.6 103.6 202.8
CcL 3029063 15653 30262 16 38110.4 99.7 194.3
| 386595 | 101.7 [ 1985 |

0.9 ms run at 6.5 atm on February 11, 1999

4 mm 7794 0 0 16 98.1 0 0
4 mm 5345 0 0 16 67.2 0 0
4 mm 66752 10462 3564 2 105.0 8.3 29
4 mm 120288 18870 6627 1 94.6 7.5 2.7
[ 992 T 79 T 28 ]
0.9 ms run at 4.7 atm on February 18, 1999
4 mm 34679 4278 0 8 218.2 13.6 0
4 mm 59599 17021 2005 1 46.9 6.8 0.8
4 mm 59910 13774 1763 1 47.1 55 0.7
4 mm 63040 14100 1686 1 49.6 5.6 0.7
[ 478 | 60 | 07 ]
2.5ms run at 4.7 atm on March 2, 1999
4 mm 80038 0 0 1 62.9 0 0
4 mm 8375 0 0 1 6.6 0 0
4 mm 6850 0 0 1 5.4 0 0
4 mm 57597 0 0 1 45.3 0 0
4 mm 5188 0 0 1 4.1 0 0
| 249 ] 0 | 0 |
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APPENDIX B

HP-JSR GAS TEMPERATURE CALCULATIONS
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APPENDIX B

HP-JSR GAS TEMPERATURE CALCULATIONS

The HP-JSR true gas temperature is calculated using two approaches. The first
approach is based on the heat balance for the thermocouple, and the second approach is
based on the reactor heat loss. The two approaches are explained in Section 3.3.4 with
the schematic of heat transfer within the HP-JSR (Figure 3.4) showing the heat fluxes
(denoted by arrows in the figure) for both the thermocouple and the reactor heat balance.

The heat balance for the thermocouple surface is the following:

Qconv = Qrad + Qcondcer
where Qconv, Qrad, and Qcondcer are net heat fluxes due to convection from gases to the
thermocouple, radiation from the thermocouple to the reactor wall, and conduction
through thermocouple alumina coating. They are calculated by the following formulas,
which are eventually solved for the true gas temperature, Tg:

Qconv = h (nDL/2) (T¢-Ts)

Qrad = & (nDL/2) 5.67e-8 (Ts*- Tu")

Qcondcer =(Ts-Tic) K (D?/4)/1

For the convection formula, the convective heat transfer coefficient is calculated by: h
= Nu kai/D, where Nu is the Nusselt number for forced convection over a cylinder. For
Rep < 10%, Nu=0.3+(0.62Rep>*Pro33)/(1+(0.4/Pr)®?)%2 (Mills, 1992, eq.4.71a / p.287);
Ka«ir is the thermal conductivity at the gas temperature, D = 0.00238 m (3/32 in) is

thermocouple probe diameter; L = 0.00577 m is the radius of the widest part of the HP-



198
JSR cavity; factor of % is used because thermocouple reaches up to about half of reactor
radius; Prandtl number is Pr=0.7; Rep = u D/v, where v is the kinematic viscosity at the
gas temperature and pressure and u is the average velocity in the reactor. The velocity is
calculated as u = 2 H N / (reactor residence time) (Thornton, 1987), where the reactor
height is H = 0.02019 m, and N is the average number of cycles which a gas particle
makes in a jet-stirred reactor. Thornton (1987) estimated: N = pa/po D1%/do> (0.5+4.5
(polpa)®> do/H)/4, where p, and p, are the densities of the reactor and inlet gas
respectively; D, is diameter of a cylinder with height equal to H and volume equal to the
reactor volume (V = 1.5 cm®); and do, = 0.0014 m is the nozzle diameter. Finally, T is
the thermocouple surface temperature.
The radiation formula was derived from the following basic formula for
thermocouple radiation
Qtc= &(nDL/2)/(1-¢5) (Ebs-Js)
where Ebs=5.67e-8T," is the blackbody emissive power of the thermocouple surface, J; is
the radiosity of the thermocouple surface, estimated based on the radiation resistance
network shown in Figure B.1 as the following: Js = esEbs + (1 - &5)(JwFsw + JaFsa + JsFss).
The radiosity of the wall, J,, = [ewEbw + (1 - &) JaFwal / [1 - (1 - &w) Fuw], is simplified to
Jw = Eb,, =5.67e-8T,*, using the assumption that the wall emissivity is &, = 1 (assuming
black body cavity). The radiosity of the ambient, J; = [esEba + (1 - €3) JwFan] / [1 - (1 -
€a) Faal, is simplified to J, = €,Eba + e (1 - €3)Ebw, (Where Eb,=5.67e-8T,") using the
assumption that the view factors from ambient to wall and ambient to ambient are F,, = 1

and Fa, = 0 respectively. The thermocouple surface emissivity is estimated as s = 0.2
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(for alumina at elevated temperature), and the emissivity of the ambient is g, = 1
(assuming pressure vessel is a black body cavity). When formulas for J, and J,, are
substituted into the formula for Js, and Ebs and Js are substituted into the equation for Qtc,
then after some manipulation, and with the assumption that Fsy, = 1, F&a = 0, and Fss = 0,
the Qrad equation is derived. Essentially, with the aforementioned assumptions, the
three-body radiation problem of Figure B.1 is reduced to a two body problem.

