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CHAPTER 1

Introduction

Fire has been controlled by humans for several hundred thousand years
(Weinberg, 1974). Most controlled prehistoric fires burned plant matter, in
which the primary mode of heat transfer to objects outside of the fire (such as
humans) was radiation. In 18th century colonial America, Benjamin Franklin’s
famous “Franklin Stove” was an improvement over previous stoves and
fireplaces in part because of higher radiant output (Lyons, 1985). Radiation has
been an important mode of heat transfer from fires throughout the ages.

Many industrial processes, such as paint drying and food processing,
require radiant heat. A major source of thermal radiation in industrial and
domestic use has been electric radiant heaters, which offer precise control and
high flexibility. However, the efficiency of electric power generation (60% loss)
and transmission (5% loss) is low enough that one seeks a direct source of
thermal radiation from a natural gas powered device. The gas-fired radiant

heater (also called “radiant burner” in this dissertation), which generates
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thermal radiation directly through combustion of natural gas, is a promising
technology for efficient and economical generation of radiant heat with minimal
pollutant emission.

Radiant burners are excellent choices for apphcaﬁor;s that require high
radiant heat flux. Replacing electric radiant heaters with gas-fired burners can
lead to lower energy consumption and lower operating costs. Even in processes
that do not require high radiant flux, radiant heat transfer is effective because it
is a uniformly distributed heat flux, is not affected by flowing gases, and can be

focused or reflected as needed.

1.1 DEFINITIONS AND NOMENCLATURE

Before describing some commonly used gas-fired radiant heaters, a few
important definitions and nomenclature notes are provided. In this dissertation,
the terms gas-fired radiant heater and radiant burner are used interchangeably even
though some radiant burners have been designed to use liquid fuels (e.g. Tseng
and Howell, 1996). The only fuel considered in this dissertation is methane,
which is a good approximation of natural gas (typically > 90% CHs).

A screen is a porous medium that is placed a short distance (5-50 mm)
downstream of a radiant burner. Alternative names such as “insert”,

“reverberator”, or “reverberatory screen” are sometimes used to describe this
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second porous medium. In this dissertation, the term screen will be used to refer
to the second (downstream) porous medium.
Firing rate is an energy flow rate. It is defined as the product of fuel flow

rate and the fuel heating value, that is,

Firing Rate = Y, -m"-HHV [1-1]
where Yris the mass fraction of fuel, m" is the mass flow rate of fuel and air per
unﬁ area (kg/m?s), and HHYV is the higher heating value of the fuel (55.6
M]/kg-CHs). The choice of higher heating value instead of lower heating value
in the firing rate definition is arbitrary. There is no clear advantage or
disadvantage for either heating value. The units of kW/m? are used for firing
rate in this dissertation (note that 315 kW/m?2 = 100,000 Btu/hr-ft?).

The radiant efficiency is an important performance metric for radiant
burners. It is defined as the fraction of input energy that is converted to radiant

energy:

Radiant Efficiency = R;—_dfﬁn—tR-il——:e" [1-2]
ring

A similar radiant efficiency for electric radiant heaters can be defined as the ratio

of radiant flux to the input electrical power per unit area.
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1.2 DESCRIPTION OF RADIANT BURNERS

Radiant burners are divided into many classes and sub-classes. This section
describes many of the important types of radiant burners, which are shown ina
tree diagram in Figure 1-1. Only the burners with names in boxes are
investigated in this dissertation. Several types of radiant burners are described
to provide a context for the research in this dissertation. Reports by Tidball et al.
(1989) and Harder et al. (1987) also contain descriptions of radiant burner
designs.

The first division of radiant burners is into indirect-fired burners and
direct-fired burners. Indirect-fired burners contain the flame and prevent
combustion products from contacting the object being heated (the “load”). In
contrast, the combustion products from a direct-fired burner can contact the
load. The most common indirect-fired burners enclose a flame inside a tube.
They are called radiant-tube burners. The flame —usually a non-premixed jet
flame —heats the inside of the tube, which then radiates to the load. Figure 1-2a
shows a schematic of a radiant-tube burner. Fuel and air enter on the bottom left
and burn within the enclosure. The hot combustion products pass through the
tube, heating it to incandescence. The inside of the tube is designed to facilitate
a high heat transfer rate between the tube and the hot gas flowing through the

tube.
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GAS-FIRED RADIANT HEATERS
(a.k.a. RADIANT BURNERS)

/\

Direct-fired Indirect-fired

(Figure 1-2a)

Impingement Porous

(Figure 1-2b) /\

Muiti-flame Single-flame

(Figure 1-3) /\

Surface-flame Submerged-
(Figure 1-4a) flame
(Figure 1-4b)

T r

Investigated in this dissertation

Figure 1-1: Classes of gas-fired radiant heaters. Only the burners in boxes are
investigated in this dissertation.
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Radiating
Exhaust surfaces
t / . » Exhaust
\ T S
<\ -~ 1_": Flame
< /
Flame ——— Radiation
% /‘ Fuel
and Air
—
a.) Indirect-fired radiant burner b.) Direct-fired impingement radiant burner

Figure 1-2: Two types of radiant burners. a.) Indirect-fired radiant burner. b.)
Direct-fired impingement radiant burner. An approximate scale is noted for each
device. Figures adapted from Tidball et al. (1989).

Radiant-tube bumers have several disadvantages. Emissions of nitrogen
oxides (NOx = NO + NO,) can be quite high when a non-premixed flame is used
because the non-premixed flame might have hot zones which can lead to
elevated NO formation rates. Also, the limited contact between the flame and
surface can lead to low radiant efficiency, which may require use of large tubes
to achieve the required heat flux. Despite these short-comings, radiant-tube
burners are frequently used in situations where contamination of the load is
unacceptable, such as in metal treating. For more about radiant-tube burners,
see Harder et al. (1987), Blevins et al. (1994), Ramamurthy et al. (1995), or Blevins

and Gore (1996).
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Direct-fired radiant burners can be divided into two classes, depending
on the flow path of the gas and the position of the flame: impingement radiant
burners and porous radiant burners. Figure 1-2b shows an impingement radiant
burner in which a flame impinges on a refractory surface. The surface is heated
by the flame and radiates to the load. Several features of this design limit its
usefulness, such as the small contact area between solid and gas. The possibility
of high refractory temperatures, though, makes these burners a popular choice
for high temperature applications such as metal treating.

In porous direct-fired radiant burners the combustion gases pass through
the radiating material. Porous direct-fired radiant burners can be further sub-
divided into two classes: burners which consist of multiple flames (“multi-flame
burner”) and burners which consist of one continuous flame (“single-flame
burner”). The ported-tile burner is a popular multi-flame porous direct-fired
radiant burner (see Figure 1-3) . Porﬁd—ﬂe burners are made from a non-porous
ceramic block that has been cast with an array of holes. Premixed air and fuel
flow through each hole and a small premixed flame from each hole heats the
ceramic block. The small contact area between the flame and the ceramic limits

the efficiency of ported-tile burners.
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Premixed
Flames

v@kﬁg&é
Plenum — 1

Fuel + Air

Port

Figure 1-3: Cross section diagram of a ported-tile burner. A premrixed flame
stabilizes at the exit of each port in the tile.

Single-flame burners can be further subdivided into two sub-classes:
burners in which a single flame is on the surface of the porous medium
(“surface-flame burner”) and burners in which a single flame is entirely within
the porous medium (“submerged-flame burner”). Figure 1-4 shows schematic
drawings of a surface-flame burner and a submerged-flame burner. The porous
medium can take many forms, with porous media in current designs consisting
of metal fibers, ceramic fibers, bonded hollow spheres, and ceramic foam, to
name a few. In this dissertation, the term “surface-flame burner” will be used to
refer to a “single-surface-flame porous direct-fired radiant burner”. The term
“submerged-flame burner” will be used to refer to a “single-submerged-flame

porous direct-fired radiant burner”.
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Flame Flame

and Air and Air

a.) Surface-flame burner b.) Submerged-flame burner

Figure 1-4: Two types of porous direct-fired radiant burners. a.) Surface-flame
burner, in which the flame stabilizes on the surface of the burner. b.) Submerged-
flame burner, in which the flame stabilizes in a portion of the porous medium. An
approximate flame position is noted for each device. In each burner a continuous
flame exists, in contrast to the multiple flames in the ported-tile burner.

1.3 APPLICATIONS OF DIRECT-FIRED RADIANT BURNERS

In the final report from a three year study of the “Radiant Burner Technology
Base”, Tidball et al. (1989) described three process heating markets that could
benefit significantly from direct-fired radiant burners: metal processing, glass
processing, and chemical processing. This section contains the descriptions of
these three industries from Tidball ef al. (1989) and descriptions of radiant

burner applications from several other researchers.

1.3.1 Metal Processing

Metal heat treating and processing is a diverse field, with many requirements for
source temperature, gaseous emissions, and heater durability. For applications

that do not need a controlled atmosphere or high oxygen levels, direct-fired
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radiant bumers can be used. Tidball et al. (1989) stated that the high heat
transfer rates from radiant burners could increase energy efficiency in forging
and hot rolling processes. Normalizing, annealing or hardening typically takes
place inside furnaces with heaters positioned above the load. Electric elements
or radiant-tube burners are sometimes used to allow careful control of the
furnace temperature. Some direct-fired radiant burners, such as burners with a
porous medium made of metal fibers, can meet precise temperature control
requirements while providing lower operating costs and shorter heat-up times.
Most direct-fired radiant burners have a smaller thermal mass than electric

elements or radiant tubes.

1.3.2 Glass Processing

Glass tempering and forming processes typically rely on electric heating
elements. Although electric elements allow excellent control, the heat-up time
can be significant, which may require that the elements be operating at all

times —even when the furnace is empty. Direct-fired radiant burners, with their
nearly instant on/off nature, can allow the furnace to be shut off between each

operation, thus reducing energy costs (Tidball et al., 1989).

1.3.3 Chemical Processing

Many synthesis processes in the chemical industries require careful application

of heat to the chemicals. Heating of pipes with impinging flames can lead to
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excessive temperatures in small areas of the pipes, which can cause fouling or
result in a damaged product. A direct-fired radiant burner with a concave
porous medium could be used to evenly heat a pipe or tank, thus preventing hot

spots (Tidball ef al., 1989).

1.3.4 Paper Drying

In the paper industry, infrared heaters are commonly used to dry coatings and
starches (Lee, 1994). About3% of infrared heaters in paper drying processes are
gas-fired radiant heaters (Kuang et al., 1995). Goovaerts ef al. (1991) installed
direct-fired radiant burners into a paper plant to increase the speed of hot
pressing, to incorporate preheating of the paper into the process, and to increase
drying capacity. Based on their experimental results, they suggested four
advantages of using a high temperature (> 1150°C) direct-fired radiant burner:
1.) the high radiant flux increases the drying rate of the paper, 2.) the burner
emission spectrum closely matches the absorption spectrum of water , 3.) the
burner system has a claimed drying efficiency of 60% (energy transferred to the
paper sheet/input energy), which is higher than the drying efficiency of electric
systems, 4.) the lifetime of the porous medium is significantly longer than that
of an electric heating element. In full-scale tests in a pulp dryer Goovaerts et al.
(1991) obtained an average speed-up of 5.2%. They also found that the gas-fired

drying processes had no negative effects on paper quality.
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Mattsson et al. (1990) examined heating for coated paper drying in pilot-
scale tests. They analyzed radiant efficiency (radiant flux/input energy),
operating costs, and product quality for gas-fired radiant heaters and electric
radiant heaters. The spectral distribution of the gas-fired radiant heaters that
were tested matched the absorption properties of uncoated printing paper better
than the electric radiant heaters. They calculated that a gas-fired system would
have energy costs that are approximately 30% of the energy costs of the electric
system. However, they found that for their pilot-scale test, electric elements

were superior in terms of space requirements and heat-up speed.

1.3.5 Coating and Paint Drying

Automakers, appliance manufacturers, and other industries that coat metal have
long used solvent-based coatings because of the short cure time associated with
solvents. However, as air quality regulations for volatile organic compounds
become more stringent and the costs of storage, insurance, and disposal of
solvents increase, many manufacturers are switching to powder- or water-based
coatings (Anonymous, 1991), which require longer dry time than solvent-based
coatings. Thus, drying ovens with wavelength-tuned infrared heaters are being
developed. Gas-fired radiant heaters could prove useful in this field, especially
because the emission of the radiating medium can be tuned with coatings or

embedded materials (Tong and Li, 1996).
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1.3.6 Food Processing

Food processing by far-infrared radiation can reduce processing time, energy
cost, result in compact and automatic ovens, improve product quality, and
decrease microorganism contamination (Sakai and Hanzawa, 1994). In this case,
the far infrared is defined as radiation with wavelengths between 2.5 and 30 um;
the blackbody that will emit the largest fraction of radiation in that region has a
temperature of under 500 K. The major components of foodstuffs—water,
proteins, and starches—absorb infrared energy with wavelength longer than
about 3 um. Wavelengths shorter than 3 um do not effectively cook the food.
Thus, for efficient use of energy, a low temperature heat source is appropriate.
Most current radiant burners do not efficiently operate with surface
temperatures of under 500 K, but a new generation of catalytic radiant burners
that could operate at low firing rates might better meet the needs of the food

processing industry (Rumminger et al., 1996).

1.4 LITERATURE REVIEW

Recent reviews by Viskanta (1995) and Howell et al. (1995) described the state of
research on combustion in porous media. They discussed experiments,
modeling, and properties of various kinds of radiant burners.

A recent Ph.D. thesis (Kulkarni, 1996) from Arizona State University

discussed numerical modeling and experimental investigation of radiant
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burners. There are several important differences between that work and this
dissertation. The most important difference is perspective. Researchers at
Arizona State (Kulkarni, Sathe, Peck and Tong) published some of the first
papers about radiant burners and they treated the burners as a porous medium
with a dispersed heat source, such as a flame that is fixed in one position. Their
focus has been on heat transfer in the burners. While this is useful for
understanding how burner properties affect heat transport from the (fixed)
flame, it neglects the fact that a premixed flame is a dynamic object that
stabilizes where the flame speed equals the unburned gas velocity. As burner
properties, fuel-air flow rate, or the fuel-air mixture changes, the flame adjusts to
a new equilibrium position. Modeling surface- and submerged-flame burners
with a non-fixed flame is an example of the combustion-oriented perspective in
this dissertation. Another example is the use of extensive chemical kinetics for
radiant efficiency and pollutant formation modeling.

The next two sections review the literature related to the radiant burners
investigated in this dissertation (i.e. porous direct-fired single-flame radiant
burners). Section 1.4.1 discusses previous research on surface-flame burners.

Section 1.4.2 describes previous research on submerged-flame burners.
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1.4.1 Surface-Flame Burners

Surface-flame burners are versatile and can be used as a source of thermal
radiation or as a stable premixed burner with low-NO, emissions. Ata firing
rate under about 450 kW/m? (Singh, 1996), the burner surface glows uniformly
and is in the “radiant mode”. As the flow increases, the flame might lift off the
surface in part of the burner, resulting in little radiation from the relatively cool
porous medium, thus giving rise to the name “blue-flame mode”. The cause of
such partial lift-off has not been conclusively determined and could be related to
spatial variation in the porous medium and/or the premixed gas flow field.
Models to date have varied significantly in the treatment of combustion
reactions. Several attempts have been made to analytically model a radiant
burner (Golombok et al., 1991; Escobedo and Viljoen, 1994). These studies used a
one-step irreversible chemical reaction to approximate the flame and used
asymptotic analysis to solve the conservation equations. Andersen (1992)
approximated the flame with an arbitrary heat release function (e.g., a delta
function) and numerically solved the conservation equations. Other models
have employed a one-step chemical mechanism (Chen et al., 1987; Sathe et al.,
1991). Hsu and Matthews (1993) demonstrated important differences between
models that use one-step chemistry and models that use multistep chemistry for
radiant burner simulation. One-step chemistry concentrates all of the heat

release in a flame zone that is much narrower than typical flames, whereas the
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multistep chemical reactions in combustion expand the reaction zone.
Incomplete combustion —which is not modeled by the one-step chemistry of the
above papers —decreases the ultimate heat release. Hsu and Matthews (1993)
reported that these differences caused single-step peak temperature predictions
to be 5% to 20% higher than the multistep predictions for combustion of methane
in a porous medium.

Although Hsu and Matthews (1993) cited many important differences
between single-step and multistep chemistry, they neglected to mention two
other benefits of multistep chemical modeling. First, the parameters in the one-
step reaction rate expression are generally empirical parameters that are not
independent of the experimental conditions at which they were formulated. In
contrast, a reaction mechanism that consists of elementary reaction steps can be
extrapolated to conditions beyond those of the experiments that determined the
individual reaction rates in the chemical mechanism (Warnatz, 1992). Second,
the use of multistep chemistry allows prediction of flame position, which is a
critical part of radiant burner behavior. For a direct-fired radiant burner, the
heat source is a premixed flame. Premixed flames have a characteristic burning
velocity that depends only on mixture composition, pressure, heat losses, and
initial temperature (Fristrom, 1995). The flame will adjust to the burner surface
so that resulting heat loss leads to a burning velocity that is equal to the speed of

the incoming unburned gas.
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Other researchers have modeled surface-flame burners with a skeletal
methane mechanism that does not contain nitrogen chemistry (Van der Drift
et al., 1994) or with a skeletal mechanism and post-processing for complex
nitrogen chemistry (Bouma ef 4., 1995). Researchers have utilized models with
multistep chemistry, but specified the flame location by attaching the flame to
the numerical mesh at one point (Kulkarni and Peck, 1993; Kulkarni, 1996),
which could result in incorrect results for the reasons listed in the section
immediately above.

Levinsky (1989) simulated a surface-flame burner with a burner-
stabilized premixed flame code by assuming that the heat transferred from the
flame to the burner emerged as radiant energy. However, the code was not
suitable for analysis of burner properties. He analyzed the effect of flow
conditions and exhaust gas recirculation on radiant efficiency and pollutant
emission.

The work of researchers at Alzeta Corporation (Santa Clara, California)
has revealed much about surface-flame burner operation (for example, Tidball
et al., 1991; Bartz et al., 1992; Kendall ef al., 1992; Sullivan and Kendall, 1992)
and has stimulated innovation in the radiant burner industry. Sullivan and
Kendall (1992) modeled the gas downstream of surface-flame burner with
multistep kinetics and analyzed NO, formation. Variation of burner properties

is not possible with their model because only the gas downstream of the burner
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is simulated. The model calculated a surface boundary gas temperature and
then solved conservation of species, energy and mass for the gas downstream of
the burner surface. They reported NO, predictions that were reasonable, but
lower than their experimental measurements and attributed this to uncertainty
in Fenimore-NO, initiation reaction, CH+N>—>HCN+N.

Williams et al. (1992) made extensive measurements on a cylindrical-
shaped ceramic-fiber surface-flame burner operating in radiant mode. They
measured gas temperature, radiant efficiency, surface temperature, major species
profiles and NOx profiles. From their experimental measurements and kinetic
calculations, they concluded that the Fenimore pathway was the most important
NO; formation route in radiant mode at firing rates of around 300 kW/m?

(for ¢ < 1).

1.4.2 Submerged-Flame Burners

Compared with surface-flame burners, submerged-flame burners offer the
possibility of higher radiant efficiency and /or super-adiabatic flame speed.
Some researchers have focused on increasing the flame speed, reducing the lean
flammability limit, or enabling combustion of low heat-content fuels (Weinberg,
1974; Echigo, 1982; Echigo, 1985; Hsu et al., 1993; Howell et al., 1995). These
burners are significantly different in geometry and operation than the ones

studied in this dissertation. For example the porous medium in the burners
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studied at the University of Texas at Austin (Hsu et al., 1993; Howell et al., 1995)
was about 10-cm thick (see Figure 1-5a) and the flame speed was above the
adiabatic laminar flame speed. Reasons given for the higher flame speed
include heat recirculation (through radiation and conduction) and turbulent
combustion (Hall and Hiatt, 1994). Additionally, mixtures below the lean limit
were combusted in the burner. Liquid fuel combustion was also investigated
(Kaplan and Hall, 1995; Tseng and Howell, 1996).

In contrast to the submerged-flame burners mentioned in the previous
paragraph, the submerged-flame burners modeled in this dissertation are
designed to operate below the adiabatic laminar flame speed; high radiant
output and low pollutant emissions are the primary goals. Figure 1-5b shows an
example of a submerged-flame burner. The burner studied in this dissertation is
made from reticulated ceramic (definition of reticulated: “resembling a net; esp:
having veins, fibers or lines crossing” (Merriam-Webster, 1987)). Hence, we call
it a bilayer reticulated-ceramic burner (a short version of its complete name,
porous bilayer reticulated-ceramic submerged-flame direct-fired radiant
burner). It has an upper layer with large pores (the “downstream layer”) and a
lower layer with small pores (the “upstream layer”). Our modeling predictions
are consistent with the observation that the flame stabilizes at or near the

interface of the two layers.
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10 PPI I

10 PPI /

Flame

a.) UT Austin burner b.) Burner investigated in this
dissertation

Figure 1-5: Cross sections of two submerged-flame burners. a.) Porous-inert
medium burner used by researchers at the University of Texas at Austin (e.g. Hsu
etal. ,1993) b.) Submerged-flame burner studied in this dissertation. The
approximate location of the flame is noted.

Although there are numerous commercial manufacturers and users of
reticulated-ceramic burners, we know of only two reported studies of
reticulated-ceramic burner performance (Mital ef al., 1995; Mital et al., 1996).
Mital et al. (1995) measured radiant efficiency and emissions for the same type of
reticulated ceramic burners as those examined in this dissertation. Using micro-
thermocouples and micro-probes, Mital et al. (1996) performed detailed
measurements of gas temperature and species concentration above and within
the upper layer. Data from their studies are compared with model predictions

in Chapter 6.
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1.5 MOTIVATION

Our research goal is to improve the radiant efficiency and expand the stable
operating range of porous direct-fired radiant burners while keeping NO, and
CO emissions suitably low. To meet the goal, we are creating and using a
comprehensive numerical model that simulates combustion in surface-flame
burners and submerged-flame burners. A numerical model is a valuable tool
because the number of possible variations of surface-flame burners and
submerged-flame burners is staggering. Burners can be constructed with
different pore sizes, fiber diameter, porosity, material, and thickness. Multiple
layer structures can also be formed, thus adding to the number of possibilities.
With so many parameters to vary, experimental parametric studies would be
costly and time-consuming. A numerical model allows free variation of burner
properties to investigate many different burner designs with minimal effort.
Furthermore, a numerical model of a porous radiant burner allows unique
insight to burner processes. For example, heat propagation in the porous

medium and flame stabilization can be investigated with a numerical model.

1.6 SCOPE OF THE DISSERTATION

This dissertation analyzes heat transfer and chemical kinetics in three types of
porous direct-fired radiant burners: 1.) surface-flame burners, 2.) surface-flame

burners with a second porous medium (a “screen”) downstream of the first
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porous medium, and 3.) submerged-flame burners. One can look at the three
types of burners as an evolution from surface-flame burner to surface-flame
burner with a screen, to burner with a fully submerged flame. The submerged-
flame burmner is essentially a surface-flame burner with screen when the
separation distance is zero.

Chapter 2 describes the radiant burner model in detail, discusses
numerical methods, porous medium properties, and chemical kinetics. Chapter
3 investigates surface-flame burners operating in blue-flame and radiant mode.
Experimental data are compared with model predictions. Simulations are
performed to assess the effect of burner design on radiant efficiency for surface-
flame burners with a single layer porous medium. A short investigation of a
bilayer surface-flame burner is also presented. In Chapter 4 the formation of
NO:. in surface-flame burners is thoroughly investigated, including analysis of
NOx formation mechanisms. Chapter 5 describes simulations of surface-flame
burners acting in concert with separated “screens” (porous media placed a short
distance above a radiant burner) and the implications for pollutant formation
and burner efficiency. A bilayer submerged-flame burner is analyzed in
Chapter 6. Experimental measurements of gas temperature are described and
data from other researchers are compared with the model predictions. A
summatry, conclusions, and suggestions for future research are presented in

Chapter 7.
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References cited in a chapter are listed at the end of the respective
chapter. An additional list of all of the references cited in the dissertation

follows the Summary and Conclusions (Chapter 7).
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CHAPTER 2

Numerical Modeling of Porous Direct-
Fired Radiant Burners

2.1 INTRODUCTION

The number of possible variations of porous direct-fired radiant burners is
staggering. The porous media in radiant burners can be constructed with
different pore sizes, fiber diameter, porosity, material, and thickness. Multiple
layer structures can also be formed, thus adding to the number of possibilities.
With so many parameters to vary, an experimental parametric study would be
costly and time-consuming. A numerical model allows free variation of burner
properties and investigation of many different burner designs with minimal
effort. Furthermore, a numerical burner model allows unique insight into
burner processes. For example, with the model we obtain information about
heat propagation in the porous medium or the location of flame stabilization.
In this chapter, a numerical model of a single-flame porous direct-fired

radiant burner is described. The governing equations and boundary conditions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2: NUMERICAL MODELING OF RADIANT BURNERS 29

are presented and explained. Computational methods, chemical reaction
modeling and the properties of porous media are also discussed. Note that
when the terms “porous direct-fired radiant burner” or “radiant burner” are
used in the following sections, they refer solely to single-flame porous direct-
fired radiant bumers. Other types of burners (e.g. indirect-fired radiant tubes,

ported-tile burners) are not examined in this dissertation (recall Figure 1-1).

2.2 NUMERICAL MODEL

We represent a porous direct-fired radiant burner with a steady-state one-
dimensional model. The one-dimensional approximation is appropriate for the
burners we are studying because the flame zone is much thinner than the non-
axial dimensions of the porous medium. One-dimensional models have been
used successfully for flat flames on burners of similar geometry such as a water-
cooled porous plug burner (Kee et al., 1985).

The model in this dissertation is an improvement over previous models
because it includes all of the following: separate energy equations for the gas
and solid, multistep chemistry, a domain that allows more accurate calculation
of solid boundary temperatures, a user-definable flow rate, and a radiatively
participating porous medium. We use the two-flux approximation (also called
the Schuster-Schwarzchild approximation) for the radiative heat transfer in the
porous medium (Viskanta, 1966). The position of the flame is not fixed, but

instead the flame can move as input conditions and burner properties change.
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Our model was influenced by the pioneering work of Sathe et al. (1990) and
Singh et al. (1992). The code is an extension of Sandia National Laboratory's one-
dimensional premixed flame code (Kee ef al., 1985).

We assume the flame is one-dimensional and laminar, the gas is optically
thin and ideal, combustion occurs at constant pressure, the porous medium is
spectrally gray, and the porous medium is a hemispherically isotropic scatterer.

Figure 2-1 shows the computational domain for the model. Fuel and air
enter an adiabatic, infinite duct at the left (x = xi,), flow into the porous

medium —which extends from x =0 to x = L —and exit at x = x after reacting.

_ —_—
Fuef and Hot products
Air and radiation
—
Xin Xout

Figure 2-1: Computational domain for radiant burner model. x =0and x = L are the
edges of the porous medium (shaded region). Upper and lower boundary lines are
shown, but the actual boundaries are at +o and -om.

The boundary conditions for the gas are evaluated at the inlet and exit of
the system (xi» and xa: in Figure 2-1) and the solid energy and radiative transfer
boundary conditions are evaluated at x =0 and x = L, points that are between the
gas end points. The computational domain used in this formulation is unlike the

domain in most of the studies cited in Chapter 1, exceptions are Sathe ef al. (1990)
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and Kulkarni (1996). The separated boundary conditions allow more accurate
calculation of solid boundary temperatures, especially in surface-flame burners
where a non-negligible fraction of the heat release can occur downstream of the
burner surface (Williams et al., 1992). Additionally, when we apply the adiabatic
boundary condition to the gaseous species, we place the boundary far enough
downstream (at least 15 cm) to ensure that most of the primary exothermic

reactions have been completed.

2.3 GOVERNING EQUATIONS
The system is governed by equations for mass continuity, gas-phase species
conservation, gas-phase energy conservation, porous-solid energy conservation,
the radiative transfer equations for the solid, and the ideal gas law.
The mass continuity equation is

m" = pug [2-1]
where 71" is the mass flow rate per unit area, p is the mass density of the gas, u is
the gas velocity, and ¢ is the porosity of the solid (¢ =1 in the gas only region).
The material is assumed to be isotropic, thus the volumetric porosity and cross-

sectional area porosity are equal.

The gas species conservation equation is

dy, d .
pusE:—+ d—x-(peY,(V,‘) =, W,e k=1,..kk [2-2]
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where Y is the mass fraction of the k-th species, Vi is the diffusive velocity of the
k-th species, Wi is the molecular mass of the k-th species, ¢, is the production
rate of the k-th species, and kk is the total number of gas-phase species. One
equation is solved for each molecular species.

The gas-phase energy equation is

dT, dT.) & dT a
putc,, —i—-—‘—i-(k g) + ) pel,¥,c \ 7;— + hv(l; T) =~y [6 AeW,] [2-3]

k=t k=1
where c;, is the specific heat of the gas mixture, c;, is the specific heat of the k-th
species, T; is the gas temperature, T; is the solid temperature, h, is the volumetric
convective heat transfer coefficient between the solid and gas, h is the enthalpy
for the k-th species, and kg. is the effective thermal conductivity of the gas
mixture.

The porous medium energy equation is

d[, dT, _dg,
E[k,,,gx-] +h,(T,~T,) = - [2-4]

where k;,. is the effective thermal conductivity of the porous medium, g is the net
radiative flux (the difference between forward radiation flux (q* ) and backward
radiation flux (7-) ) and k. ;s is the effective thermal conductivity of the solid.
Note that the effective thermal conductivity correlation for the porous medium
typically includes material properties such as porosity, pore diameter, and fiber

size.
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The radiative transfer equations for the two-flux approximation are

aZC =-20,9"+ 20’,0),( f+ bq') + 20,(1 ~ m,,)oI:‘ [2-5]
_%1 =-20,4 + Zaew,( f7+ bq*) +20,(1-w,)oT; [2-6]
x

where @, is the single scattering albedo, c. is the extinction coefficient, f is the
forward-scattering fraction (a non-isotropic scattering parameter), b is the
backward-scattering fraction, and ¢ is the Stefan-Boltzmann constant. More

details about the two-flux approximation can be found in Viskanta (1966).
The radiant efficiency of the burner is given by the following expression:

Radiant Flux _q°(L)=-q7(L)
Chemical Energy Input  Firing Rate

Radiant Efficiency = [2-7]

The firing rate is the product of the fuel flow rate and the higher heating value of

the fuel (methane in this dissertation).

2.4 BOUNDARY CONDITIONS
Boundary condition at the gas inlet (xix) is given by

Te = Toiven, Yi= Yigiven [2-8]
The gas inlet (xin) is typically placed 3-5 cm upstream of the porous medium.

The boundary condition at the upstream face of the porous medium

(x=0) by
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-(l—e)k,%{ =h,(T,-1.)~(¢7(0)-4*(0)) [2-9]

q°(0) =eQ, +%,97(0) [2-10]
where h, is the convective heat transfer coefficient (per unit area), Q- is the
ambient radiant flux from negative infinity (e.g. the burner housing), 7. is the
reflectivity of the porous medium, and e is the average emissivity of the surface.

At the downstream face of the porous medium (x = L) we find the porous
medium temperature such that the total radiant losses from the burner equal the
net convective heat transfer from the gas to the porous medium (which is also
equal to the product of 7" and the enthalpy change of the gas between x;, and
Xt ). Since non-radiative heat losses are not included in the model, any net heat
transfer from the gas to the porous medium must emerge as radiant energy. We
chose this approach —as opposed to solving an equation similar to Eq. [2-9] at
the boundary —because the downstream face of the porous medium is a point at
which the porous medium energy equation is evaluated on a per-unit-area basis,
while the gas-phase energy equation is evaluated on a per-unit-volume basis.
Also, the knowledge of the convection coefficient at the downstream solid
boundary is highly uncertain. The complex geometry of the downstream porous
medium surface has prevented measurements of the (area-based) convection
coefficient. Thus, to avoid use of highly uncertain properties (the convective

heat transfer coefficient and area-to-volume conversion), an energy balance is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2: NUMERICAL MODELING OF RADIANT BLIRNERS 35

used. We do not use this energy balance method at the upstream boundary
because temperatures are lower, the convective heat transfer rate is smaller, and
radiant emission is significantly smaller.

The backward radiant flux value at the boundary is found with the

following expression:

g (L)=eQ +2,9°(L) [2-11]
where Q. is the ambient radiant flux from positive infinity (e.g., the recipientof
the radiation, called the load).

We assume that the main exothermic reactions are complete and the gas is
adiabatic at the gas outlet
dTy/dx=0, dYi/dx=0 [2-12]
The computational boundary for the gas outlet is typically 10 to 15 cm

downstream of the porous medium.

2.5 COMPUTATIONAL METHODS

We find steady-state solutions with a modified-damped Newton-Raphson
method, Twopnt (Grcar, 1992), on DEC 3000 Alpha computers. Solution time
depends strongly on the initial guess and varies from several minutes to several
hours. The solver uses an adaptive gridding technique and solutions typically
contfain 100-150 grid points. For numerical convergence, we specify an absolute

tolerance of 101 and a relative tolerance of 105.
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A detailed description of the modified damped Newton’s method for
two-point boundary value problems used in Twopnt is in Grcar (1992). Extensive
notes about the application of Twopnt can be found in the manuals of Premix
(Kee et al., 1985) and Spin (Coltrin ef al., 1991). The purpose of the Twopnt
algorithm is to find a solution vector that minimizes the residual of the finite
difference equations. The program uses standard techniques that increase the
robustness and speed of Newton’s method, such as reusing Jacobian matrices,
reducing the length of search step when necessary and using time stepping to
move the system towards the solution.

The finite differences used in the radiant burner code follow those used in
the original premixed flame code (Kee et al. , 1985). Windward differencing is

used for nearly all first order derivatives, such as

dT T .-T
(%) em{Tampeey 219
Xy =X

where j refers to the mesh point number. Artificial diffusion will be minimal
because of the adaptive grid technique (Kee et al., 1985).

The first derivative for the summation term in the gas-phase energy
equation (Eq. [2-3]) is approximated by a central difference formula

dT, h;_, h—h;_, h;
z) “\nth+h) o e o h e vy o) P
(B + 1) -1 (B + i)

J JY

where hj = xj+1 - xj. The coefficients are evaluated at the current mesh point.
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Adaptive grid methods are popular for combustion simulations because
they allow the mesh to be dense where required, such as in the flame front, and
sparse in areas where profiles are flat. The efficient placement of grids in the
flame front is critical if one wants solutions in a reasonable amount of time and
with good resolution. The radiant burner code begins with a coarse mesh and as
solutions are found, Twopnt adds new grid points in regions that are not
sufficiently resolved. See Grcar (1992) for full details about the adaptive grid
method used in Twopnt .

Old solutions with the old numerical grid are used as initial guesses for
new problems. After a continuous series of runs in which the flow rate or
equivalence ratio was changed by a significant amount, the flame may have
shifted on the numerical grid, thus leaving a collection of closely spaced grid
points outside of the flame front. A regrid routine is included in the code to

remove the unnecessary grid points.

2.6 CHEMICAL KINETICS

We use the Chemkin subroutines for chemical kinetics management (Kee et al.,
1989) and the Transport subroutines (Kee et al., 1985) to calculate gas properties.
The packages are modular and make many intricate calculations tractable, such

as reaction rate analysis.
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Figure 2-2: Diagram of Chemkin and input files and their interface with the radiant
burner code (after Kee et al., 1989). A FORTRAN post-processing code is used to
read the binary output file from the radiant burner code.

Porous Medium
Properties

For calculations in which NO formation is analyzed, we use the Gas
Research Institute-developed methane-air chemical kinetic mechanism with
nitrogen chemistry (GRI-Mech 2.11, Bowman et al., 1995). The detailed
mechanism contains methane and nitrogen chemistry with 49 species and 279
reactions. A reduced mechanism (DRM19, Kazakov and Frenklach, 1994) for
methane combustion is used when pollutant emission results are not desired.

The reduced mechanism contains 21 species and 84 reactions and was created
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using a detailed reduction technique (Frenklach, 1991; Wang and Frenklach,
1991). We are interested in using the smaller mechanism primarily for reasons
of convenience: smaller mechanisms run faster and allow better grid resolution
(i.e., more grid points). Comparison of the full mechanism with the reduced
mechanism is performed for surface-flame burners in Chapter 3. Lists of species
and reactions contained in each mechanism, as well as information about

obtaining the mechanisms, can be found in the appendix.