For the conduction formula, the thermocouple junction (thermocouple bead)
temperature is Ty; and the conductivity of the thermocouple coating (Ceramabond 569),
kseo is 5.4 W/mK. The thickness of the alumina coating, I, is estimated as 0.0005 m. Ty
is lower than the thermocouple surface temperature, Ts, because of conduction losses.

Ts is calculated from the heat balance for the thermocouple junction, which is:

Qcondcer = Qcondwire + Qcondsheath
where Qcondcer, Qcondwire, and Qcondsheath are net heat fluxes due to conduction
through the ceramic coating, through thermocouple wires, and through the thermocouple
sheath. The Qcondwire and Qcondsheath are calculated by the following formulas:

Qcondwire = 2(Tie-Ta) Kuire (Awire? 7/4)/(Lire)

Qcondsheath = (k. (D°7t/4) h' (Dn))*° (T4-Tg) tanh((h' (Dr)/(K: (D*1t/4)))*° Luire)

The thermocouple wire conductivity is Kyire = 76 W/mK; the wire diameter is dyire =
0.000127 m (0.005 in); the wire length is Lyir = 0.23 m; and, the ambient temperature is
T, =300 K. The equation listed above for Qcondsheath is derived from equation for heat
flux through a fin, with the following assumptions. The thermocouple sheath

conductivity is k. = 11 W/mK; the base temperature is Tg = 300 K; the temperature of the



200
bulk of the surrounding gas is Ty' = 500 K (estimated average temperature of reactor gas
and of the pressure vessel air); and the convective heat transfer coefficient is calculated as
h = Nu kg /L', where Nusselt number is estimated as Nu = 3.66 (Mills, 1992, eq.4.40 /

p.269), and characteristic reactor length L' = 0.074285 m.

The second approach for calculating the true gas temperature in the HP-JSR is based
on calculating the heat loss of the reactor. That is, the heat released by combustion per
unit time (mc, (Ta-Ta)) equals the sensible energy flow per unit time (mcy(T4-Ta)) and the
heat lost from the reactor per unit time (UA(Ty-Tz)). This is represented by the equation:

mc, (Ta-Ta) = (MCp + UA) (Tg-Ta)
where m and c, are the mass flow rate and the heat capacity of the gas; the Ta, Ta, and Ty
are the adiabatic, the ambient, and the true gas temperatures, respectively. Ta is
estimated as Ta = Taeq — 80[CO in reactor, %wet], where Taeq IS the adiabatic
equilibrium temperature, 80 is the increase in temperature in [K] per every 1% CO in the
reactor, and [CO in reactor, %wet] is the average CO volume percent in the reactor
recirculation zone, defined by Equation 3.2. U is the overall heat transfer through the
reactor wall, with UA estimated as 0.025 W/K.

The reactor cavity wall temperature, T,,, is calculated by setting the convective heat
flux from the hot reactor gas to the reactor cavity wall equal to the conductive and
radiative heat flux from the reactor cavity wall to the ambient environment. Figure 3.4
identifies these two heat fluxes by arrows in the lower right side. Therefore, the wall

temperature is calculated from the following equality:
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2L Hrhy(Tg-Tw) = (Tw-450)/R

The convective heat flux from the hot reactor gas to the wall is 2LH=hy(T4-Tw),
where hy = Nuw kair/H, and Nuy, = 0.023 Re,,*®Pr®*. The Nusselt number formula is for
thermally fully developed flow in a tube with Pr > 0.5 and Re,, > 10* (Mills, 1992,
eq.4.44 / p.270). Rey = uH/2v. The u, H, ks, and v were defined above as the average
reactor velocity, the reactor height, the conductivity and the kinematic viscosity at the
reactor temperature and pressure.

The conductive and radiative heat flux from the reactor cavity wall to the ambient is
approximated as (Tw-450)/R, where R = 30 K/W is the estimated reactor heat-flux
resistance, and 450 K is the estimated temperature outside the HP-JSR insulation. The
radiative heat flux is negligibly small, so the estimated R value is essentially only for
conduction through the reactor wall.