2.7 PROPERTIES OF THE POROUS MEDIA

The sensitivity of chemical reaction and radiation to temperature requires careful
consideration of the properties of the porous medium. For the model described
in this document, the following porous medium properties are needed: effective
thermal conductivity (ks.), extinction coefficient (c.), single scattering albedo (w,),
forward scattering fraction (f), porosity (g), and convective heat transfer
coefficient (h,). The extinction coefficient determines how quickly radiant
energy is absorbed or scattered by the porous medium; it is the sum of the
scattering coefficient and the absorption coefficient. The scattering albedo is the
ratio of the scattering coefficient to the extinction coefficient; it is the measure of
the fraction of radiant energy that is extinguished through scattering. The
thermal conductivity used for the porous medium is an effective thermal

conductivity, which depends on the material and the structure of the porous
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medium. The forward scattering fraction is an asymmetry parameter for the
radiant heat transfer model and denotes the fraction of scattered radiation that
scatters in the forward direction. The convective heat transfer coefficient is used
for heat transfer between the gas and porous medium. A review of physical
properties of porous media used in radiant burners was presented by Howell
(1995). A review of convection in consolidated porous media was presented by

Viskanta (1995).
2.7.1 Surface-Flame Burners

2.7.1.1 Metal Fiber Matrices

The porous media in some surface-flame burners consist of metal fibers that are
formed into a matrix through sintering. The porosity of one commercially
available metal fiber matrix has been reported to be 0.80 (Golombok, 1991). We
use this value for the simulations of a surface-flame burner with a metal fiber
porous medium.

The effective thermal conductivity of sintered metal fibers was studied

and a correlation was developed by Mantle and Chang (1991). The correlation is

e 1. : |
k, ' [(1-8)/’"]*["’/("8_"’)]

where m = [1.2-29(d/ L)](0.81-¢)2 + [1.09-2.5(d/ Ly)], d is the fiber diameter, Ly is

[2-15]

the fiber length (Ly=1.0 cm was used for this study). Figure 2-3 shows how the
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effective thermal conductivity varies with porosity for several fiber sizes. The

effective thermal conductivity of the gas is approximated with a relation from

Yagi et al. (1960).

1.0 T - T— T — T r r -
D I d/ L,= 0.01
08F % _— dlL,= 0.001 H
) - dlL,=0.0001
b \
\\\
o 0.6} \\\ ]
\q | \ |
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041 A -
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Figure 2-3: Effective thermal conductivity correlation from Mantle and Chang. k. is
the thermal conductivity of the solid in bulk form; k..is the effective thermal
conductivity of the metal fiber matrix. In the legend, d denotes the fiber diameter,
Ly denotes the fiber length.

The convection coefficient within a metal fiber matrix comes from
measurements by Golombok et al. (1991). In the correlation, the Reynolds
number is based on fiber diameter (Re = m"d / 4) and the Nusselt number (Nu)
is based on a unit area formulation (i.e., Nu = h, d / k) and the fiber diameter.

For Re < 0.4 the correlation is

Nu = 0.04 Re® [2-16]
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For Re > 0.4 the correlation is
Nu =010 Re'® [2-17]

The following equation from Golombok et al. (1991) is used to convert from area-

based convection coefficient to volumetric convection coefficient:

, _4Nuk(1-c)

: yr [2-18]

Other properties for the porous medium are reasonable estimates:
extinction coefficient of 1000 m, scattering albedo of 0.65, and a forward

scattering fraction of 0.6.

2.7.1.2 Ceramic Fiber Matrices

Although surface-flame burners that have a ceramic fiber porous medium are
not analyzed in detail in this dissertation, sizable amounts of experimental data
on their performance exists. In Chapter 3 and Chapter 5 model predictions are
compared with experimental data for ceramic fiber surface-flame burners.

The following reasonable estimates are used for the ceramic fiber porous
medium properties: porosity of 0.93, effective thermal conductivity of 0.05
W/m-K, extinction coefficient of 1000 m, single scattering albedo of 0.7, and
forward scattering fraction of 0.65. The volumetric convective heat transfer

coefficient is from a correlation reported in Andersen (1991)

b= funi [2-19]
ugl
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where f;, is an arbitrary adjustment factor (= 120 is used here to acheive
realistic surface temperatures), 4 is the gas viscosity, L is the thickness of the

porous medium.

2.7.1.3 Ceramic Foam

Surface-flame burners that have a porous medium made of ceramic foam are not
studied in this dissertation (see Bouma et al. (1995) for work on ceramic foam
surface-flame burners). However, submerged-flame burners that use ceramic
foam are simulated. Information about the properties of those ceramic foams,
which could be used for simulation of ceramic foam surface-flame burners, can

be found in the section below.

2.7.2 Submerged-Flame Burners

For submerged-flame burners, radiant properties of the ceramic are critical
because the flame stabilizes completely within the porous medium. The porous
medium is typically bilayered, with a diffuse downstream layer and dense
upstream layer. Incorrect properties for the porous medium can cause numerical
non-convergence or can cause the flame to stabilize on the surface instead of
inside of the porous medium. Some measurements of thermal properties of
porous ceramics have been made for partially stabilized zirconia (Hsu and
Howell, 1993; Hendricks and Howell, 1994) and silicon carbide (Hendricks and

Howell, 1994). Mital et al. (1995) measured the extinction coefficient and
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scattering albedo of YZA, mullite, silicon carbide, silicon carbide-coated-
cordierite and uncoated cordierite. Although measurements were made for only
4, 6, and 8 pore-per-cm (PPC) samples, estimates have been made for the 25 PPC
downstream layer (Mital and Gore, 1995). The properties that are used in the
simulations in Chapter 6 are

Upstream Downstream

Layer Layer
(25 PPC) (4 PPO)

Extinction coefficient (c. , m1) 1000 115
Scattering albedo (w,) 0.77 0.72
Pore diameter (d, cm) 0.022 0.22
Porosity (g) 0.65 0.80
Bulk thermal conductivity (k;,, W/ m-K) 1.0 1.0

Forward scattering fraction () 0.6 0.6

The convection coefficient correlation for gas flow in porous ceramics is
from Younis and Viskanta (1993). They used a single-blow transient technique
to find the following empirical correlation for alumina ceramic foam from Hi-

Tech Ceramics (Alfred, NY):

Nu = 0.819[1 - 7.33(d/L)| Re**"+*5“"] [2-20]
where Nu is the volumetric Nusselt number (Nu = 2,d> / k, ), d is the average pore

diameter, L is the length of the porous medium, and Re is the Reynolds number
based on pore diameter. The correlation applies for 5.1 < Re < 563 and

0.005 <d/L <0.136. The volumetric convection coefficient in typical simulations
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is on the order of 107/ W/m?3-K in the upstream layer and 10° W/m?-K in the
downstream layer.

An experimentally determined effective thermal conductivity correlation
for ceramic foam has not yet been incorporated into the model. As far as we
know, no measurements of the effective thermal conductivity of ceramic foam
have been made. The translation we use to convert from bulk thermal
conductivity to effective thermal conductivity is k. = (1-€) k;, that is, a linear
dependence on (1-€). The effective thermal conductivity of the gas is

approximated with a relation from Yagi et al. (1960).

2.7.3 Common Properties of the Porous Media

At the upstream boundary of the porous medium we use a convective heat

transfer coefficient between the gas and bumer surface for a stagnation flow

from Kanury (1988) that is

Nu = 057(1~¢)Re™ Pr** [2-21]
Note that the Nusselt number is area-based. The correlation was developed for
flow impinging onto a flat plate, but we have modified it for use in this
application by adding the (1-¢) term to approximate the area of the solid in the
porous medium. This convective heat transfer coefficient is used for the

upstream boundary of all burners studied in this dissertation. Neither the
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surface-flame burner nor the submerged-flame burner is sensitive to the

convection coefficient of the upstream edge.

2.8 SUMMARY

We represent a porous direct-fired radiant burner with a one-dimensional
numerical model. Combustion in the radiant burner is modeled by equations for
mass continuity, gas-phase species conservation, gas-phase energy conservation,
porous-solid energy conservation, radiative transfer equations for the porous
medium, and the ideal gas law. The model is an improvement over previous
models because it includes all of the following: separate energy equations for the
gas and solid, multistep chemistry, a domain that allows more accurate
calculation of solid boundary temperatures, a user-definable flow rate, and a
radiatively participating porous medium. The multistep kinetics are managed
by Chemkin subroutines and a modified-damped Newton-Raphson method is
used to solve the differential equations.

The model requires the following porous medium properties: porosity,
effective thermal conductivity, extinction coefficient, single scattering albedo,
forward scattering fraction, and convective heat transfer coefficient. Many of the
properties used are from experimental measurements; the rest are estimates.

The next chapter investigates the radiant efficiency of surface-flame

burners.
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CHAPTER 3

Radiant Efficiency of Surface-Flame Burners

3.1 INTRODUCTION

A surface-flame burner is a porous direct-fired radiant burner in which the
flame stabilizes on the surface of a porous medium (see Figure 3-1). A surface-
flame burner can operate in two modes: the radiant mode (at low firing rates) in
which the surface glows evenly, and the blue flame mode (at high firing rates)
where part or all of the flame has lifted from the surface. The transition between

modes occurs at different firing rates and equivalence ratios for different burner

4
_

designs.

Flame

Porous medium

1 e

and Air

Figure 3-1: Surface-flame bumer. The fuel and air flow through a porous medium
and a flame stabilizes on the surface of the porous medium.
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The model used in this dissertation is the most comprehensive to date and
the perspective is not one of strictly heat transfer (as in many other studies), but
is an interdisciplinary view from the fields of combustion and heat transfer. In
this chapter, the radiant performance of surface-flame burners is studied. The
dependence of radiant efficiency (radiant flux / chemical energy input) on
equivalence ratio and firing rate is explained. Flame structure in surface-flame
burners is described. The results of a parametric study of radiative performance
of surface-flame burners are presented and the mechanisms that lead to variation
of radiant efficiency are explained. A surface-flame burner with a bilayered
porous medium is analyzed to determine the possible radiant efficiency benefits

of such a burner.

3.2 MECHANISM COMPARISON

Complex chemical kinetics are necessary for accurate simulations of combustion
within porous media (Hsu and Matthews, 1993). Chemical mechanisms—
including the ones that we use —are generally validated by comparing the
predicted laminar flame speed with measurements (among many other
comparisons), which is important for surface-flame burners. Accurate chemical
mechanisms are especially important because the heat source in a radiant burner
is a premixed flame with a characteristic burning velocity that depends only on

mixture composition, pressure, heat losses and temperature (Fristrom, 1995).
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The flame adjusts itself so that the burning velocity is equal to the speed of the
incoming unburned gas.

Simulation of pollutant formation, with the resultant multiple radical
species and complex reaction pathways, requires a ‘full’ mechanism that has
been constructed with accurate pollutant chemistry. For simulation of thermal
performance of a burner, though, a reduced or skeletal mechanism can suffice as
long as the flame speed is accurately reproduced. In this section, predictions of
surface-flame burner performance using a detailed mechanism (GRI-Mech 2.11,
Bowman et al., 1995) and a reduced mechanism (DRM19, Kazakov and
Frenklach, 1994) for methane combustion are compared. The detailed
mechanism contains methane and nitrogen chemistry with 49 species and 279
reactions; the reduced mechanism contains 21 species and 84 reactions and was
created using a detailed reduction technique (Frenklach, 1991; Wang and
Frenklach, 1991). We are interested in using the smaller mechanism primarily
for reasons of convenience and efficiency: smaller mechanisms run faster and
allow better grid resolution (i.e. more grid points), and thus permit more
simulations.

Figure 3-2 shows radiant efficiency predictions using the full and reduced
mechanisms for a surface-flame burner at two equivalence ratios. A nearly
constant offset between the reduced mechanism (dashed line) and the detailed

mechanism (solid line) occurs across a wide range of conditions. Typical
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deviations are on the order of 4% at low firing rates but over 10% at high firing
rates. This behavior is acceptable because at high firing rates the burners enter
blue flame mode, which is not of strong interest to us. Deviation between the

mechanisms is a result of differences in flame speed prediction.

25

20
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Radiant Efficiency (%)
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/.

Firing Rate (KW/m?

Figure 3-2: Radiant efficiency as firing rate varies for the full (solid lines) and
reduced (dashed lines) mechanisms. The equivalence ratio is 0.77 (lower curves)
and 0.9 (upper curves).

Predictions for exit gas temperature (15 cm downstream of the porous
medium) and porous medium surface temperature are shown in Figure 3-3 for
two equivalence ratios. Deviations between gas temperature predictions are
under 20 K at all conditions (<1 %); surface temperature deviations are less than

50 K (5%) at each firing rate.
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The UNIX “time” command was used to demonstrate the differences in
computational speed between DRM19 and GRI-Mech 2.11. A ¢ =0.9 flameona
surface-flame burner was simulated for ten different firing rates with each
mechanism. The reduced mechanism simulation required only 20% as long as

the detailed mechanism simulation.
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Figure 3-3: Maximum gas temperature and surface temperature for full (solid) and
reduced (dashed) mechanisms. The numbers refer to the equivalence ratio (0.9 and
0.77).

3.3 COMPARISON WITH EXPERIMENTAL DATA

In this section, model predictions for gas temperature and radiant efficiency are
compared with published measurements from a paper by Williams et al. (1992).
Williams et al. (1992) used a Pyrocore® burner (Alzeta Corporation, Santa Clara,

CA) that had a cylindrical-shaped porous medium with an outside diameter of 4
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cm and a length of 10 cm. The porous medium was a matrix of ceramic fibers
that was approximately 0.4 cm thick. They measured gas temperature, radiant
efficiency, surface temperature, major species profiles and NO profiles.

The following reasonable estimates were used to represent a ceramic fiber
porous medium: extinction coefficient of 1000 m, burner thickness of 4 mm,
scattering albedo of 0.7, forward scattering fraction of 0.65, porosity of 0.8,
effective thermal conductivity 0.05 W/m-K, and a convective heat transfer
coefficient correlation from Andersen (1991) with f, = 120.

Gas temperature was measured by Williams et al. (1992) with a CARS
technique using N spectra. The accuracy was estimated to be +30 K with a
reproducibility of + 20 K. Figure 3-4 shows the measurements and predictions
for a firing rate of 366 kW/m? and four equivalence ratios (¢ = 0.77, 0.83, 0.91,
and 1.0). Agreement is quite good, with the deviation increasing at farther
distances from the bumner surface, which is a result of radiative cooling of the
combustion gases. The numerical model does not include losses through gas
radiation above the burner.

Figure 3-5 shows the measurements and predictions for two firing rates at
¢ =1.0. Again, agreement is good. The deviation increases at distances

downstream of the burner surface, due to gas radiation.
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Figure 3-4: Comparison of gas temperature measurements (points) with predictions
(lines) for a firing rate of 366 kW/m? and four equivalence ratios. The burner is a
cylindrical-shaped burner with a ceramic fiber porous medium (Pyrocore®, Alzeta
Corp.). The stated accuracy of the temperature measurements is +30 K. Data from
Williams et al. (1992).
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Figure 3-5: Comparison of gas temperature measurements (points) with predictions
(lines) for ¢ = 1.0 and two firing rates. The stated accuracy of the temperature
measurements is +30 K. Data from Williams et al. (1992).
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Figure 3-6: Comparison of radiant efficiency measurements (points) with
predictions (lines) for 4 = 366 kW/n»? and various equivalence ratios. The filled
circles (®) represent radiant efficiency based on the enthalpy of the burned gas, the
open circles (O) are the direct radiation measurement. Data from Williams et al.
(1992).

Figure 3-6 shows radiant efficiency predictions and measurements for the
cylindrical burner used in Williams et al. (1992). Radiation measurements were
made with a Land total radiation pyrometer. A radiant efficiency based on the
enthalpy of the burned gas was also calculated by Williams et al. (1992).

The model underpredicts the radiant efficiency but clearly matches the
trend. Measurement of radiant efficiency is difficult and involves large
uncertainty, such as the view factor between the pyrometer and burner, and
directional radiation emission by the burner. The radiant efficiency reported by

Williams et al. (1992) is significantly higher than other reported measurements
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for ceramic fiber burners, such as Sullivan and Kendall (1992) and Schweizer
and Sullivan (1994), who report significantly lower efficiencies for a planar
ceramic fiber burner. Although the burner geometries (cylindrical vs. planar)
and porous medium thicknesses (4 mm vs. 10 mm) are different, these burner
differences should not result in large differences in radiant efficiency.

Compared with the radiant efficiency based on burned-gas enthalpy, the
model prediction is too low. The experiment had heat loss from gas radiation,
which decreases the gas temperature downstream of the burner, thus increasing
the radiant efficiency in the measurement. Furthermore, in the model the
temperature of the gas is slowly increasing downstream of the burner, which
increases the deviation between model and experiment. Thus, overprediction of
gas temperature leads to underprediction of radiant efficiency. Nonetheless, the
model performs acceptably given the uncertainty associated with radiant

efficiency measurements and the difference between model and experiment.

3.4 BURNER OPERATION AND PREMIXED FLAME STABILIZATION

Calculations and measurements showing that radiant efficiency decreases as
firing rate increases in direct-fired radiant burners have been presented several
times (Khanna et al., 1994; Mital ef al., 1995; Kulkarni, 1996). However, the
reason for this behavior has not yet been clearly explained. Here we offer an
interpretation of the dependence of radiant efficiency on firing rate (seen in

Figure 3-2) and then present numerical results that support the assertion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3: RADIANT EFFICIENCY OF SURFACE-FLAME BURNERS 59

A mixture of fuel and air has a fundamental adiabatic flame speed, S,
that depends only on mixture composition, pressure, initial temperature and
heat losses (Fristrom, 1995). The unburned gas flows at a velocity of V through
the porous medium. As the firing rate decreases, the velocity of the unburned
gas decreases but the adiabatic flame speed of the mixture remains constant.
Thus, when V is less than S, the flame loses heat to the porous medium to reduce
the flame speed to V. As the firing rate decreases, the flame loses more heat in
order to lower the flame speed to V. Most of this heat lost by the gas is radiated
away by the burner. The same dependence of heat loss on firing rate has been
shown for premixed flames stabilized on a cooled porous plug (van Maaren
et al., 1994), in which the heat lost by the gas is transferred to cooling water in the
porous plug. Figure 3-7 shows the variation of heat loss with firing rate for a
water-cooled burner and a surface-flame burner (called a “radiation-cooled
burner” for the remainder of this section). Radiation from the gas —which is not
considered in the model —is a primary reason for the differences in heat loss
between the model and experiment in Figure 3-7. Additionally, the
experimental burner might have had some heat loss to the burner that was not
captured by the cooling water. In summary, as the firing rate decreases, a larger
percentage of the chemical heat must be lost for the flame to stabilize upon the

burner, thus radiant efficiency increases.
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Figure 3-7: Heat loss from a premixed flame as firing rate varies. Water-cooled
burner data adapted from van Maaren et al. (1994). The equivalence ratio is 0.8.

3.5 FLAME STRUCTURE IN SURFACE-FLAME BURNERS

The investigation of flame structure in surface-flame burners can illustrate basic
features of burner operation. Calculations were performed for methane-air
flames for two conditions at ¢ =0.9: a low firing rate (150 kW/m?) and a high
firing rate (600 kW/m?). The low firing rate corresponds to a burner operating
in full radiant mode, while the high firing rate corresponds to a burner that is
operating near the blue-flame mode (perhaps with slight flame detachment).
The porous medium has the following properties: extinction coefficient of

1000 m, thickness of 5 mm, scattering albedo of 0.7, forward scattering fraction

of 0.65, porosity of 0.8, effective thermal conductivity for the porous medium
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based on a bulk conductivity of 1.0 W/m-K, and a 22-micron fiber diameter.
The initial gas temperature for all simulations is 300 K, unless otherwise noted.

Figure 3-8 shows the gas and solid temperatures for each firing rate. The
vertical dashed lines are the boundaries of the porous medium. Flow is from left
to right. The temperature of the exhaust increases as firing rate increases. In this
case the temperature difference is nearly 300 K, which has profound impact on
the NOx emission, as we shall see in Chapter 4. The upstream portion of the
porous medium is cooler at the higher flow rate because the convective heat
transfer coefficient rises with increasing gas velocity. Recall that the flame is not
fixed, but instead can move as circumstances dictate.

Figure 3-9 shows the net radiant flux in the porous medium for two firing
rates. In most of the porous medium, the net radiant flux is in the upstream
direction, a very important characteristic that will be explored further in this
chapter. Near the downstream edge the net radiant flux becomes positive and

rises sharply to reach the boundary value.
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Figure 3-8: Gas and solid temperature for a ¢ = 0.9 flame at two firing rates, 150
kW/m? (solid lines) and 600 kW/m? (dashed lines). The vertical dashed lines mark
the boundaries of the porous medium. The solid temperature curves span the
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Figure 3-9: Net radiant flux in the porous medium of a radiant burner at ¢ = 0.9 for

two firing rates (in kW/m?2).
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Figure 3-10 shows the mole fractions of the major species at 150 kW/m?2
The vertical dashed lines mark the location of the porous medium. The bulk of
the methane decomposition occurs within the porous medium and much of the
CO; formation occurs outside the porous medium. The peaks of major radicals
(O, OH, and H) are found in the gas-only region just downstream of the porous
medium (see Figure 3-11).

Figure 3-12 shows the major species for the high firing rate; Figure 3-13
shows the major radical profiles. The profiles have moved upstream slightly

and the radical peaks are nearly inside the porous medium.
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Figure 3-10: Major species concentrations in a surface-flame burner operated at 150
kW/n22 and ¢ = 0.9.
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Figure 3-11: Major radical concentrations in a surface-flame burner operated at 150
kW/n? and ¢ = 0.9.
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Figure 3-12: Major species concentrations in a surface-flame burner operated at 600
kW/m? and ¢ = 0.9.
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Figure 3-13: Major radical concentrations in a surface-flame burner operated at 600
kW/m? and ¢ = 0.9.

Figure 3-14 shows the chemical heat release for the two flow conditions.

The chemical heat release rate § (W/cm) is calculated as

q= Zwkd’khk [3-1]
k

where w, is the reaction rate of the k-th species (mol/cm?-s), Wk is the molecular
mass of the k-th species (g/mol), and hx is the enthalpy of the k-th species (J/ g).
The relative location of the two curves shows that the flame moves upstream as
the firing rate increases from 150 to 600 kW/m2. At a low firing rate, the flame is
relatively far from the burner surface —even though the flow velocity is low —to
prevent the heat release from being overcome by heat losses. As the firing rate

increases, the heat release increases, which allows more heat transfer to the
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porous medium. Some of the heat propagates upstream in the porous medium
and preheats the gas, which increases the laminar flame speed, allowing the
flame to move upstream into the burner. Eventually, though, the convective
velocity pushes the flame away from the burner (Viskanta, 1995). This behavior
has been described in numerical studies (Kulkarni and Peck, 1993), and was also
briefly experimentally examined by Williams et al. (1992). However, the
experiment of Williams et al. (1992) was not conclusive because of the difficulty

of gas temperature measurements very close to the porous medium (< 1 mm).
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Figure 3-14: Normalized heat release profiles for two firing rates at $ = 0.9,
calculated using Eq. [3-1] from Section 3.5.
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3.6 PARAMETRIC STUDY OF SURFACE-FLAME BURNER RADIANT
EFFICIENCY

The porous media used in radiant burners have many properties that can affect
performance. These include radiative properties like single scattering albedo,
extinction coefficient and forward scattering fraction; thermal properties like
effective thermal conductivity and convection coefficient; and physical
properties like pore diameter, fiber diameter, porous medium thickness, and
porosity. Creating a test matrix to stady many of the possible combinations
would be daunting and performance of the experiments would be a lengthy and
expensive procedure. With the numerical model, though, one can vary the
properties and quickly learn how the burner might behave and identify
promising configurations for experiment.

A numerical parametric study was performed to determine how burner
properties affect the radiant efficiency of a surface-flame burner. Six parameters
were independently varied: extinction coefficient, burner thickness, forward
scattering fraction, single scattering albedo, porosity, and effective thermal
conductivity. The “base” burner properties were chosen to represent an average
fiber burner: extinction coefficient of 1000 m!, burner thickness of 5 mm,
scattering albedo of 0.7, forward scattering fraction of 0.65, porosity of 0.8,
effective thermal conductivity that corresponds to bulk conductivity of

1.0 W/m-K (using the correlation from Mantle and Chang (1991) with a 22-um
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fiber diameter). In all simulations in this section, the porous medium is a single
layer with constant properties throughout (except for the convection coefficient,
which depends on gas temperature and composition).

At$ =0.9 (11% excess air), two firing rates in the radiant mode (150 and
300 kW/m?) and one firing rate near the blue flame mode (600 kW/m?) were
considered. The upper limit of 600 kW/m? was chosen because above that firing
rate it would be unlikely to find a real burner that does not have partial flame
lift-off. At$=0.77 (30% excess air), two firing rates in the radiant mode were
considered (150 and 300 kW/m?). The variation of radiant efficiency with firing
rate and equivalence ratio was presented in Figure 3-2. A similar but less
comprehensive study was performed by Kulkarni (1996), but the flame position
was fixed in his model and he only offered a brief explanation of the underlying
reasons behind surface-flame burner radiant efficiency. The results presented
below are for a burner with a moving flame and are presented in such a way
that the effect of each property on burner performance is clear. Additional
analysis of heat transfer and heat propagation is included to conclusively define

how burner properties affect radiant efficiency (in Section 3.7 below).
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Figure 3-15: Variation of radiant efficiency with extinction coefficient for several
conditions. The first number near each curve refers to the firing rate in kW/m? and
the second refers to the equivalence ratio. Solid lines are for ¢ = 0.9 (11% excess
air); dashed lines are for ¢ = 0.77 (30% excess air).

Figure 3-15 shows the variation of radiant efficiency with extinction
coefficient. As the burner becomes optically denser, the radiant efficiency
increases quickly then levels off. At low values of extinction coefficient more
radiant heat passes through the porous medium and escapes. Solutions were not
found for the 600 kW/m? firing rate for extinction coefficient below 400 m,
presumably because flash back occurred. Numerical non-convergence at low
extinction coefficients has been observed by other authors, notably Kulkarni
(1996). Note that the lower limit for convergence also depends on the other

properties of the burner.
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Behavior similar to that seen in Figure 3-15 occurs when burner length is
varied (see Figure 3-16). When the burner is thin, some of the heat propagates
completely through the burner and escapes from the upstream edge, thus
reducing the radiant efficiency. As the thickness increases, the amount of heat
that can pass entirely through the burner decreases. The burner thickness where
the radiant efficiency is nearly the maximum value shifts to shorter distances as
firing rate increases. This occurs because the convective heat transfer coefficient
increases with increasing flow rate.

Although the optical depth (the product of extinction coefficient and
length = 0. L) is a traditional dimensionless parameter used in radiative heat
transfer in participating media, the multi-mode heat transfer prevents Figure 3-
15 and Figure 3-16 from being condensed into one figure because all three heat
transfer modes depend on burner thickness: length for extinction of thermal
radiation, surface area for convective heat transfer, and the temperature gradient

for conduction.
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Figure 3-16: Variation of radiant efficiency with burner thickness for several
conditions. Solid lines are for ¢ = 0.9, dashed lines are for ¢ = 0.77.
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Figure 3-17: Variation of radiant efficiency with effective thermal conductivity for
several conditions. Solid lines are for ¢ = 0.9; dashed lines are for ¢ = 0.77. Note
the log scale on the x-axis.
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The influence of effective solid thermal conductivity (ks.) is displayed in
Figure 3-17. The radiant efficiency declines as k;. increases because heat
conducts upstream and radiates out of the upstream edge at higher rates when
k. is large. The shape of the radiant efficiency curves also depend on other
burner parameters, such as burner thickness and extinction coefficient. For
example, the decline in radiant efficiency would not be as steep for a thicker

(than 5 mm) porous medium and would be steeper for a thinner porous

medium.
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Figure 3-18: Variation of radiant efficiency with porosity for several conditions.
Solid lines are for ¢ =0.9; dashed lines are for ¢ = 0.77.

Figure 3-18 shows the effect of porosity on radiant efficiency. A slight

increase in radiant efficiency occurs as the porosity increases because the heat
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transfer coefficient decreases, allowing more heat transfer between the flame and
porous medium. Note that porosity affects the convective heat transfer
coefficient (inversely) and the effective thermal conductivity (inversely).
Solutions could not be found for very high porosities, presumably because the
flame moved through the burner and flashed back, which is similar to behavior
at low extinction coefficient and high firing rate.

Several of the burner properties studied have little impact on radiant
efficiency. At lower firing rates and equivalence ratios, an increase in scattering
albedo decreases radiant efficiency slightly. If less radiant energy is absorbed by
the porous medium (high albedo), more can escape through the upstream edge.
Increasing the forward scattering fraction will slightly decrease the radiant
efficiency. This occurs because in the upstream half of the porous medium, the
net radiant flux is in the backward direction (recall Figure 3-9) and forward
scattering increases the amount of heat that escapes.

The importance of the convective heat transfer coefficient for radiant
efficiency was investigated by simulating radiant burner operation with four

different convective heat transfer coefficient correlations:

1. the Golombok et al. (1991) correlation (Eq. [2-16] and [2-17] in Chapter

2), Nu=agRe?;
2. acorrelation from Andersen (1991) (Eq. [2-18] in Chapter 2, with f; =
12);

a constant h, of 107 W/m?3-K;
a constant h, of 108 W/m3-K.

Ll
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The Andersen (1991) correlation gave the lowest convective heat transfer
coefficients; the constant k, of 108 W/m?3-K was the highest. Figure 3-19 shows
that the convective heat transfer coefficient has little impact on radiant efficiency.
However, we find that the convective heat transfer coefficient is important for

flame stability; if h, is too low, the flame can flash back at high firing rates.
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Figure 3-19: Variation of radiant efficiency for several different convective heat
transfer coefficient correlations.

In order to investigate the range of efficiencies possible in surface-flame
burners, a set of porous medium properties was chosen to give an “optimized”
burner (with high radiant efficiency) and a “de-optimized” burner (with low
radiant efficiency). Figure 3-20 shows the radiant efficiency for the optimized

burner and the de-optimized burner. The optimized burner had the following
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properties: extinction coefficient of 4000 m; thickness of 10 mm; scattering
albedo of 0.7; forward scattering fraction of 0.8; porosity of 0.85; effective
thermal conductivity that corresponds to bulk conductivity of 1.0 W/m-K. The
de-optimized burner had the following properties: extinction coefficient of 400
m; thickness of 2 mm; scattering albedo of 0.4; forward scattering fraction of
0.4; porosity of 0.5; effective thermal conductivity that corresponds to bulk
conductivity of 75.0 W/m-K. Note that the radiant efficiency gains are not
strictly additive, that is, while independently doubling the extinction coefficient
or thickness would increase the radiant efficiency by Y percent for each change,
doubling both will not improve radiant efficiency by 2Y percent. This is because
the radiant efficiency gains are primarily caused by ‘radiation containment’. A
thicker, less conductive, or optically denser burner can each serve the purpose of
preventing radiant energy from penetrating to the upstream edge. The curves in
Figure 3-20 can be viewed as bounds for the performance of a surface-flame

burner made with a porous medium that is a homogenous single layer.
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Figure 3-20: Radiant efficiency for optimized and de-optimized surface-flame
burners. ¢ =0.9.

3.7 MECHANISMS OF RADIANT EFFICIENCY VARIATION

This section will demonstrate that the dominant factor for radiant efficiency
variation between different surface-flame burner designs is heat redirection.
This is done by analyzing the heat transfer from the gas to the solid for many
different burner designs and flow conditions.

Figure 3-21 shows the normalized net heat transfer from the gas to the
solid (the “normalized heat transfer”) for three firing rates at ¢ = 0.9. The curves
are normalized to allow presentation of all firing rates on one figure; the
maximum net heat transfer is different for each firing rate. Figure 3-21 shows

that as the extinction coefficient changes, the normalized heat transfer is nearly
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constant for the firing rate of 150 kW/m2. Normalized heat transfer varies less
than 10% for 300 and 600 kW/m?2. At the highest firing rate, the flame is less
sensitive to quenching and can have more contact with the burner, thus
transferring more heat. Recall from Figure 3-15 that the radiant efficiency
changed by more than 20% over the range of extinction coefficients for 150

kW/m? and 300 kW/m?2. Although the heat transfer remains nearly constant, the

radiant efficiency changes.
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Figure 3-21: Normalized heat transfer from the flame as a function of extinction
coefficient at ¢ = 0.9. The numbers near the curves refer to the firing rate.

Figure 3-22 explains the apparent contradiction between heat transfer and
radiant efficiency at low firing rates by showing the fraction of the heat

transferred from the gas to the porous medium that is converted into useful (i.e.
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forward) radiation. Even though the heat transfer at 150 kW/m? is nearly
constant, the amount of heat that exits the forward face of the burner increases
with increasing extinction coefficient. Figure 3-23 offers another view of this
situation by displaying the net heat flux in the porous medium for three burners
with different extinction coefficients operating at ¢ = 0.9 and 150 kW/m?. As the
extinction coefficient increases, the curve shifts upward, which decreases the

backward heat flux and increases the forward heat flux.
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Figure 3-22: The fraction of heat transferred from the gas to solid that is converted
to useful (forward) radiation as extinction coefficient varies for several firing rates
(in kW/m?) at $ = 0.9.
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Figure 3-23: Net heat flux in the porous medium at 150 kW/m? and ¢ = 0.9 for three
values of extinction coefficient. The numbers near the curve refer to the extinction
coefficient of the porous medium.

Further evidence of the heat transfer redirection is seen in the next few
figures. Figure 3-24 shows the normalized heat transfer for a ¢ = 0.9 flame at
three firing rates as effective thermal conductivity is varied. The change is
miniscule at 150 and 300 kW/m? and also small at 600 kW/m?2 (under 10%).
Recall that the radiant efficiency varied by over 20% for each firing rate (Figure
3-17). Figure 3-25 and Figure 3-26 explain why the radiant efficiency changes:
as effective thermal conductivity decreases, less heat is able to propagate to the

upstream edge of the burner.
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Figure 3-24: Normalized heat transfer for thermal conductivity variation for three
firing rates at ¢ = 0.9. The numbers refer to firing rate.
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Figure 3-26: Net heat flux in porous medium for two effective thermal
conductivities (k,,) at a firing rate of 150 kW/m? and ¢ = 0.9.

The most important conclusion to draw from the results presented above
is that the heat transferred from the gas to the solid is roughly constant for
surface-flame burners at a given flow rate and equivalence ratio. The flame
properties are roughly independent of burner design; radiant efficiency changes
are almost exclusively caused by redirection of heat. An increase in radiant
efficiency occurs when high fractions of the heat transferred from the gas to the

solid are converted into forward radiation (recall Figure 3-22 and Figure 3-25).

3.8 BILAYERED SURFACE-FLAME BURNER

In the previous sections, the porous medium of the surface-flame burner has

been a single layer with constant properties throughout. Heat escaping through
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3.8 BILAYERED SURFACE-FLAME BURNER

In the previous sections, the porous medium of the surface-flame burner has
been a single layer with constant properties throughout. Heat escaping through
the upstream edge of the porous medium was shown to reduce radiant
efficiency. Thus, heat propagation through the porous medium should be
reduced. Additionally, the high radiant efficiency of a submerged-flame burner
demonstrates that by allowing the flame to stabilize in the porous medium the
heat lost by the flame can increase (see Chapter 6 or Mital et al., 1995).
Decreasing the “denseness” (e.g. optical denseness, convective heat transfer
coefficient) of the burner will allow the flame to crawl into the burner, but will
also allow heat to escape through the upstream boundary. With this in mind, we
simulated a bilayered surface-flame burner, which we call the “backstop” burner.
Figure 3-27 shows the design of a backstop burner, which is a surface-flame
burner with a dense, thin layer on the upstream edge of the porous medium.

The burner operates in surface mode for high stability.

/Flame

upper kayer ~4 mm

“backstop” layer ~ 1 mm

T Fuel and air

Figure 3-27: Schematic of 2 “backstop” burner, which is a surface-flame burner
with a dense, thin layer added to the upstream edge. The burner operates in
surface mode.
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We performed simulations of these burners for firing rates of 150 and 300
kW/m? at ¢ = 0.9 and varied the extinction coefficient, porosity and effective
thermal conductivity of the upper layer. Table 3-1 shows the properties of the
backstop layer and the base upper layer (which is the starting point for all
parameter variations). The results for the backstop burner are compared with

results for the surface-flame burner of the previous section (the “single-layer

burner”)
“Backstop”  Base upper

layer layer
Burner thickness (mm) 1 4
Extinction coefficient (m1) 4000 1000
Scattering albedo 0.7 0.7
Forward scattering fraction 0.65 0.65
Bulk thermal conductivity (W/m-K) 0.1 10
Porosity (%) 65 80
Fiber diameter (um) 2 22

Table 3-1: Properties of the backstop burner. The base upper layer is the starting
point for all parameter variations.