This calculated wall temperature, Ty, is compared to the measured wall temperature,
which is corrected for the finite transmissivity through the viewing ports of the high
pressure housing. That is, the measured corrected wall temperature in [K] is the

measured wall temperature in [K] divided by 0.89.

The HP-JSR temperature measurements and calculations at inlet gas temperature
preheated to 573 K, for 6.5, 4.7 and 3.0 atm pressures are shown in Figures B.2-4.
Figures B.2-4 and Figures 3.6-8 represent a complete set of HP-JSR gas temperature
calculations. In all cases, the “calculated reactor temperature” is the average of the

values estimated by the thermocouple and the reactor heat loss modeling.



Figure B.1 Radiation resistance network
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Figure B.2 HP-JSR temperature measurements and calculations for 6.5 atm data and

inlet gases preheated to 573 K
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Figure B.3 HP-JSR temperature measurements and calculations for 4.7 atm data and

inlet gases preheated to 573 K
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Figure B.4 HP-JSR temperature measurements and calculations for 3.0 atm data and

inlet gases preheated to 573 K



GAS TEMPERATURE CALCULATION - THE THERMOCQUPLE HEAT BALANCE
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THE REACTOR HEAT BALANCE
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0.0z22
0.022
0.0z2
0.023
0.023
0.022
0.022
0.0z22

Ty
gas temp

1963.8
1933.4
18965
1865.3
1839.0
17978
18429
18011
1779.9
18529
1962.7
1843.3
1801.7

1843.5
1821.0
1808.6
18026
1801.3
1867.8
1837.4
1817.9
1808.1
1801.9
1801.2
1802.3
1865.2
1824.2
1801.8
18671
18236
1801.4
1801.8
1876.7
18203
1835.6

1883.3
1861.8
1843.2
1830.4
1823.7
18221
1821.0
1823.3
1824.0
18311
1831.2
1821.5
18241
1826.2

Ty
average
K

1935.1
1920.2
1893.9
1871.6
1852.0
1821.3
1855.5
18245
1803.0
18936
1940.3
1852.0
1626.2

1860.0
16442
1834.5
1826.4
18223
1878.4
18603
1844.4
1835.0
1826.2
1818.9
1818.5
1881.7
1852.5
18238
1862.3
1851.3
18273
1813.0
1686.4
1847 .5
16694

1881.0
18651
1863.5
1842.8
1835.5
1831.7
16208
1826.1
18253
1824.0
18238
1829.9
18256
1825.1

¥0¢



GAS TEMPERATURE CALCULATION - THE THERMOCOUPLE HEAT BALANCE THE REACTOR HEAT BALANCE

average reactor Q Q Q Q Ty Q heasured Ty Ty
pressure | res. fime | inlet T M | velocity ReD | Mu Kair h  condsheatt condwire, Ts | condcer | radiation | gas temp| convect Tad  Tad-CO Rewall Muwall hwall | corected Tw[K] UA/Cp|gas temp average