Figure 3-28 shows the dependence of radiant efficiency on the extinction
coefficient of the upper layer. The backstop burner has a slightly higher radiant
efficiency than the single-layer burner for most conditions. A large increase in
radiant efficiency occurs for very low extinction coefficients at 300 kW/m?
because the burner is shifting into submerged-flame mode. The shift does not
occur for the lowest firing rate because the upper layer is still dense enough to

prevent the weaker flame from moving upstream. Since we are not interested in
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submerged-flame mode at this time, the results at very low extinction coefficient
are not relevant (submerged-flame burners will be covered in detail in Chapter

6).
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Figure 3-28: Radiant efficiency for single-layer (solid lines) and “backstop” burners
(dashed lines) as extinction coefficient of the upper layer varies for two firing rates
at ¢ = 0.9. The numbers refer to firing rate in kW/m? and the letter ‘b’ signifies a
backstop burner.

The same trend of slightly higher radiant efficiency in the backstop
burner as porosity and effective thermal conductivity are varied is shown in
Figure 3-29 and Figure 3-30. By preventing heat from escaping through the
upstream edge of the burner, the backstop burner increases radiant efficiency
marginally. Efficiencies are about10% higher than the base radiant efficiency
(for example, a radiant efficiency increase from 15% to 16.5% or from 19% to

21%), which might not justify the added cost of a bilayer structure.
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lines and a ‘b’.
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3.9 CONCLUSIONS

Surface-flame burners have been simulated with a reduced methane combustion
mechanism that compares favorably with the detailed mechanism. A parametric
study of radiant efficiency in surface-flame burners showed that the following
properties lead to maximum radiant efficiency: high extinction coefficient, low
single scattering albedo, low thermal conductivity, high porosity, and large
thickness. Radiant efficiency changes caused by variations of more than one
parameter are generally not additive.

The amount of heat transferred from the flame to the porous medium is
nearly constant for most variations of porous medium properties and depends
primarily on equivalence ratio and firing rate. Radiant efficiency changes are a
result of heat redirection inside the porous medium. A highly efficient burner
will convert all of the heat transferred from the gas into forward radiation.

Thus, the maximum radiant efficiency of a surface flame burner is the amount of
heat that the flame must lose for stabilization divided by the firing rate.

A “backstop” burner, which is a surface-flame burner with a dense layer
added to the upstream edge of the burner (thus creating a bilayered porous
mediumy), can increase radiant efficiency in surface-flame burners marginally.

The next chapter contains a detailed analysis of NO, formation in surface-

flame burners.
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CHAPTER 4

Nitric Oxide Formation in Surface-Flame
Burners

4.1 INTRODUCTION

Understanding of interactions between premixed flames and porous media will
enable design of radiant burners with higher radiant efficiency, wider operating
range and lower pollutant emission. As nitrogen oxide (NOx = NO + NOy)
regulations become more stringent, design of gas burners with minimal NO,
emissions will be critical.

This chapter uncovers the most important mechanisms of NO, formation
in surface-flame burners and explores whether fundamental performance limits
may exist. We numerically and experimentally investigate NO« formation in
surface-flame burners operating in radiant and blue-flame mode and present
NOx profiles that show the chemical kinetic source of the NO,. The model points

to methods to reduce NOy levels in current burners.
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4.2 PROPERTIES OF THE POROUS MEDIUM

The surface-flame burner examined in this chapter has a porous medium that is
fabricated from 22-micron diameter fibers of a high-temperature alloy. The
thickness of the porous medium is 2.2 mm and the porosity is 0.8. The gas-to-
solid convection coefficient is from measurements by Golombok et al. (1991) and
depends on porosity, fiber diameter, gas velocity and local gas properties. We
use reasonable estimates for the following properties: an extinction coefficient of
1000 m, a scattering albedo of 0.7, and a forward scattering fraction of 0.65. The
effective thermal conductivity is calculated with a formula from Mantle and
Chang (1991). Details about the properties of the porous medium are in Chapter

2 (Section 2.7.1.1).

4.3 REACTION RATE ANALYSIS

We use a chemical mechanism for methane combustion (GRI-Mech 2.11,
Bowman et al., 1996) that includes nitrogen chemistry and consists of 49 species
and 279 reactions. We consider the following NO formation mechanisms in our

reaction rate analysis:
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1. the extended Zeldovich mechanism, No+O<N+NO, O4NoNO+O,
N+OHe&NO+H (Zeldovich, 1946);

2. the Fenimore pathway, which is initiated by CH+N><>HCN+N
(Fenimore, 1970);

3. the N2O mechanism, NH+NO&N,O+H, NCO+NOoNO+CO; and
NO+O«>2NO (Wolfrum, 1972; Malte and Pratt, 1974);

4. the NNH mechanism, NNH+O<NH+NO (Bozzelli and Dean, 1995);
5. the remaining reactions in the mechanism that produce NO

Reactions involving conversion of NO; to NO are not considered because NO is
converted into NO; in the flame front and then the NO; is converted back to NO,
resulting in no significant change in the NO concentration. At high pressure or
in combustors with rapid quenching (such as gas turbines), however, the
reconversion of NO, to NO can be incomplete, which results in elevated
concentrations of NO; (Flagan and Seinfeld, 1988). In the surface-flame burner
studied here, NO; emissions are insignificant; nearly all of the NO. is NO.

The contribution from each NO mechanism was found by reaction rate
analysis, as in Schlegel et al. (1994). The NO production rate for each mechanism
was calculated and the production rate was numerically integrated to obtain an
axial NO profile. The result was then multiplied by the molecular mass of NO

and divided by mass flow rate per unit area, thus

Myo [6,dz [4-1]
m' o

[NOJ,(x) =
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where [NOJi(x) is the concentration of NO produced by the i-th mechanism at
location x, Mo is the molecular mass of NO, n” is the mass flow rate per unit
area (g/s-cm?) and o, is the reaction rate (mol/s-cm3) for the i-th NO
mechanism. The contribution of N-atoms from the Fenimore pathway was
calculated by determining the fraction of N atoms created by the reaction
CH+N26>HCN+N and by the HCN to NCO to NH to N pathway, which Miller
and Bowman (1989) describe as the primary pathway for NO formation through

the CH+Nj; reaction (i.e. the Fenimore mechanism).

44 EXPERIMENTAL MEASUREMENTS OF NO.

We experimentally measured NOx profiles above a surface-flame burner with a
porous medium that was made of sintered metal-fibers. A 2.2-mm thick, 152-
mm on a side square metal-fiber porous medium was glued into a housing that
was filled with glass beads to ensure a uniform flow to the burner. The burner
was mounted on an up-down translation stage. The burner radiated to the room
and the gases cooled naturally. Natural gas (about 95% CH, ) was metered with
a calibrated rotometer and air was metered with a sonic-orifice flow meter.
Exhaust gases were sampled above the center of the burner using a
vertical uncooled low-aspect-ratio quartz probe with a orifice diameter of 0.6

mm and an expansion ratio of 4.3 inside the probe. The sample-collection pump
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was sufficiently powerful to ensure sonic conditions in the probe. After a short
passage (~30 cm) through stainless steel tubing, the sample enﬁeréd a heated line
that was maintained at 80°C to prevent water from condensing in the line before
the water trap. The sample entered an ice bath for water removal and then
entered the analyzer. We used a Horiba Chemiluminescent NO,~analyzer with
ranges of 0-10 ppm and 0-30 ppm, and 9.4 ppm NOx span gas. O, was measured
with a Horiba magneto-pneumatic analyzer; CO; was measured with a Horiba
infrared analyzer (Disclaimer: mention of company names does not imply
endorsement).

We measured NO,, O,, and CO; concentrations for three firing rates (200,
300, and 600 kW/m?) at ¢ = 0.9 and two firing rates (200, 300 kW/m?) at ¢ = 0.8.
At the lower firing rates the burner was operating in radiant mode, but at 600
kW/m? the flame was slightly lifted around the edges of the metal fiber porous
medium and thus technically a blue-flame burner. All measurements were
made for total NO; to avoid concerns about conversion of NO to NO,. Our
modeling shows that nearly all of the NO, is NO for the conditions we are

studying .
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4.5 COMPARISON OF MODEL AND EXPERIMENT

Model predictions of NO, concentration (corrected to 0% oxygen, dry) for ¢ = 0.9
are compared with measurements in Figure 4-1. The agreement is good at lower
firing rates but not at the highest firing rate. For the highest firing rate, the gas is
hot enough such that the Zeldovich mechanism is active, thus the temperature of
the gas is extremely important. The gas above the burner radiates heat and
additional heat was lost from the porous medium to the burner housing,.
Calculations in which the gas temperature is artificially lowered above the
burner by just 5% (70-100 K) show excellent agreement with the experiment (see
the dashed line in Figure 4-1). We suspect that the combination of gas radiation
and heat loss to the burner housing lowered the temperature enough to slow
NOx formation. Thus, a slight deviation in temperature at the highest firing rate
could result in the discrepancy between the model temperature and experiment
temperature because the active NOx formation mechanisms are extremely
sensitive to temperature. Nonetheless, we can learn much from the numerical

model even with this over-prediction of NOx.
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Figure 4-1: Predicted and measured NOx profiles for three firing rates at ¢ = 0.9.
Upper line and solid squares 600 kW/m?, blue-flame mode; nriddle solid line and
triangles are 300 kW/n®, radiant mode; lower solid line and circles are 200 kW/m?,
radiant mode. The dashed line shows the effect of decreasing the 600 kW/m?
temperature by 5% (70-100 K) above the porous medium. The porous medium
extends from -0.22 cm to 0.0 cm. The appearance of NO, in the porous medium is a
result of the correction to 0% O.

Figure 4-2 shows the calculated gas temperature profiles for the
experimental burner at ¢ = 0.9. Final temperatures for each condition are noted
on the right side of the figure. The upper limit of the plot is deliberately set to
2137 K—which is the adiabatic flame temperature of a ¢ = 0.9 methane-air
flame —to highlight the temperature decrease that is obtainable by using a
surface-flame bumer. In this case, we find temperature decreases of between

about 200 and 500 K.
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Figure 4-2: Gas temperature predictions for ¢ = 0.9 and three firing rates. Note that
2137 K is the adiabatic flame temperature of a ¢ = 0.9 methane-air mixture. The
order of the femperature curves on the upstream edge of the porous medium is
reversed, i.e. 600 kW/m? has the lowest upstream temperature. The porous medium
extends from -0.22 cm to 0.0 cm.

Measurements and predictions for ¢ = 0.8 are shown in Figure 4-3.
Agreement is fair. The deviation at the lower firing rates for both equivalence
ratios is possibly caused by uncertainty in rate constants of the less-well known
NO mechanisms or experimental uncertainty. Overall, the model shows good
agreement with the experiments, but for higher firing rates we consider the

predictions to be an upper bound.
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Figure 4-3: Predicted and measured NO, profiles for two firing rates at ¢ = 0.8, full
radiant mode. Upper solid line and triangles correspond to a firing rate of 300
kW/m?; lower solid line and circles represent a firing rate of 200 kW/m?. The
appearance of NOx upstream of the porous medium is a result of the correction to
00/0 Oz.

4.6 NUMERICAL ANALYSIS OF NO FORMATION MECHANISMS

Calculations were performed for commonly used equivalence ratios (¢ = 0.8 and
0.9) and firing rates (200, 300 and 600 kW/m?). In each figure, the porous
x;ledium extends from -0.22 to 0.0 cm. The calculated NO levels shown in
Figures 4-4, 4-5, and 4-6 are not corrected for oxygen or water. Note that the
final mole percent of O, is 1.92% at ¢ = 0.9 and 3.88% at ¢ = 0.8. The final mole

percent of H2O is 17.3% at ¢ =0.9 and 15.5% at ¢ = 0.8.
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Figure 4-4 shows the NO profiles for a burner operating on the lower

zone of the blue-flame mode (600 kW/m2, ¢ =0.9). NO levels reach almost 20
ppm just past the flame front, as about 15 ppm are formed in the flame front.

For this firing rate, the Zeldovich reactions are dominant and responsible for
much of the NO just above the burner, which causes the NO concentration to
increase steadily until the gases cool. The peak gas temperature is 1961 K, which
is approximately160 K lower than the adiabatic flame temperature of a ¢ = 0.9
methane-air mixture. The heat transfer from the flame to the porous medium
reduces the NO formation rate substantially, resulting in a low-NO premixed
burner with high stability. The NNH, N2O and ‘other’ pathways each contribute

about 2-4 ppm of NO; the Fenimore mechanism is responsible for about 1 ppm.
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Figure 4-4: NO contributions from each mechanism and the combined NO
concentration. The firing rate is 600 kW/m? and ¢ = 0.9; the burner is most likely
operating in blue-flame mode. The uppermost solid line is the total NO; lower
lines delineate the contribution from each mechanism. The region between the x-
axis and the first curve denotes the Fenimore NO contribution. The porous
medium extends from -0.22 to 0.0 cm in this figure and following figures. The peak
gas temperature is 1961 K.

As we decrease the firing rate and enter the radiant mode, more heat is
extracted from the flame to stabilize it on the porous medium. Since the NO
formation rate is highly dependent on gas temperature, the temperature change
causes a significant alteration of the NO formation pathways. Figure 4-5 shows
NO mechanism contributions for 300 kW/m? and ¢ = 0.9. Most of the NO is
formed in the flame front primarily through the NNH, N;O and ‘Other’

pathways. Therefore, even if the exhaust gases are cooled immediately, at least 7
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ppm of NO will be formed. Less than one-seventh of the NO is formed through

the Fenimore pathway.
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Figure 4-5: NO contributions from each mechanism and the combined NO
concentration. The firing rate is 300 kW/m? and ¢ = 0.9. The uppermost solid line is
the total NO; lower lines delineate the contribution from each mechanism. The
region between the x-axis and the first curve denotes the Fenimore NO
contribution. The peak gas temperature is 1781 K.

At the lowest firing rate (200 kW/m?) and lowest equivalence ratio (¢ =
0.8), non-flame-front Zeldovich NO is almost negligible and most of the NO is
formed in the flame front (see Figure 4-6). The contributions of flame-front
Zeldovich, NNH, N2O and ‘Other’ mechanisms are roughly equal at about 0.7

ppm each. The Fenimore mechanism is responsible for one-twelfth of the NO.
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Figure 4-6: NO contributions from each mechanism and the combined NO
concentration. The firing rate is 200 kW/n2 and ¢ = 0.8. The uppermost solid line is
the total NO; lower lines delineate the contribution from each mechanism. The
region between the x-axis and the first curve denotes the Fenimore NO
contribution. The peak gas temperature is 1655 K.

Presentation of NO, emissions is not straightforward because NO reaches
equilibrium very slowly. If one presents NO, vs. firing rate, for example, the
slope of the curve depends on how far away from the burner the NO, is
sampled. This behavior is shown in Figure 4-7, where NO, emission indices at
two distances are presented as a function of firing rate. The NO, emission index
(EINO,) is defined as the mass of NO, divided by the mass of fuel burned

(similar to that of Turns and Myhr (1991) ),
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Xno + XNO; . IVINoz .1000 [4-2]

EINO kg) =
L&) =y M,

where Xno is the mole fraction of NO, Xno, is the mole fraction of NO2, Xcn: is
the initial mole fraction of CHai, Mo, is the molecular mass of NO, (46 g/mol),
and Mcy, is the molecular mass of CH; (16 g/mol). The emission index is based

on the molecular weight of NO; to allow comparison with chemiluminescent
NO. measurements in which all of the NO is converted to NO: in the analyzer.
The transition between radiant mode and blue-flame mode for current surface-
flame burners occurs at approximately 450 kW/m? (Singh, 1996) and is marked
on Figure 4-7. The increase in NO, emission with firing rate is more dramatic at
the 10-cm plane than at the 1-cm plane. The importance of Figure 4-7, though, is
that it shows loose bounds for NO, emissions at various firing rates for a given
equivalence ratio. Since the model has no gas radiation or burner housing heat
losses, the 10-cm curve shows the maximum NO, emissions one can expect from
the surface-flame burner. Even if the burner is housed in a location that
provides instant cooling of the exhaust above the burner, the lower curve shows
the NO, emissions that can be expected, assuming that the burner housing is
adiabatic. Note that as the firing rate increases the flame begins to lift off the
burner, thus reducing radiant output and becoming a blue-flame mode surface-

flame burner. The model considers the flame to be perfectly flat; therefore,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4: NO, FORMATION [N SURFACE-FLAME BURNERS 103

effects of partially-lifted flames are not explicitly accounted for.
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Figure 4-7: Calculated NO, emission indices (g NO./kg CH; burned) at two
distances from the burner: 1 cm and 10 cm for ¢ = 0.9. The lower curve shows
‘flame-front’ NO, while the upper curve shows NO, formed in the flame and
exhaust.

4.7 RADIANT EFFICIENCY AND POLLUTANT EMISSIONS

As the firing rate increases for a surface-flame burner, the radiant efficiency
(percent of chemical input that is emitted as thermal radiation) declines while
the NO emission rises (see Figure 4-8). Thus, a burner operated at a high firing
rate will radiate inefficiently (with a partially lifted flame) and emit relatively

high amounts of NO.. However, the double performance penalty seen in Figure
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4-8 can be avoided by augmenting the surface-flame burner with a second
porous medium.

NO, emissions in appliances have been reduced in the past by placing
screens, bars or perforated metal in the flame or hot products. Surface-flame
burners already have low NO, emissions for most firing rates, but the results
presented in Figure 4-7 show that if exhaust gases are cooled quickly, NO
emissions can be lowered further. Thus, surface-flame burner users who operate
at high firing rates —whether radiant efficiency is important or not—and who are
concerned about NO. emissions could lower NO, emissions by placing a second
porous medium (a “screen”) downstream of the burner. Several important
issues related to screens remain to be addressed. For example, an screen that is
placed too close to the burner surface can interfere with the CO burn-out
reactions, thus increasing CO emissions. Radiant feedback from the screen to the
burner will increase the surface temperature of the burner, which will cause the
flame to shift position, and might even increase the upper firing rate for radiant
mode. The type and size of the screen is also important, as will be shown in
Chapter 5. If the distance between the surface-flame burner and screen is
reduced to zero, the flame might stabilize entirely within the porous medium,
thus leading to a submerged-flame burner, a technology that is discussed in

Chapter 6.
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thus leading to a submerged-flame burner, a technology that is discussed in

Chapter 6.
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Figure 4-8: Predictions of radiant efficiency (dashed line) and NO, emission index
(g NO,/kg CH4 burned) at 1 cm and 10 cm above the burner. The 10-cm NO,
emission index should be seen as a rough upper limit because heat loss from the
porous medium to the burner housing and radiation from the gas is neglected in
the calculations.

4.8 CONCLUSIONS

Surface-flame burner operation in radiant and blue-flame mode has been
simulated. Since the performance of a surface-flame burner is governed by

many different factors, a comprehensive model is a valuable tool to gain insight
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Deviations between model and experiment are the result of the heat loss in the
experiment and uncertainty in the chemical rate constants for some of the NO
reactions.