atrm calc [ms) & [mis] WK | Wm2K WY WY K W W K Wy K K W2k Tw [K] | Estimate K K

30 1.02 300 40 1592 37140 30 1AE01 1332 0114 0013 1807 013 0.82 1832.6 0.95 1905 15751 45 240 1610 1601.7  0.022] 1801.1 1620.4
3.0 165 300 40 973 22740 23 1AE0 ) 1045 0114 0013 1805 013 1.00 1554.7 1.13 1935 9645 =il 162 1576 1541.4  0.020] 18421 1848.4
30 236 300 39 669 1562 | 19 1.1E-01 868 0.114 0013 1806 013 1.16 1874.1 1.28 1997 6624 23 120 1515 1488.2 0019 1891.0 1882.6
3.0 3.33 300 38 466 1086 16 11ED1 727 0.114 0013 1807 043 1.30 1897.6 1.43 2102 4614 17 90 1481 14311 0015 18585 1928.6
4.7 3.74 300 38 422 1540 0 19 1.1E-01 862 0.114 0013 1806 013 1.16 1874.6 1.28 1969 6531 22 119 1554 14881 0019 18992 1886.9
4.7 2.48 301 40 B4E 2348 0 24 1AED 1083 0114 0013 1809 013 0.59 1857.5 1.12 1902 9564 32 166 1554 15502 0.021) 18448 1851.2
4.7 2.08 302 40 774 2021 26 1AE01 1MB2 0114 0013 1806 013 0.91 1846.9 1.03 1870 11965 36 192 1573.8 0021 18327 1839.8
4.7 149 303 40 1016 3662 0 30 1AEO01 1324 0114 0013 1809 013 0.51 1541.4 0.53 1852 15533 45 237 1700 1605.7  0.022) 18205 1830.9
4.7 1.56 304 40 1039 3754 0 30 1AE01 1338 0114 0013 1807 013 0.79 19384 0.92 1892 15921 46 242 1689 1610.6  0.022] 18198 1629.1
4.7 1.09 306 400 1487 5400 0 38 11E01 1604 0114 0013 1808 0413 0.65 15301 0.78 1880 22908 61 324 1786 16521 0.022) 18122 1821.2
4.7 0.93 306 40 1757 6333 | 39 1AE01 173 0114 0013 1809 013 0.60 1827.9 0.72 1892 26862 70 =) 1784 1668.4  0.022] 181058 1819.2
4.7 1.48 307 40 1031 3725 30 1AED 1334 0114 0013 1806 013 0.79 1837.6 0.452 1880 1885 | 15800 46 240 1627 1609.2  0.022] 18201 1828.8
4.7 1.02 308 41 161.0 5824 0 37 1E01 1664 0114 0013 1805 013 0.61 1825.3 0.74 1864 1903 | 24701 65 343 1666 1658.2  0.022] 18114 1818.4
47 0.85 309 41 1528 B955 | 41 1AEO01 1819 0114 0013 1808 013 0.56 18251 069 1864 1882 | 20500 75 3596 1683 1676.6 0.023) 18098 1817.5
4.7 3.03 310 40 531 1915 21 1.1E01 961 0.114 0013 1809 013 1.08 1866.8 1.21 19689 8123 27 141 1543 1520.8 0020 1865.0 1865.9
47 241 311 40 FE7E 2455 | 24 1AEO1 1083 0114 0012 1801 013 0.95 1846.7 1.08 1949 10417 33 172 1588 15522 0021) 184189 1844.3
4.7 201 312 41 #3 2949 0 27 1B 1186 0114 0013 1802 013 0.88 1840.8 1.00 1926 12510 38 199 1588 15776 0.021) 18302 1835.5
47 0.92 313 41 1793 B4BE3 | 39 1AEO1 1785 0114 0013 1803 013 059 1827 .5 072 1897 27412 71 374 1644 1670.3  0.023) 18104 1819.0
4.7 3.53 314 40 457 1654 20 1.1E-01 893 0.114 0013 1805 013 1.12 1862.6 125 2006 7015 24 125 1543 1498.2  0.020) 18876 1878.6
6.5 2.44 300 40 B56 3237 0 28 1AEO1 12468 0114 0013 1803 013 0.2 1843.7 094 1807 13731 4 215 16E6 1606.3  0.021] 1851.1 1847.4
6.5 3.04 300 40 525 2588 0 25 1AEO1 1115 0114 0013 1802 013 0.89 1851.0 1.02 1933 10978 34 180 1610 15833 0.021) 18703 1860.6
6.5 293 300 40 545 2689 0 25 1AEO1 1137 0114 0013 1803 013 0.838 1849.7 1.01 1956 11408 35 185 1610 15871  0.021) 186654 1858.0
6.5 4.08 300 38 388 1914 21 11E01 561 0.114 0013 1809 013 1.00 1862.5 1.12 1988 8117 27 1M 1604 1549.3 0,020 18037 1883.3
6.5 397 300 39 3/8 1977 22 1.1ED1 975 0114 0013 1804 013 0.95 1855.4 1.09 1974 1970 | 8388 27 145 1610 15531  0.020) 15003 1877.9
6.5 2.09 300 40 TES 3797 30 1AE01 1347 0114 0.013 1808 013 0.76 1835.2 0.59 1887 1879 | 16104 46 244 1633 1621.3  0.022) 18387 1838.9
6.5 1.20 300 40 13489 BES4 | 40 11E-01) 1780 0114 0013 1803 013 0.E0 1827 6 073 1861 28222 72 383 1722 1666.5 0.023) 18112 1819.4
6.5 0.88 300 40 1847 9182 | A7 1B 2081 0.114 0013 1804 013 0.50 1817.6 0.63 1835 368818 94 453 1767 1686.9  0.023] 1801.1 1809.4
6.5 0.75 300 40 2182 10812 51 11E-01 2261 0114 0013 1804 013 0.47 1815.8 059 1835 1812 | 45861 107 563 1767 16961 0.023) 17969 1806.3
6.5 1.49 300 40 105.4 5352 | 38 1AE01 1587 0114 0013 1808 013 0.66 1530.4 0.78 1845 2270 61 321 1711 16504  0.022) 18205 18254
6.5 157 300 40 1033 51140 35 11E01) 1560 0114 0013 1805 013 0.66 1827.9 078 1865 1851 | 21650 58 310 1649 1646.8 0.022) 18229 1825.4
6.5 1.03 300 40 1554 7840 0 43 1AEOD1 1828 0114 0013 1805 0413 0.54 1520.7 0.67 1845 1824 | 33285 53 436 1689 1677.4 0023 18057 1813.2
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APPENDIX C