Simulations of surface-flame burners show that Zeldovich NO is
significant only at high firing rates (above 600 kW/m? at ¢ =0.9), where it is
responsible for 50-60% of the total NO (and increasing with height above the
bumer). The Zeldovich route is even more important at equivalence ratios closer
to ¢ =1.0 and firing rates higher than 600 kW/m?2. At high firing rates with ¢ <
0.9, NO emissions decrease and the radiant efficiency drops rapidly. In the 200
and 300 kW/m? firing rate simulations, nearly all of the NO is formed in the
flame front. The Zeldovich mechanism was responsible for 20-30% of the total
NO, the Fenimore pathway accounts for about less than 10% of the NO, and 50-
75% of the NO is formed through the NNH-path, the N:O-path and other
reactions. Since most of the NO is formed through the non-Zeldovich route at
moderate to low firing rates, any attempt to predict NO emissions from surface-
flame burners should use a full chemical mechanism that includes nitrogen
chemistry.

The properties of the porous medium have little impact on NO, emissions
for burners operating in radiant mode (i.e., low firing rate) because changes in

burner design do not cause significant temperature changes.
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As firing rate increases, NOx emissions rise rapidly. For applications that
require high firing rate and extremely low NO,, equipment to cool the exhaust
gases might be appropriate. A screen, which can also protect the burner from
physical damage, may cool the gases enough to suppress the thermal-NO
reactions. The next chapter discusses the use of screens above radiant surface-

flame burners.
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CHAPTER 5

Interactions between a Surface-Flame Burner
and a Screen Placed above the Burner

5.1 INTRODUCTION

Designers and users of radiant burners sometimes install a second porous
medium or wire screen, called a “screen”, “insert”, “reverberator”, or
“reverberatory screen”, above a radiant burner because the second porous
medium can protect the burner surface from physical damage, improve burner
radiant efficiency, and lower pollutant emission. For the sake of clarity and
descriptiveness, the term “screen” is used to refer to the second porous medium.
Researchers at Alzeta Corporation measured the radiant efficiency and
pollutant emissions of surface-flame burners with screens (Schweizer and
Sullivan, 1994). Several researchers have explored the idea of using highly

porous materials to capture waste heat from furnaces or, more generally, to

convert convective heat to thermal radiation (Echigo, 1986; Echigo and Yoshida,
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1988; Kennedy and Ettefagh, 1991). Each of the research efforts used a
numerical model of the porous medium and hot gas, but did not consider
chemical reactions because their applications involved gas far downstream of the
flame.

The model presented in this chapter considers the system from start to
finish: from reactants, through the flame zone, through the screen, and to the
exhaust gas leaving the burner, with gas phase chemical reactions throughout.
Not only does this allow investigation of the effect of a downstream screen on a
premixed flame, but also allows analysis of pollutant formation. In this chapter
we numerically analyze a surface-flame burmer (which stabilizes a flame on the
surface of an inert porous medium) with an added screen by using the one-
dimensional model described in Chapter 2 with an additional model for the
screen. The influences of burner-screen distance and screen properties on
radiant efficiency, nitrogen oxide (NO + NO, = NO,) formation, CO formation

and flame stabilization are analyzed.

5.2 MODEL DESCRIPTION

A surface-flame burner with screen is a strongly coupled system with multiple
interactions between different heat transfer modes and chemical reactions. In
order to allow tractable simulations but retain important features of the burner-

screen system, a number of assumptions and simplifications were made. The
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overall model is one-dimensional, which is an appropriate assumption for
surface-flame burners operating at laminar flow rates. However, the view factor
(a geometric parameter that is defined as the fraction of the thermal radiation
leaving one object which is intercepted by another object) between burner and
screen is formulated in a way that considers non-infinite edge effects. The
primary non-infinite effect is that as the screen is positioned farther from the
burner, the view factor between burner and screen decreases. Other
phenomena, such as convection heat transfer to the screen are calculated
neglecting edge effects, which are expected to be small. Heat losses to the
burner housing are negligible.

A popular design for a radiant burner screen is a woven wire mesh because
of strength and availability. The radiative properties of wire mesh are not
known and closed form view factor correlations are unavailable. A simplified
model of the screen, which considers the screen to be a row of cylindrical tubes
at constant temperature, is a satisfactory alternative. Furthermore, modeling the
screen as a single row of tubes, as opposed to a woven wire mesh, allows use of
radiative and convective correlations for tubes, which are not available for
woven meshes. In any case, the essential physics are retained in the simplified
model.

Figure 5-1 shows the computational domain for the model. In the model,

combustion of premixed fuel and air occurs in an adiabatic, one-dimensional
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duct that contains a porous medium and a screen. Fuel (CHy) and air at 300 K
enter an adiabatic duct at the bottom (x = xi), flow into the porous medium
(which extends from x =-L to x = (). Combustion occurs near the surface of the
porous medium. The combustion products pass over the screen at x = x; and exit

atx = Xous.

Exhaust —_— — X = Xou
Screen
X =X
Porous Medium
—x=0
Reactants —_— =l
X = Xin

Figure 5-1: Computational domain for radiant burner model. x = x, is the fuel and
air inlet, x = -L and x = 0 are the edges of the porous medium (shaded region), x = x,
is the location of the screen, and x = xou is the exit for the hot products.

Governing equations and boundary conditions for the burner alone are in
Chapter 2. The radiant burner is a surface-flame burner, which was chosen for
this study because it is stable (both physically and numerically) and is a typical

direct-fired radiant burner.
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5.3 RADIATION NETWORK MODEL

The model for the radiant heat transfer between the screen and burner is a
simple radiation network. The use of networks to solve radiation problems was
first proposed by Oppenheim (1956); details about the method can be found in
most heat transfer texts (for example, Holman, 1990; Incropera and DeWitt,
1990). Figure 5-2 shows the burner-screen system with each object labeled and
Figure 5-3 shows the network model of the radiant burner and screen. Object1
is the burner, object 2 is the screen, object 3 is the downstream ambient
surroundings (the “load”), and object 4 is the burner housing. Only radiation
that impinges on the load (object 3) is considered in the efficiency calculation.
Part of the radiant output from the burner passes through the screen
undisturbed. Also, a portion of the radiation from the screen does not return to

the burner, but instead is lost to the “housing”.

Object 3:
> Load

' 3
A

PO O @ Lz

/‘ | Object 1: Bumer I '\

Object 4: Object 4:
Housing Housing

Figure 5-2: Schematic of burner-screen system with objects labeled.
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Jy

J3=Ep3 Rz Ju= Eps

Figure 5-3: Radiation network for radiant burner and screen. The burner is object
1, the screen is object 2, the downstream ambient environment is abject 3, and the
upstream ambient environment is object 4. Note that objects 1 and 4 do not
radiatively interact.

The node points (“voltages”) are the radiosity (Ji) of the i-th object (the
amount of radiation that leaves the i-th object). The “current” in the network is

heat flux. The heat transfer resistances are defined by

1 1 1 1 1 l-¢
R = ’ = IR = IR = R = r’ = 2 [5_1]
w=af Ro=gp Re AL fwcgp Re=qp k=g

where F; is the view factor between object i and j, A; is the surface area of object
i, and g is the emissivity of objecti. Note that Ry is infinite because objects 1 and
4 do not “see” each other (i.e. Fi4 = Fg =0).

The values of T3, [, and the net heat fluxes from each object are found by
solving the network with [; = 6T;* and 1 equal to the net radiation leaving the

burner surface. A ‘current’ balance is written for the J> node

JZ—J1+J2—E6.2+J2 -—Eb'3+J2"E5,4 =0 [5-2]
R, R, Ry Ry,
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and for the E;; node

e g = h a5 -T) (>3l

where b, is the convection coefficient between the screen and gas and T; is the
temperature of the gas. The convection coefficient h, for the screen is calculated
with a correlation for a single row of tubes (see section 5.5).

The radiant efficiency of the burner and screen is the net radiation from

object 1 and object 2 to object 3 (the load) divided by the firing rate ()

Radiant Efficiency = l(']‘ = + /2 _J3J -100% [5-4]
g\ Ry Ry

Or, the radiant efficiency is the percentage of chemical enthalpy input that is

converted to radiant energy that strikes the load.

5.4 VIEW FACTOR CALCULATIONS

The view factor (also known as configuration factor) F;;, defines the fraction of
radiation from object i that is intercepted by objectj. Equations for view factors
of various simple and/or infinite objects are provided in many heat transfer
books (e.g. Siegel and Howell, 1992). View factor calculations for complex
objects, in contrast, are extraordinarily involved and closed-form expressions are

rarely available. We approximate a finite set of parallel cylinders by using a
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view factor for an infinite row of cylinders above a plane and adjusting for the
finite size by including a view factor for aligned parallel rectangles.

Figure 5-4 shows the cross section of an infinite plane and row of cylinders,
where s is the distance between cylinder centers and D is the diameter of one

cylinder. We calculate the view factor Fi2. for a row of infinite cylinders as

wr @@ ()" e

where 1 is the plate and 2 is the row of tubes (Incropera and DeWitt, 1990).

® 0O

®
o

@ @ ®T® 2 - infinite Row of

8 Cylinders
o 3

1 - infinite Plate

Figure 5-4: Schematic of infinite plate and row of cylinders showing cylinder
nomenclature. The nomenclature is also used for the surface-flame burner and
screen combination.

Figure 5-5: Schematic of aligned parallel rectangles used for part of view factor
calculation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5: SURFACE-FLAME BURNERS AND SCREENS 117
The aligned parallel rectangles are diagrammed in Figure 5-5. The view
factor Fi, for aligned parallel rectangles is calculated with the following

formula:

2 YZ 172
Fo, = n)iY lnl:(lzfxzxi‘;z )} + X(1+ Y‘)"2 tan™* ——};1—/2
(1+Y?) [5-6]

X

GTZ){E—XMI" X—Ytan" Y

+X(1+Y2)"” tan™
where X=x / x;, Y =y / x.., x and y are the lengths of the rectangle edges and x;
is the spacing between the rectangles (Incropera and Dewitt, 1990).

The net view factor from the burner to the screen is F1; = F12,-F12. . While we
concede that the view factor calculation is not exact, it captures the important
features of the geometry. The other necessary view factors (burner-to-ambient,
etc.) are calculated using reciprocity (A;F; = AxF;) and the summation rule

(X.F; =1, where N is the total number of objects). For the screen, F; is

calculated by reciprocity with the burner, F2 is calculated through reciprocity
with two infinite planes (F22 =1 - 2 (Ay/A2) Fa1). Fasisgiven by F23=0.5(1- F»).
Then Fz¢ =1 - Fa1 - F22 - F23. Thus, F2; is not equal to Fz3, which further
incorporates edge effects. An advantage of the radiation network method is that
the only input parameters required are emissivity and the view factors. A
refinement to the network could include geometrical definition of various loads

for improved simulations of direct-fired radiant burners in industrial settings.
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5.5 CONVECTION COEFFICIENT CORRELATION FOR THE SCREEN

The convection coefficient for the screen is calculated with a correlation for a
single row of tubes (Gnielinski et al., 1990), in which the Nusselt number

(Nuc=hL/k)is

Nu, =03+ \ﬁ\Tu 2 o +NuZ,, [5-7]

where the laminar Nusselt number is

Nu, ,,, = 0664 Re/?, Pr' [5-8]

and the turbulent Nusselt number is

0.037 Re®, Pr

Nu = 5-9
H T 142443 Rey; (PrP - 1) >4l
m"L . ue .
with Re, , =——, y=1-~ , Pr= —2%, and the characteristic len
y.L Wi v 4 (S / D) kg gth

L =Dxz/2. The terms s and D are as in the view factor equation for cylinders

above a plane (see Figure 5-4).

5.6 COMPUTATIONAL METHODS

The system of equations that models the radiant burner and screen is solved
using the numerical methods described in Chapter 2. The screen is composed of

five grid points, with finely spaced grid points in the gas-only regions upstream
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and downstream of the screen to adequately resolve the temperature change in
the gas. The screen is at a uniform temperature that is determined by solving
Eq. [5-2] and [5-3] in conjunction with the radiant burner equations. The gas
temperature used in the convective heat transfer term in Eq. [5-3] is the gas
temperature at the upstream grid point in the screen. Although the screen has a

spatially uniform temperature, the gas temperature varies through the screen.

5.7 COMPARISON WITH EXPERIMENTAL DATA

Researchers at Alzeta Corporation measured the radiant efficiency of a surface-
flame burner with and without a screen. The experiments were made above an
Alzeta Pyrocore® burner that has a ceramic fiber porous medium. The screen was
made of a continuous fiber ceramic composite and was a woven mesh. The open
area was about 30%, the fiber diameter was 3 mm, and the screen was 1 cm
above the burner surface. The Pyrocore® burner was a 15 cm by 20 cm rectangle.
The model currently only simulates parallel cylinders, but the experimental
screen was simulated by using the same open area (30%), fiber diameter (3 mm)
and height of the screen (1 cm). For a 30% open area and a cylinder diameter of
3 mm, the centerline-to-centerline cylinder spacing is 4.286 mm. The size of the
burner was 15 cm by 20 cm with the cylinders parallel to the short side of the
burner. Even though the convection coefficient and radiation view factor are

slightly different in the two configurations, the important physics are captured.
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The following reasonable estimates were used for the ceramic fiber porous
medium properties: thickness of 10 mm, porosity of 0.93, effective thermal
conductivity of 0.05 W/m-K, extinction coefficient of 1000 m, single scattering
albedo of 0.7, forward scattering fraction of 0.65, and a convective heat transfer
coefficient from a correlation reported in Andersen (1991) with f; = 120 (see Eq.
[2-19] in Section 2.7.1.2). The reduced methane mechanism DRM19 (Kazakov
and Frenklach, 1994) was used.

Figure 5-6 shows the experimental data and model predictions for a ceramic-
fiber burner with a 30% open-area screen. The model prediction is in excellent
agreement with the data across the range of equivalence ratios shown, despite

the different screen geometry in the experiment and model.
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Figure 5-6: Comparison of experiment with model predictions for burners with and
without a screen for a firing rate of 315 kW/m2. The points represent data from
Schweizer and Sullivan (1994), the curves are model predictions.
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5.8 PARAMETRIC STUDY OF A SURFACE-FLAME BURNER WITH
SCREEN

Calculations were performed at several different screen positions and geometries
at several firing rates and equivalence ratios to determine how each parameter
affects performance. The firing rates and equivalence ratios represented a wide
range of operating conditions from radiant mode (150 and 300 kW/m? firing
rates) to lifted-flame mode (600 kW/m?, ¢ =0.8). The radiant efficiency, NO,
concentrations, and CO concentrations calculated for a surface-flame burner
with a screen were each normalized by the value for a surface-flame burner
without a screen (the “base case”), which is shown in Table 5-1. For surface-
flame burners without screens, as firing rate increases (with ¢ held constant) the
general trend is for radiant efficiency to decrease, and NO, concentrations and
CO concentrations to increase. As the equivalence ratio increases from the lean
limit to stoichiometric (with firing rate held constant), radiant efficiency, NOx
concentrations and CO concentrations increase. At very low firing rates,
however, the flame can be unstable, which results in high CO concentrations.
The burner used in the simulations in the following sections has a metal
fiber porous medium. This porous medium was chosen to retain consistency
with earlier chapters (3 and 4). Porous medium properties for a 5-mm thick
metal fiber matrix with 22um diameter Fecralloy fibers were described in detail

in Section 2.7.1.1. The correlation for the convective heat transfer coefficient in
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the porous medium is from Golombok et al. (1991) and the correlation for
effective thermal conductivity is from Mantle and Chang (1991) with a bulk
thermal conductivity of 1.0 W/m-K. Other properties for the porous medium
are reasonable estimates: extinction coefficient of 1000 m?, scattering albedo of
0.65, forward scattering fraction of 0.6, and porosity of 0.8. For purposes of
view factor calculation, the burner and screen are squares with 20 cm edge
length. The screen is 1-mm thick with an emissivity is 0.5. GRI-Mech 2.11

(Bowman et al., 1995) was used as the chemical mechanism for methane

combustion.
Firing Radiant NO. CO
) Rate (g) Efficiency (ppm, 0% O, (ppm, 0% O,

(kW/m?) (%) dry) dry)

0.8 150 21.5 3.4 9.2

0.8 300 14.8 9.0 50

0.8 600 523 44 280

0.9 150 25.4 4.8 19

0.9 300 19.3 13 110

0.9 600 10.0 70 640

Table 5-1: Radiant efficiency, NO, concentrations, and CO concentrations for a
surface-flame burner without screen (the “base case”). NOx and CO concentrations
are ‘sampled’ 10 cm above the burner.

5.8.1 The Influence of the Screen on Radiant Efficiency

Figure 5-7 shows how normalized radiant efficiency varies as the distance
between burner and screen is changed when the screen is composed of 1-mm

diameter cylinders with centerlines that are 3 mm apart (i.e. D=1, s =3). Thisis
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a fairly dense packing which results in high convective heat transfer and a high
view factor between the burner and screen. The efficiencies are slightly
overestimated because radiation from the gas is not considered. The decrease in
gas temperature from gas radiation above the burner surface will be smaller
than in a screenless burner, though, because the exhaust gas is primarily
radiating to two hot surfaces (the burner and the screen) instead of one hot

surface and one cold surface (the burner and the room).
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Figure 5-7: Normalized radiant efficiency for burners with D = 1.0 mm and s = 3.0
mm screens at three firing rates and two equivalence ratios. The first number next
to each curve refers to firing rate () in kW/m? and the second number refers to the
equivalence ratio (¢ for CHy in air). Solid lines denote g = 600 kW/m?, long dashed
lines denote g = 300 kW/m?, and short dashed lines denote g = 150 kW/m2.
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As the screen is moved away from the burner, the view factor between
burner and screen decreases, which results in less radiative feedback to the
burner and higher radiative losses to the burner housing. The minimal decrease
in efficiency as the screen is displaced from 1 cm to 4 cm from the burner is a
result of steadily increasing gas temperature in that region from chemical
reactions. In other words, the increase in gas temperature compensates for a
diminishing view factor between burner and screen. Gas radiation, however,
would additionally result in a modest efficiency decrease as the screen is moved
away from the burner.

Improvements in radiant efficiency are largest for burners with the lowest
base efficiency (high g, low ¢) because the gas flow rate is highest, which results
in a large convective heat transfer coefficient between the combustion products
and the screen. This result demonstrates that the radiant efficiency of surface-
flame burners operating at high firing rate or lean equivalence ratio can be
improved by using a screen. However, because surface-flame burners are
seldom used for radiant heating with high firing rates, the impact of the
efficiency gain should not be overstated.