PREMIXED TURBULENT COMBUSTION CALCULATIONS



pressure

[atm]

residence
time
[ms]

3.33
291
2.40
1.96
1.63
157
1.00
0.95
0.67

3.72

3.56
3.53
3.08
297
291
2.61
2.59
2.50
2.48
242
2.02
2.01
1.58
155
1.46
1.43
1.07
1.04
1.03
0.89

inlet T
[degC]

159
154
145
140
135
132
114
96
98

137
131
119
130
125
124
118
107
118
117
111
116
110
109
101
101

87
90
101

85

PHI

0.72
0.72
0.74
0.75
0.69
0.71
0.72
0.72
0.71
0.69
0.71
0.70
0.69
0.68
0.69
0.70
0.70
0.70
0.71
0.70
0.71
0.72

***UNHEATED INLET CONDITIONS***

kinetic
viscosity
[m2/s]

9.90E-06
9.69E-06
9.33E-06
9.12E-06
8.92E-06
8.80E-06
8.11E-06
7.43E-06
7.51E-06

5.82E-06
5.67E-06
5.36E-06
5.64E-06
5.50E-06
5.48E-06
5.33E-06
5.06E-06
5.34E-06
5.30E-06
5.16E-06
5.29E-06
5.13E-06
5.11E-06
4.93E-06
4.92E-06
4.57E-06
4.59E-06
4.65E-06
4.92E-06
4.63E-06
4.54E-06

3.66E-06
3.62E-06
3.56E-06
3.50E-06
3.44E-06
3.38E-06
3.35E-06
3.26E-06
3.24E-06
3.09E-06

thermal
diffusiv.
[m2/s]

1.40E-05
1.37E-05
1.31E-05
1.28E-05
1.25E-05
1.24E-05
1.14E-05
1.04E-05
1.05E-05

8.18E-06
7.96E-06
7.51E-06
7.92E-06
7.72E-06
7.69E-06
7.48E-06
7.09E-06
7.48E-06
7.43E-06
7.23E-06
7.41E-06
7.18E-06
7.16E-06
6.88E-06
6.87E-06
6.37E-06
6.40E-06
6.49E-06
6.88E-06
6.46E-06
6.32E-06

5.12E-06
5.05E-06
4.98E-06
4.89E-06
4.80E-06
4.72E-06
4.67E-06
4.54E-06
4.51E-06
4.30E-06

turbulent laminar
intensity  burning vel
[m/s] [m/s]
10.56 0.29
11.47 0.25
13.32 0.22
15.07 0.20
17.04 0.17
17.51 0.17
24.47 0.15
25.01 0.14
31.84 0.15
8.51 0.15
9.02 0.15
8.70 0.14
9.01 0.16
9.98 0.12
10.13 0.13
10.21 0.13
10.51 0.12
9.90 0.12
11.22 0.11
11.54 0.12
11.49 0.12
13.34 0.11
13.21 0.10
15.91 0.10
15.91 0.10
16.01 0.10
16.19 0.10
21.25 0.10
23.81 0.11
21.93 0.10
24.63 0.10
7.63 0.11
8.32 0.10
9.24 0.09
10.78 0.08
12.37 0.08
14.23 0.08
15.83 0.07
20.66 0.08
22.02 0.08
33.45 0.09

lam. flame chemical

thickness
[m]

4.81E-05
5.44E-05
6.03E-05
6.55E-05
7.34E-05
7.1E-05
7.61E-05
7.5E-05
7.13E-05

5.52E-05
5.49E-05
5.19E-05
4.94E-05
6.46E-05
6.05E-05
5.57E-05
5.75E-05
6.07E-05
6.84E-05
5.81E-05
6.27E-05
6.84E-05
7.21E-05
6.92E-05
6.54E-05
6.3E-05
6.58E-05
6.36E-05
6.29E-05
6.23E-05
6.02E-05

4.77E-05
5.12E-05
5.42E-05
6.18E-05
5.82E-05
6.05E-05
6.3E-05
5.68E-05
5.52E-05
4.58E-05

time

[s]

1.66E-04
2.17E-04
2.76E-04
3.34E-04
4.30E-04
4.07E-04
5.10E-04
5.43E-04
4.85E-04

3.73E-04
3.79E-04
3.58E-04
3.08E-04
5.42E-04
4.77E-04
4.15E-04
4.66E-04
4.92E-04
6.30E-04
4.67E-04
5.31E-04
6.51E-04
7.27E-04
6.96E-04
6.23E-04
6.23E-04
6.77E-04
6.23E-04
5.75E-04
6.00E-04
5.74E-04

4.45E-04
5.18E-04
5.90E-04
7.83E-04
7.07E-04
7.75E-04
8.50E-04
7.10E-04
6.77E-04
4.88E-04

mixing
time

[s]