The effects of radiation and convection are intertwined. In this model,
nearly all of the heat that is convectively transferred from the gas to the screen
eventually reaches the load or radiant burner (which is then re-radiated to the

load and screen). Thus, a high rate of convective heat transfer is advantageous.
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If the view factor is low, though, some of the heat from the screen will not
impinge on the burner or the object being heated.

Figure 5-8 shows the effect of cylinder spacing (s) on radiant efficiency for
two screen distances (xs). The decrease in efficiency as cylinder spacing
increases is weak, with a tripling of cylinder spacing resulting in less than a 50%
decrease in efficiency. The primary reason for the weak dependence is that the
convection coefficient decreases only slightly as spacing increases. Since the gas
flow is laminar over the cylinders, each cylinder is roughly independent of the
others, unlike in turbulent flows or in systems with multiple rows of tubes,
where the flow field experienced by some tubes is a direct result of other tubes.
The view factor between burmner and screen decreases roughly linearly as
cylinder spacing becomes larger, but the convective heat transfer from the gas to

the screen is the dominant factor.
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Figure 5-8: Normalized radiant efficiency as cylinder spacing varies for D = 1.0 mm.
The screen was positioned at x; =1 cm and x; =4 cm. Solid lines denote the q = 600
kW/m? , long dashed lines denote 4 = 300 kW/n1?, and short dashed lines denote g =
150 kW/m2. The upper line for each firing rate represents the screen atx; =4 cm.

¢ =0.9.

The dependence of radiant efficiency on cylinder diameter is shown in
Figure 5-9 for three firing rates () and two burner-screen distances (x;). As the
cylinder diameter increases, the view factor between the burner and screen
increases because more of the screen area is composed of solid cylinders. Asa
result, the radiant efficiency increases as cylinder diameter grows with constant
spacing. Although large cylinders might improve steady-state efficiency, the

pressure drop might be too high or the heat-up time too long for practical use.
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Figure 5-9: Normalized radiant efficiency as cylinder diameter (D) varies for

s =3.0mm. The numbers to the right of the curves denote x, in cm. Solid lines
denote g4 = 600 kW/m?, long dashed lines denote g = 300 kW/m?, and short dashed
lines denote g =150 kW/m2. ¢ =0.9.

5.8.2 The Influence of the Screen on Pollutant Formation

5.8.2.1 Nitrogen Oxides

Screens have been used in gas appliances for many years to prevent thermal NO.
formation by cooling the flame. Athigh surface-flame burner firing rates the
temperature of the exhaust gas is high enough to make thermal NO, production
significant (recall the results in Chapter 4). The NO, results presented in Figure
5-10, Figure 5-11, and Figure 5-12 show that the most significant changes in NO,

production occur at the highest firing rate studied. We calculated large NOx
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reductions for the high firing rate because the screen cools the gases sufficiently
to ‘turn off the thermal NO, mechanism. Thus, the placement of a screen close
to the burnmer will alleviate concerns about thermal NOx from high firing rate
burners. We found that the amount of flame-front NO, increased slightly as a
result of the radiative feedback from the screen. The decrease of NO, emissions
in a real burner at high firing rate, in which the post-flame gas temperature is

decreasing through radiation, will be somewhat smaller.

1.1 T T T T T T T LI ) T T T T T T T T T

I a, ¢ (NO_) |
150, 0.8 (3.3) |
150, 0.9 (4.6) |
300, 0.8 (8.5) |
300, 0.9 (11) |

600, 0.8 (43) _
600, 0.9 (55) _|

Normalized NOX Emissions

Distance between Burner and Screen (cm)

Figure 5-10: Normalized NO. emissions 10 cm from burner with screen placed at
various distances for several firing rates. The number in parentheses refers to the
NO, emission from the burner withoutascreen. D =1 mm, s =3 mm.
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Figure 5-11: Normalized NO, emissions 10 cm from the burner as spacing between
cylinders varies at two values of x.. for D =1 mm and ¢ = 0.9. Solid lines dencte g =
600 kW/m?, long dashed lines denote g = 300 kW/n?, and short dashed lines denote
q =150 kW/m2.

Variation of the cylinder spacing or diameter has little impact on NO«
emissions, as seen in Figure 5-11 and Figure 5-12. The small changes in NOx
production for the lower firing rates occur because the temperature of the
exhaust gases is low enough that thermal NO, formation is nearly negligible.
This is not a significant setback because the NO, emissions are already quite low

(recall Table 5-1).
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Figure 5-12: Normalized NO. emissions as cylinder diameter varies for two screen
heights. s =3.0 mm and ¢ = 0.9. Solid lines denote 4 = 600 kW/m?, long dashed
lines denote g = 300 kW/m?, and short dashed lines denote 4 = 150 kW/m?2.

5.8.2.2 Carbon Monaoxide

Carbon monoxide (CO) is a concern whenever non-combustible objects interfere

with a flame. It is well known that rapidly cooling a flame or exhaust interrupts

the CO to CO; conversion, thus resulting in elevated levels of CO. Our

calculations, in which the post-flame gases are rapidly cooled by several

hundred Kelvin 1 to 4 cm from the premixed flame, showed dramatic decreases in

CO concentration. This counterintuitive result encouraged us to investigate

further. We used the program Senkin (Lutz, 1992), which simulates a one-

dimensional reactor without mass transport (that is, a plug-flow reactor), to
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remove transport phenomena and radiant burner specific items. The
temperature profile computed by the radiant burner code was converted from
distance to time and input to Senkin as a given temperature profile. We used
two mechanisms (Miller and Bowman (1989) and GRI-Mech 2.11 (Bowman et al.,
1995)) to try to isolate the cause of the CO decrease. The results from Senkin
show the same behavior as the radiant burner: as the gas cools rapidly in the
screen region, the CO concentration decreases. Thus, we conclude that the CO
behavior is not related to transport phenomena or to the radiant burner
computer code. Instead, we presume that the decrease in CO is a result of an
equilibrium shift: at equilibrium, the concentration of CO decreases as the
temperature decreases. Equilibrium calculations confirm that the CO
concentration decreases as the temperature decreases. Figure 5-13 shows the CO
and temperature profiles for a burner operating at ¢ = 0.9 and g = 300 kW/m?
with and without a screen. The profiles are similar through the flame front, with
the primary difference that the screened burner has a flame that is farther
upstream. As the gas cools near the screen, though, the CO concentration in the
screened burner decreases faster than the unscreened burner.

Optical measurements of CO (using the tunable diode laser technique of
Nguyen et al. (1995) for example) above a surface-flame burner with screen

should be performed to further investigate CO formation in the surface-flame
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burner. At this stage, though, we can conclude that the addition of the screen

will not have adverse effects on CO formation at distances of 1 cm and greater.
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Figure 5-13: CO profiles and temperature profiles for screened (solid) and
unscreened (dashed) radiant burners. The vertical dashed lines denote the location

of the screen (x = 1.0 to x =1L.1). ¢ =0.9, 4 = 300 kW/m?.

5.8.3 The Influence of the Screen on Flame Location

Part of the heat that is absorbed by the screen (via convection or radiation) is
radiated directly to the load. The remainder propagates upstream to the burner
or to the upstream surroundings. The radiation that is transferred upstream to
the burner significantly changes burner operation by heating the porous
medium. A portion of the radiant heat from the screen propagates upstream in

the radiant burner and increases the temperature of the unburned gas. The
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additional preheat increases the flame speed of the mixture, which allows the
flame to stabilize deeper into the porous medium. Figure 5-14 shows the flame
location for a wide range of firing rates in a surface-flame burner operating with
equivalence ratio of ¢ =0.9. The flame location is defined to be the position
between the locations where 25% and 75% of the total heat release has occurred.
Other surface-flame burner researchers have defined flame location as the point
of maximum CHs decomposition (Kulkarni, 1996), but we prefer to link flame
location directly to heat release. The definition that we use here considers the
asymmetry of the heat release profile.

Ata low firing rate, the flame is relatively far from the burner surface —even
though the flow velocity is low —because the flame is sensitive to heat loss. As
the firing rate increases, the heat release increases, which allows more heat
transfer to the porous medium. Some of the heat propagates upstream in the
porous medium and preheats the gas, which increases the laminar flame speed,
allowing the flame to move upstream into the burner. Eventually, though, the
convective velocity overwhelms the flame, causing it to move away from the
burner (Viskanta, 1995). This behavior has been described in numerical studies

(Kulkarni, 1996), but has not yet been studied experimentally.
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Figure 5-14: Flame location for a surface-flame burner operating at ¢ = 0.9 with and
without screen. xs=1cm, D=1 mm, s =3 mm.

As seen in Figure 5-14, the radiant feedback to the burner from the screen
results in deeper flame penetration into the porous medium. The same behavior
was seen for ¢ = 0.8. This increases efficiency and decreases NO, emissions.
Furthermore, radiant feedback could prevent partial flame lift-off at high firing
rates by heating the burner surface. This possibility should be investigated

experimentally.

5.9 EXTENSIONS OF THE MODEL

The radiation network method is an extremely flexible technique for analysis of

radiation heat transfer. We envision that the model could be extended to
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simulate more complex geometries, like those found in industrial drying
operations. For example, a paper drying operation, such as the one shown in
Figure 5-15 could be simulated as a multi-object network. The paper could be
divided into zones. With the proper additions to the model, the drying rate of
the paper could be calculated for various configurations and operating

conditions of radiant burners.

Surface-flame burners

Figure 5-15: Paper drying with direct-fired radiant burners. The radiation from the
burner partially dries the moving sheet of paper.

5.10 CONCLUSIONS

A one-dimensional model of a surface-flame burner with downstream screen has
been used to analyze the effect of screen properties on radiant efficiency, NOx
emissions and CO emissions. Screens can improve the radiant efficiency of
surface-flame burners by extracting heat from the exhaust gas. Efficiency is
further improved by radiant feedback from the screen to the burner, which
causes the flame to propagate deeper into the porous medium. This increases

efficiency and decreases NO, emissions. Furthermore, radiant feedback might
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prevent partial flame lift-off at high firing rates. The thermal NO, mechanism is
essentially ‘turned off as the exhaust gas passes through the screen, a desirable
behavior that allows surface-flame burners to be used at high firing rate without
high emissions. The addition of the screen will not have adverse effects on CO
formation at distances of 1 cm and greater. For highest efficiency and lowest
NOx emissions, the screen should be composed of tightly-spaced cylinders which

are placed close to the burner.

5.11 REFERENCES

Andersen, F. (1992), “Heat Transport Model for Fibre Burners”, Progress in
Energy and Combustion Science 18, pp. 1-12.

Bowman, C.T., Hanson, R K., Davidson, D.F., Gardiner, Jr., W.C., Lissianski, V.,
Smith, G.P., Golden, D.M., Frenklach, M., and Goldenberg, M. (1995), GRI-
Mech 2.11, http:/ /www.me.berkeley.edu/gri_mech/

Echigo, R. (1986), “High Temperature Heat Transfer Augmentation”, in High
Temperature Heat Exchangers (A.E. Sheidlin and N. Afghan, Ed.), Hemisphere
Publishing Corporation (Washington, D.C.), pp. 230-259.

Echigo, R. and Yoshida, H. (1988), “High Temperature Heat and Mass Transfer
in Porous Media”, in Experimental Heat Transfer, Fluid Mechanics, and
Thermodynamics 1988 (R.K. Shah, E.N. Ganic, and K.T. Yang, Ed.), Elsevier
Science Publishing Co., Inc. (Amsterdam), pp. 645-652.

Gnielinski, V., Zukauskas, A., and Skrinska, A. (1990), “Banks of Plain and
Finned Tubes”, in Hemisphere Handbook of Heat Exchanger Design (G.F. Hewitt,
Ed.), Hemisphere Publishing Corporation (New York).

Golombok, M., Prothero, A., Shirvill, L.C., and Small, L.M. (1991), “Surface
Combustion in Metal Fibre Burners”, Combustion Science and Technology 77,
pp. 203-223.

Holman, J.P. (1990), Heat transfer, 7th ed., McGraw-Hill (New York).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.me.berkeley.edu/gri_mech/

CHAPTER 5: SURFACE-FLAME BURNERS AND SCREENS 137

Incropera, F.P. and DeWitt, D.P. (1990), Fundamentals of Heat and Mass Transfer,
3rd ed., John Wiley & Sons (New York).

Kazakov, A. and Frenklach, M. (1994), DRM-19,
http: / /www.me.berkeley.edu/drm/

Kennedy, L.A. and Ettefagh, J. (1991), “Passing Combustion Gases Through
Multilayered Porous Surfaces to Enhance Radiative Heating”, in ASME/JSME
Thermal Engineering Proceedings, Vol. 5, p. 189-195.

Kulkarni, M. (1996), “Experimental and Numerical Analysis of Radiant Surface
Burners”, Ph.D. dissertation, Arizona State University.

Lutz, A.E. (1992) Senkin: A Fortran Program for Predicting Homogeneous Gas
Chemical Kinetics with Sensitivity Analysis, Sandia National Laboratory,
SAND87-8248.

Mantle, W.J. and Chang, W.S. (1991), “Effective Thermal Conductivity of
Sintered Metal Fibers”, Journal of Thermophysics and Heat Transfer 5 (4), pp.
545-549.

Miller, J. A. and Bowman, C. T. (1989), “Mechanism and Modeling of Nitrogen
Chemistry in Combustion”, Progress in Energy and Combustion Science 15, pp.
287-338.

Nguyen, Q.V., Edgar, B.L., Dibble, RW., and Gulati, A. (1995), “Experimental
and Numerical Comparison of Extractive and In Situ Laser Measurements of
Non-Equilibrium Carbon Monoxide in Lean-Premixed Natural Gas
Combustion”, Combustion and Flame 100 (3), pp. 395-406.

Oppenheim, A.K. (1956), “Radiative Analysis by the Network Method”,
Transactions of the ASME 65, pp. 725-735.

Schweizer, S. and Sullivan, ]. (1994), CFCC Radiant Burner Assessment, Alzeta
Report No. 94-7607-193 (prepared for the U.S. Department of Energy), Santa
Clara, CA.

Siegel, R. and Howell, ].R. (1992), Thermal Radiation Heat Transfer, 3rd ed.,
Hemisphere Publishing Corp. (Washington, D.C.).

Viskanta, R. (1995) “Interaction of Combustion and Heat Transfer in Porous Inert
Media”, International Symposium on Transport Phenomena in Combustion
(ISTP-8), July, San Francisco, CA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.me.berkeley.edu/drm/

138

CHAPTER 6

Submerged-Flame Burners

6.1 INTRODUCTION

For the surface-flame burners of Chapters 3 and 4, the direct heat transfer from
the flame to the porous medium occurs from the upstream side of the flame. The
flame transfers enough heat to the porous medium to lower the flame velocity to
the velocity of the incoming unburned gas. It was shown in Chapter 3 that the
amount of heat transfer from the flame to the porous medium is nearly
independent of the porous medium properties, but is a strong function of firing
rate and stoichiometry.

By adding a second highly porous medium downstream of the first
porous medium (the burner), the amount of heat transfer from the combustion
gases to the porous medium can be increased. This was shown in Chapter 5,
where the second porous medium (called a “screen”) was 1 cm to 4 cm

downstream of the first porous medium. When the separation distance between

—
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the two porous media is zero, it is possible to stabilize the flame entirely within
the porous medium, thus resulting in a “submerged-flame burner”.

The second porous medium should have a low convective heat transfer
coefficient, thus enabling the flame to be submerged entirely within the porous
medium and allowing heat to be extracted from the products downstream of the
flame. The increased contact area between the hot gas and porous medium leads
to higher radiant efficiency, but a critical balance is created: radiant efficiency
increases as more heat is extracted from the flame and post-flame gases, but if
too much heat propagates upstream in the upstream layer, the flame will move
upstream completely through the porous medium, an event called “flashback”.

In this chapter, we study an industrial burner that is fabricated from a
porous medium wﬁth two layers. Because of the structure of the porous ceramic,
the complete name for the burner is “bilayer reticulated ceramic burner”
(definition of reticulated: “resembling a net; esp: having veins, fibers or lines
crossing” (Merriam-Webster, 1987)). The porous medium has a layer with large
pores (the “downstream layer”, also known as the “flame support layer”) that
extracts heat from the flame and post-flame gases and a layer with small pores
that prevents the flame from moving upstream (the “upstream layer”, also
known as the “diffuser layer”). A schematic of the burner is shown in Figure 6-
1. Properties of the ceramic porous medium were discussed in Section 2.7.2. In

the remainder of this chapter, we describe the flame structure in the burner and
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describe temperature measurements using thermocouples and OH laser-induced
fluorescence (LIF). Model predictions are compared to temperature and species
measurements. The influence of burner properties on radiant efficiency is

studied numerically.

/ Flame
Downstream

Layer (4 PPC) ——>»

Upstream
Layer (15 PPC) ——

Fuel
and Air

Figure 6-1: Submerged-flame burner (a.k.a. Bilayer reticulated ceramic burner).
The upstream layer in the reticulated ceramic is 19-mm thick with 25 pores per
centimeter (PPC) (=~ 65 pores per inch). The downstream layer is 3.2-mm thick with
4 PPC (= 10 pores per inch).

6.2 DEFINITIONS AND NOMENCLATURE

We will use the term submerged-flame burner to refer to the bilayer reticulated
ceramic burner. The term submerged-flame burner is more general, but most of
the results presented here can be applied to submerged-flame burners regardless
of the material.

The portion of porous medium with small pores (25 PPC) will be called
the upstream layer; the portion of porous medium with large pores (4 PPC) will

be called the downstream layer.
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6.3 FLAME STRUCTURE IN SUBMERGED-FLAME BURNERS

This section discusses flame structure in the submerged-flame burner through
presentation of experimental measurements and numerical predictions of major
species, minor species, chemical heat release, and nitric oxide. In the figures of
flame structure that follow, the gas flows from left to right and the plot is
divided into three regions by vertical dashed lines. Starting from the left, the
first region (x < -3.2 mm) is a portion of the upstream layer, the second region
(-3.2 < x < 0) is the downstream layer, and the third region is the gas-only region
(x>0).