1.3E-04
1.2E-04
1.1E-04
9.3E-05
8.2E-05
8.0E-05
5.7E-05
5.6E-05
4.4E-05

1.6E-04
1.6E-04
1.6E-04
1.6E-04
1.4E-04
1.4E-04
1.4E-04
1.3E-04
1.4E-04
1.2E-04
1.2E-04
1.2E-04
1.0E-04
1.1E-04
8.8E-05
8.8E-05
8.7E-05
8.6E-05
6.6E-05
5.9E-05
6.4E-05
5.7E-05

8.8E-05
6.8E-05
6.4E-05
4.2E-05

Damkohler Reynolds Kolmogorov

number

0.80
0.56
0.38
0.28
0.19

0.11
0.10
0.09

0.44
0.41
0.45
0.50
0.26
0.29
0.33
0.29
0.29
0.20
0.26
0.23
0.16
0.15
0.13
0.14
0.14
0.13
0.11
0.10
0.11
0.10

number

1494
1657
2000
2313
2674
2784
4227
4710
5938

2049
2229
2274
2237
2541
2589
2680
2907
2596
2963
3130
3040
3639
3618
4524
4529
4903
4938
6396
6775
6624
7597

scale
[m]

5.27E-06
4.87E-06
4.23E-06
3.79E-06
3.40E-06
3.30E-06
2.41E-06
2.22E-06
1.87E-06

4.15E-06
3.90E-06
3.84E-06
3.89E-06
3.53E-06
3.49E-06
3.40E-06
3.20E-06
3.48E-06
3.15E-06
3.02E-06
3.09E-06
2.70E-06
2.71E-06
2.29E-06
2.29E-06
2.16E-06
2.15E-06
1.77E-06
1.69E-06
1.72E-06
1.55E-06

3.19E-06
2.96E-06
2.71E-06
2.38E-06
2.12E-06
1.88E-06
1.72E-06
1.38E-06
1.31E-06
9.27E-07

turbulent
burning vel
[m/s]

8.64
8.29
8.16
8.00

5.55
5.70
5.72
6.21
5.12
5.47
5.86
5.63
5.33
5.05
5.91
5.55
5.43
5.12
5.74
6.05
6.07
5.86
6.99
7.70
7.24
7.84

turb.flame
thickness
[mm]

171
1.94
2.29
2.64
3.16
3.12
4.12
4.30
4.59

2.15

2.13
2.03
2.73
2.59
2.44
2.61
2.60
311
2.73
2.90
3.44
3.61
3.88
3.68
3.69
3.87
4.25
4.33
4.24
4.40
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pressure

[atm]

residence
time
[ms]

3.33
2.36
1.65
1.02

3.74
3.53
3.03
2.48
241
2.08
2.01
1.59
1.58
1.56
1.09
1.02
0.93
0.92
0.85

4.08
3.97
3.04
2.93
2.44
2.09
1.57
1.49
1.20
1.03
0.88
0.75

inlet T
[degC]

300
300
300
300

300
314
310
301
311
302
312
303
307
304
305
308
306
313
309

300
300
300
300
300
300
300
300
300
300
300
300

**PREHEATED INLET (573 K) CONDITIONS***

PHI

0.74
0.67
0.64
0.62

0.66
0.68
0.67
0.62
0.64
0.60
0.63
0.61
0.60
0.61
0.60
0.59
0.61
0.61
0.59

0.67
0.66
0.63
0.65
0.62
0.61
0.59
0.58
0.59
0.58
0.58
0.58

kinetic
viscosity
[m2/s]

1.66E-05
1.66E-05
1.66E-05
1.66E-05

1.06E-05
1.12E-05
1.10E-05
1.06E-05
1.11E-05
1.07E-05
1.11E-05
1.08E-05
1.09E-05
1.08E-05
1.09E-05
1.10E-05
1.09E-05
1.11E-05
1.10E-05

7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06
7.82E-06

thermal
diffusiv.
[m2/s]

2.38E-05
2.38E-05
2.38E-05
2.38E-05

1.53E-05
1.61E-05
1.59E-05
1.53E-05
1.60E-05
1.54E-05
1.60E-05
1.56E-05
1.58E-05
1.56E-05
1.57E-05
1.58E-05
1.57E-05
1.61E-05
1.59E-05

1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05
1.13E-05

turbulent  laminar
intensity burning vel

[m/s] [m/s]
13.02 0.47
17.56 0.38
23.20 0.32
34.56 0.30

0.27
11.31 0.31
12.84 0.30

0.23

0.27
18.76 0.20
18.41 0.25
23.72 0.22
23.03 0.22
24.16 0.22
31.83 0.21
33.42 0.21
35.62 0.23
35.40 0.23
38.08 0.21
10.36 0.24
10.28 0.23
13.44 0.20
11.54 0.22
15.71 0.19
17.82 0.17
23.43 0.16
25.74 0.15
29.15 0.16
32.36 0.15
36.29 0.15
40.87 0.15

lam. flame chemical

thickness

[m]

5.048E-05

6.302E-05
7.34E-05

7.956E-05

5.645E-05
5.133E-05
5.37E-05
6.806E-05
5.949E-05
7.526E-05
6.348E-05
7.032E-05
7.286E-05
7.032E-05
7.293E-05
7.656E-05
6.88E-05
6.9E-05
7.649E-05

4.786E-05
4.957E-05
5.581E-05
5.218E-05
6.033E-05
6.441E-05
6.951E-05
7.435E-05
7.034E-05
7.433E-05
7.726E-05
7.728E-05

time

[s]

1.07E-04
1.67E-04
2.26E-04
2.66E-04

2.09E-04
1.63E-04
1.81E-04
3.02E-04
2.22E-04
3.69E-04
2.52E-04
3.18E-04
3.37E-04
3.17E-04
3.40E-04
3.71E-04
3.01E-04
2.96E-04
3.69E-04

2.04E-04
2.18E-04
2.77E-04
2.42E-04
3.23E-04
3.69E-04
4.29E-04
4.91E-04
4.40E-04
4.91E-04
5.30E-04
5.31E-04

mixing
time

[s]

1.1E-04
8.0E-05
6.0E-05
4.1E-05

1.2E-04
1.1E-04

7.5E-05
7.6E-05
5.9E-05
6.1E-05
5.8E-05
4.4E-05
4.2E-05
3.9E-05
4.0E-05
3.7E-05

1.4E-04
1.4E-04
1.0E-04
1.2E-04
8.9E-05
7.9E-05
6.0E-05
5.4E-05
4.8E-05
4.3E-05
3.9E-05
3.4E-05

Damkohler
number

1.01
0.48
0.27
0.15

0.76
0.60

0.20
0.30
0.19
0.18
0.18
0.13
0.11
0.13
0.13
0.10

0.66
0.62
0.38
0.50
0.28
0.21
0.14
0.11
0.11
0.09
0.07
0.06

Reynolds
number

1101
1485
1961
2922

1417
1629

2462
2321
3076
2948
3122
4101
4266
4575
4449
4846

1856
1841
2407
2067
2814
3193
4196
4610
5221
5797
6500
7321

Kolmogorov
scale
[m]

6.62E-06
5.29E-06
4.29E-06
3.18E-06

5.48E-06
4.93E-06

3.62E-06
3.78E-06
3.06E-06
3.16E-06
3.03E-06
2.47E-06
2.40E-06
2.27E-06
2.32E-06
2.18E-06

4.47E-06
4.50E-06
3.68E-06
4.13E-06
3.27E-06
2.98E-06
2.43E-06
2.26E-06
2.06E-06
1.90E-06
1.75E-06
1.60E-06

turbulent
burning vel
[m/s]

11.44
11.92
12.11
13.72

9.10
9.52

8.56
10.16
10.36

9.92
10.47
11.62
1141
13.04
13.11
12.20

7.94
7.70
8.18
7.94
8.28
8.31
8.86
8.69
9.77
9.74
9.92
10.52

turb.flame
thickness
[mm]

1.59
2.06
2.68
3.53

1.74
1.89

3.07
2.54
3.21
3.25
3.23
3.84
4.10
3.82
3.78
4.37

1.83
1.87
2.30
2.03
2.66
3.00
3.70
4.15
4.18
4.65
5.12
5.44
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APPENDIX D

CHEMICAL KINETIC MODELING DATA



unheated
B.5 atm

PSR1
PSR1

PSR2
PSR2
preheated

6.5 atm

PSR1
PSR1

PSR2
PSR2

unheated
4.7 atm

PSR1
PSR1

PSR2
PSR2

unheated
3.0 atm

PSR1
PSR1

PSR2
PSR2

HP-JSR| PSR
residence time
[ms] | [ms]
0536 | 0536
058 0.8
148 1.48
2 0.126

4 0.0695

2 1.897

4 3833
0.754 | 0754
156 1.56
2 0231

4 0.045
2 1.847

4 3892
0.89 0.89
14 1.4
2 0.126

36 | 0.0704
2 1.84
3B 339
0EE 0.E6
058 0.8
2 0.08

33 | 0.0432
196 | 1.775
33 2504

temperature

1619
1629

1704
1739

1836
1879

1804
1820

1716
1734

1665
1928

¥

meas.
meas.
meas

adiab.
adiab.

meas.
meas.

meas.
meas.

adiab.
adiab

meas.
meas.

meas.
meas.

adiab.
adiab.

meas.
meas.

meas
meas.

adiab
adiab.

meas.
meas.

0.7
0.73

0.57
0.59

06
0.66

0.6
0.66

0.72
0.59

0.677
0.72

0.677
072

07
0.62

0.7
0.79

0.71
0.79

**CHEMICAL KINETIC MODELING DATA***

Wpsrl vt

[%]
100
100
100

100
100

11
1.08

100
100

100
100

MOx%

rmodel

MO

measured

MO rate

+

[pprmy, wet] | [pprv, wet] | [ppmfms] [pprmy, wet]
11 12 205 308 | 0017

10
96

515
5.4

7.3

96

6.4

6.5

8.1
9.2

11.64
11.71

4.26

6.41
11.23

126

7.68

10.1

12.1
211

9.1
9B

78
10.3
6.05

7.2

6.2
8.8

10.3
8.8

71
104

11.3
10.3

1.7
19.5

10.2
6.5

437
777

3.8
25
5.5
4.1

284
956

4.4
2.4

13.1
5.4

33.8
96.6

S
G L]

19.1
iieke]

95.0
2338

6.8
7.0

o CH
221 | 0.006
178 | 0.003
a1 | 005
68 | 0.2
53 | 5E05
53 | 2E05
252 | 0.003
173 | 0.001
816 | 0.016
750 | 013
44 | 5E-06
60 2E05
39 0013
288 | 0.006
B33 | 007
945 0.2
91 1E06
g94.2 | AE-05
789 | 003
B52 | 0.02

1591 035
1613 1

H

[pprmv, wet]
0

Jal:]
40

303
474

5.7
B
a0
28

159
535.4

2.8
5.5

130
g0

4241
7

11.2
1.3

344
240

1354
213

224 |0.0002 4475
222 |0.0004 G0.44

* - model NOx/PSR res. Time

MMH

0.001
0.0008
0.0004

0.003
0.004

GE-06
BE-0S
0.0005

0.0003

0.002
0.005

3E-05
GE-05

0.00z2
0.0008

0.003
0.005

GE-05
BE-05

0.002
0.001

0.006
0.0087

0.0002
0.0003

MN20

[pprrv, wet)

164
182
187

1.327
098

1
0.776
233
207
2.1

0.9
0e7

1.07
161

0.8

1.07
1.18

057
0.3719

1.019
0.7643

N2

730200
733700
736700

730400
724800

735700
733300
743700
743000

735300
728900

742700
738200

732700
7345800

730700
724600

737000
733700

732300
734200

724100
713000

734000
728100

N

[pprmy, wet]

0.0004
0.0002

0.002
0.004

3E-05
4E-05
0.0002

0.0001

0.0007
0.004

2E-05
4E-05

0.0007
0.0004

0.002
0.008

4E-05
BE-05

0.002
0.001

0.009
0.0279

0.0001
0.0003

[pprrv, wet]

MO

0.71
1.30

0 3.67
g 4.49

074
011

0.63
2.85

2.82
0.55

0.44
1.57

441 3.1
3 5.13

0.10
0.12

0.82
238

1.24
1.82

011
0.07

1.83
572

0.71
0.64

0.99
1.62

3.44
4.40

0.51
0.29

1.92
3.57

[pprrv, wet)

MO

MO

MMH | CH | SUM

0.00
0.07

0.58
0.49

0.01
0.08

2.69
1.06

0.06
0.10

295
1.80

228
1.79

0.23
0.53

0.06
0.05

1.29

0.94

2.19
2,

0.01
0.05

4.54
3.62

2.60
4.59

0.00
0.08

4.99
5.19

532
8.56

0.11
0.42

11.09
10.14
9592

469
569

1.51
379
6.54

7.70

720
463

1.09
4.56

12.29
11.80

462
6.58

1.94
4.08

1262
13.21

822
10.70

4.09
10.24

%]
NO
Zeld.
9.04
13.66
16.29

3.43
1.85

49.02
52.30
15.34

23.07

10.27
236

57.74
62.49

11.75
16.81

2.12
1.63

46.02
a3.31

9.80
13.75

1.29
0.67

44.70
55.88

[%]

25.33
43.49

15.35
9.26

40.92
37.24

.25
33.34

6.26
267

46.58
34.82

[%]

§.92
6.39

20016
2290

23.56
8.99

26.30
2236

3.02
239

234
1360

2772
16.71

5.71
5.17

[%]

19.74
12.23

30.41
B2.76

0.53
1.20

39.36
30.71

56.23
B6.65

0.04
2.06

39.55
39.31

B4.73
79.95

2.61
4.14

0T¢
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Figure D.1 O-atom concentration versus PSR residence time
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Figure D.2 CH-radical concentration versus PSR residence time
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