Extensive measurements of temperature and chemical species in the
downstream layer have been performed by researchers at Purdue University
(Mital et al., 1996). Using small thermocouples (diameter < 200 ym), they
measured gas temperature profiles in the large pores of the downstream layer.
Radiation, conduction and catalytic-heating corrections were made by
repeatedly performing the measurements with thermocouples of different
diameter, then extrapolating the bead diameter to zero. The researchers
collected gas samples with a quartz microprobe and obtained species
concentrations using gas chromatography. Note that Mital ef al. (1995 and 1996)
used the lower heating value of methane in their calculation of firing rate (50.14

M]/kg-CHjs vs. a higher heating value of 55.6 MJ/kg-CH.).
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Figure 6-6 shows a comparison of predicted gas temperature with
measurements for a firing rate of 436 kW/m? and ¢ = 0.9. The temperature of
the gas rises sharply in the upstream layer, peaks inside the downstream layer
and declines slightly before the exit. The decline occurs because of extensive
heat loss by the porous medium through radiant emission. Since the
downstream layer allows radiation to pass through it to the surroundings (i.e.
optically thin), a significant fraction of the radiant energy emitted by the porous
medium is not reabsorbed by the porous medium, thus leading to an overall loss
in energy. As the porous medium loses energy, the gas convectively transfers

heat to the porous medium. The model accurately captures this behavior.
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Figure 6-2: Gas temperature measurement (squares) and prediction (solid line) for a
firing rate of 436 kW/m? and ¢ = 0.9 for a submerged-flame burner. Only a portion
of the 22.2-mm thick porous medium is shown. Data from Mital et al. (1996).
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Figure 6-3 shows predictions and measurements of major species (CH,,
O, CO,, CO) at a firing rate of 436 kW/m?2 and ¢ =0.9. Only the flame front is
shown for clarity. Near the interface, the fuel decomposes and oxygen is
consumed, eventually resulting in production of CO, CO; and H>O. All of the
sharp concentration gradients are within the porous medium. Considering the
difficulty and uncertainty of the species measurements, the agreement between
model and experiments is satisfactory. The exact position of the flame front is
not matched, but the disturbance of the probe could lead to an apparent shift of
the flame front by reducing methane consumption and increasing CO
concentration. Furthermore, if the gas is not sampled isokinetically the apparent

location flame front may be shifted.
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Figure 6-3: Major species measurements (points) and predictions (lines) for firing
rate of 436 kW/m? and ¢ = 0.9. CH, measurements are represented by open squares,
CO by circles, O by stars, and CO, by filled squares. Only a portion of the 22.2-
mm thick porous medium is shown. Data from Mital et al. (1996).
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The model significantly overpredicts the CO concentration, but the
accuracy of probe measurements of CO is limited for these measurements
because of the high temperature of the gas (approximately 1500-1800 K).
Nguyen et al. (1995) have shown that measurement of CO concentration using
extractive probe sampling is increasingly inaccurate above 1000 K.

The next set of figures show measurements and predictions for two
additional firing rates: 349 kW/m? and 261 kW/m?2. Agreement is good, except
for gas temperature at 261 kW/m?2. The temperature measurement for the 261
kW/m? firing rate appears dubious, though, because the measured temperature
is higher than for firing rates of 349 and 436 kW/m?2. We expect that the peak

temperature should decrease as the firing rate decreases.
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Figure 6-4: Gas temperature measurement (squares) and prediction (solid line) for
firing rate of 349 kW/m? and ¢ = 0.9 for a submerged-flame burner. Only a portion
of the 22.2-mm thick porous medium is shown. Data from Mital et al. (1996).
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Figure 6-5: Major species measurements (points) and predictions (lines) for firing
rate of 349 kW/m? and ¢ =0.9. CH, measurements are represented by open squares,
CO by cixcles, O; by stars, and CO; by filled squares. Only a portion of the 22.2-
mm thick porous medium is shown. Data from Mital et al. (1996).
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Figure 6-6: Comparisons of gas temperature measurement (squares) and prediction
(solid line) for firing rate of 261 kW/m? and ¢ = 0.9 for a submerged-flame burner.
Only a portion of the 22.2-mm thick porous medium is shown. Data from Mital

et al. (1996).
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Figure 6-7: Major species measurements (points) and predictions (lines) for firing
rate of 261 kW/m? and ¢ = 0.9. CH, measurements are represented by open squares,
CO by circles, O; by stars, and CO; by filled squares. Only a portion of the 22.2-
mm thick porous medium is shown. Data from Mital et al. (1996).

The figures above show that the gradients of major species mole fraction
are within the porous medium. The peak concentrations for most important
radicals (OH, H, CH, etc.) also occur within the porous medium. However,
radical concentrations may still be high enough at the exit to allow measurement
(as seen for OH in Section 6.4). Predicted profiles for OH, O, and H can be

found in Figure 6-8. NO formation will be examined in Section 6.6.
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Figure 6-8: Major radical profiles at a firing rate of 315 kW/m?, ¢=0.9. Only a
portion of the 19-mm thick upstream layer is shown.

6.4 OH LIF MEASUREMENTS OF GAS TEMPERATURE

The gas temperature above the radiant burner is a valuable experimental cross-
check to the model because radiant efficiency, NO, emissions, and CO emissions
all depend on the exit gas temperature. Measurement of gas temperature,
though, is not a straightforward process. Thermocouples can provide erroneous
results when subjected to high temperature and high radiant flux. Many optical
thermometry techniques, such as visible-Raman or Rayleigh scattering, are
rendered unusable by the radiant flux from the burner. OH laser induced
fluorescence (LIF), however, is performed in the ultraviolet, a spectral region

where little radiation is emitted from the bumer. OH LIF has been shown to be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6: SUBMERGED-FLAME BURNERS 148

an effective technique for measuring gas temperature (Crosley and Jeffries,
1992). In this section, OH LIF temperature measurements and thermocouple
measurements are described. The measurements were performed to examine
the use of thermocouples at flame temperature in highly radiant environments
and to provide non-intrusive temperature measurements to compare with model

predictions.

6.4.1 Experimental Burner Design

The porous medium used in the experiment is a 140-mm square bilayer
reticulated ceramic structure with a 19-mum thick 25 PPC upstream layer and a
3.2-mum thick 4 PPC downstream layer (Hi-Tech Ceramics, Alfred, NY), as
described in Section 6.1 and shown in Figure 6-1. As Figure 6-9 illustrates, the
burner housing consists of an aluminum box with an open top, rails to set the
porous medium upon, and threaded holes in the side walls for thermocouple
fittings. The housing is almost completely filled with glass beads to ensure an

even flow.
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Figure 6-9: Experimental submerged-flame burner. The upstream layer in the
porous medium is 19-mm thick with 25 PPC. The downstream layer is 3.2-mm
thick with 4 PPC.

6.4.2 Thermocouple Measurements of Gas Temperature

A thermocouple measures the temperature of its junction; this is rarely the same
temperature as the gas, especially at low flow rates and high temperatures. At
high temperature, the thermocouple loses heat through radiation, causing the
temperature of the bead to be lower than the temperature of the gas. A
thermocouple above a highly radiating surface (such as a submerged-flame
burner) has the additional complication of radiant flux o the bead, which will
reduce the usual correction. Initially, we used wires that were housed in a
straight two-hole ceramic sleeve as shown in Figure 6-10; we planned to
measure with three different bead sizes and extrapolate to zero bead size to
correct for losses. However, the thermocouple response depended strongly on
the distance between the bead and the sleeve (the “gap” in Figure 6-10), that is,

the amount of exposed wire, and we could not guarantee similarity. As the
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distance increased, the temperature of the bead increased because hotter lead
wires reduced conductive losses from the bead. For example, as we increased
the distance between a 350 um bead (Pt/Pt-10% Rh) and the ceramic sleeve from
0 to 1 cm the bead temperature increased by 150 K without reaching a plateau
(the firing rate was 315 kW/m?2 and ¢=0.9). The American Society for Testing
and Materials thermocouple manual (1981) makes no mention of the importance
of the gap. The gap between bead and ceramic was not consistent for each
thermocouple, thus negating the similarity feature.

We abandoned the ceramic sleeve and instead used an uncoated type-K
(Ni-Cu/Ni-Al) thermocouple with a butt-welded junction that was held in a Y-
shaped support. The 460-um diameter bead was nearly cylindrical, and several
cm of wire was exposed. The thermocouple wire was parallel to the burner

surface to minimize conductive losses.

Bead

/

Ceramic housing :.

Gap

Figure 6-10: Close-up of thermocouple and housing,
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Figure 6-11: "Fork" or Y-shaped thermocouple support. The gas flow is
perpendicular to the page.

We used an iterative scheme to solve an energy balance to correct for
radiation and conduction losses, as in Ang et al. (1988). We used radiation
measurements from Mital et al. (1995) to approximate the radiant flux from the
burner. The radiation view factor for the bead is nearly 0.5 when the bead is
close to the burner (Siegel and Howell, 1992). The gas properties were found
with Chemkin subroutines (Kee et al., 1984), assuming that the products are N,
H20, O; and CO,. The Nusselt number correlation for a smooth cylinder in
cross-flow was given as Nu = 0.8 Re?2 where Nu and Re are based on the
cylinder diameter (Morgan, 1975). The emissivity of the Ni-Cr/Ni-Al bead is

approximated from data for Ni-Cr and Ni-Al to be 0.6 (Holman, 1986).

6.4.3 OH-LIF Measurements

In addition to the thermocouple measurements, we used LIF of OH to measure
the temperature above the surface. The OH molecule was excited by using the

(0,0) band of the A-X transition. A Nd:YAG-pumped tunable dye laser
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produced a laser beam that was focused to achieve a high resolution, but kept at
sufficiently low pulse energy to avoid saturation. Using a spatial filter, the
observed length along the beamline was 6 mm and the resolution perpendicular
to the beam was 250 um. Fluorescence was detected with a 1P28 photomultiplier
and visible light transmission was suppressed with a UG11 glass filter, allowing
detection of a wide spectral range in the region of interest. Gas temperature was
determined by excitation scans that included up to 17 lines between R;(4) and

R2(15) (Rensberger et al., 1989).

Laser
system

Filter

PMT

\Burnet on

a 2-ads
transiation
stage

\ UV

Figure 6-12: Schematic diagram of OH-LIF experiment.

6.4.4 Correction of OH-LIF Temperature Measurements

The evaluation of the LIF data requires a correction for effects of absorption of
laser light and absorption of fluorescence. These corrections are based on

measurements and on the calculations of Desgroux et al. (1995). The OH
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concentration is required for this and was empirically determined by absorption
measurements. The correction proposed by Desgroux et al. (1995) was scaled to
fit our OH-concentration and dimensions. For these conditions, the overall
correction for laser absorption and trapping decreases the temperature by 25 K
for scans in the center of the burner according to theory in Desgroux ef al. (1995)
and assuming a flat flame. In Desgroux et al. (1995), the trapping correction is
based on the assumption that no rotational relaxation of excited OH occurs. In
our case, partial relaxation occurs and reduces the correction. Horizontal
profiles showed variations on the order of 40% in the OH concentrations along
the surface. The upper bound for the uncertainty resulting from partial
relaxation and OH variation is approximately +20 K. Radiant burner model
calculations show a strong dependence of [OH] on the temperature (a 25% in
[OH] change for a 50 K change at 5-mm height), so the observed variation of
[OH] corresponds to small temperature variations. This is also indicated by
thermocouple measurements. Dependence of quenching and emission rates on
the rotational level of OH also requires a temperature correction, which is
derived and extensively discussed in Rumminger, Heberle, Dibble and Crosley
(1996). The rotational-level dependent temperature correction for the radiant

burner results in a temperature increase of 20 K.
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6.4.5 Temperature Measurements Compared with Modeling

Uncorrected thermocouple temperatures, made 5 mm above the burner surface
in the center of the burner, were between 1180 K and 1270 K, depending on the
horizontal location. The correction 5 mm above the burner, in the center, was
270 K. The temperature correction would have been 370 K if the radiation from
the burner was not considered. Conductive loss accounts for about 10 K of the
correction. The large radiative loss was caused by a combination of the bead
size (460 um), a high bead emissivity (0.6), a relatively low Reynolds number
(Reqa= 0.9), and a relatively low Nusselt number (Nu = 0.7). Variations in the
thermocouple correction can result from uncertainties in the convection
coefficient, emissivity and radiation from the burner. Additionally, when the
thermocouple is very close to the burner, the amount of radiation to the bead
may increasingly depend on the local structure of the porous medium.
Temperatures were also determined using LIF at a height of 5 mm above
the burner at various locations between the center of the burner and 40 mm off-
center, moving toward the photomultiplier. LIF temperature corrections are
based on an [OH] concentration of approximately 6-101 cm=3 that was derived
from absorption measurements. The measured [OH] is slightly lower than the
model prediction. The temperature 5 mm above the surface, corrected for

absorption and rotational-level dependent effects, is 1504 K in the center, 1498 K
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at 20 mm off-center, 1604 K at 30 mm, and 1567 K at 40 mm. The overall

uncertainty of the LIF temperature measurements is 160 K.
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Figure 6-13: Predicted and measured gas temperatures at a firing rate of 315 kW/m2
and ¢ =0.9. Solid line is predicted gas temperature; dashed line is predicted
porous medium temperature; squares are optically measured temperatures; circles
are the corrected thermocouple measurements. For comparison, the adiabatic flame
temperature of a $=0.9 CH-air flame is 2137 K.

Figure 6-13 shows temperature predictions and measurements for a firing
rate of 315 kW/m? and ¢=0.9. The figure shows that the flame is stabilized near
the interface of the two layers and that significant gas preheating occurs before
the reaction zone. LIF thermometry and corrected thermocouple measurements
made 5-mm above the burner are shown as squares and a circle, respectively.

The predicted temperature of the gas at 5 mm is 1620 K. For reference, an
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adiabatic flame at the same equivalence ratio (¢ = 0.9) would have a temperature
of over 2100 K. The temperatures determined with LIF are slightly higher than
the measurements of the thermocouples. Possible reasons for the deviation are

mentioned above.

6.4.6 Influence of Porous Medium Properties on Exit Gas Temperature

Computations were performed to determine the sensitivity of exit gas

temperature to the thermal and heat transfer properties of the porous medium.
For the upstream and downstream layer, each of the following porous medium
properties was varied by 30%: single scatfering albedo (w: and ), extinction

coefficient (o.1 and o.2), pore diameter (d, : and d,,z), porosity (g1 and &), and

forward scattering fraction (f; and f).
As seen in Figure 6-14, the dominant parameter is the pore diameter of

the downstream layer (4,,). In the model, the pore diameter is one of the

- parameters used to calculate the convective heat transfer coefficient. In an actual
porous medium, though, the pore diameter influences the extinction coefﬁcieﬁt
and the effective thermal conductivity. The scattering albedo of the downstream
or upstream layer has a significant effect near values of ® = 1.0, that is, when all
extinction of radiant energy is through scattering. A scattering albedo of 1.0 is
probably an unattainable value for these materials. The influence of the

remaining properties is quite small. The lines are intentionally unlabeled in
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Figure 6-14 to emphasize the insignificance of these properties in determining
the exit temperature. A slight misestimation of the heat transfer in the

downstream layer has large effects on the gas temperature prediction.
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Figure 6-14: The influence of burner properties on exit gas temperature. The

unlabeled lines correspond to results for variation of c.3, 6.2, dp €1, and g2. g =315
kW/m?, $ =0.9.

6.4.7 Surface Reactions in the Upstream Layer

Given the small pore size in the upstream layer (~0.1 mm), surface reactions
remain a distinct possibility. One type of possible surface reactions is the
recombination of radical on the surface of the porous medium. This
recombination type is simulated by increasing the reaction rate of three-body

reactions and assumes that the third body is the surface of the porous medium.
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For a generic three-body reaction A + B+ M — AB + M, the rate-of-progress
variable for the i-th reaction g; can be written as

R PR EA) CRYIZA LB (EAY 2

k=1
where au is the third-body efficiency of the k-th species, k. is the forward rate of
the i-th reaction, Xi is the mole fraction of the k-th species, vi’ is the coefficient
for the k-th species of the reactants in the i-th reaction , v’ is the coefficient for
the k-th species of the products in the i-th reaction , and k;_ is the reverse rate of
the i-th reaction. This expression is the two body reaction, but is modified by the
first term in parentheses to account for the third-body efficiency.

The values of o were uniformly increased in the upstream porous layer
to simulate increased importance for the three body reactions. As the third-body
efficiencies in the upstream layer increased, the flame moved downstream,
which resulted in an increased exit temperature. Thus, we conclude that surface
reactions in the upstream layer through three-body recombination are not the

cause of the gas temperature overprediction.

6.5 RADIANT EFFICIENCY IN SUBMERGED-FLAME BURNERS

The radiant efficiency of the submerged-flame burner in this chapter has been
measured by Mital et al. (1995) for a variety of flow rates and stoichiometries.

Figure 6-15 shows predictions and measurements for ¢ = 0.9. The experimental
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data include two burner configurations: a 14-cm square porous medium and a
7.5-cm diameter porous medium. The model does not predict the downturn in
radiant efficiency that occurs at a firing rate below about 200 kW/m?2. This
discrepancy is a most likely a result of heat losses to the burner housing and gas
radiation, which are not included in the model. Heat losses to the burner
housing and gas radiation become important at low firing rates because the
flame is weak. Also, the convective heat transfer coefficient in the downstream
layer becomes more important as the flame becomes weaker and prone to
stabilizing outside of the porous medium (i.e. surface-flame mode). For most
stable regimes, though, the model predicts the radiant efficiency quite
accurately. Note that at ¢ = 0.9 the radiant efficiency of the submerged-flame
burner (about 30% at 300 kW/m?2 and about 25% at 600 kW/m?) is far higher
than the radiant efficiency for a surface-flame burner (about 20% at 300 kW/m?2
and about 10% at 600 kW/m?2).

The model is less successful when the equivalence ratio is varied, as
shown in Figure 6-16. The deviation is largest at low equivalence ratios, where
heat losses to the burner housing become important. Nevertheless, the model

clearly predicts the trend and the maximum deviation is only about 25%.
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Figure 6-15: Radiant efficiency predictions and measurements for the submerged-
flame burner. Solid circles are for a 14-cm square burner, open circles are for a 7.5~
cm diameter circular porous medium. ¢ = 0.9.
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Figure 6-16: Radiant efficiency for the submerged-flame burner (with 14-cm square
porous medium) as a function of equivalence ratio. The firing rate is 349 kW/m2,
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The same multiple parameter variation procedure as in Section 6.4.6 was
performed to determine which burner properties have the largest influence on
radiant efficiency. Figure 6-17 shows the results of the calculations: the pore

diameter of the downstream layer (d,,) has the greatest influence. Thus, to

improve radiant efficiency of the radiant burner, efforts should be focused on the
convective heat transfer in the downstream layer. However, excess heat transfer
in the downstream layer may lead to flashback, a phenomenon that is also
controlled by the properties of the upstream layer. A simple study of flashback

in submerged-flame burners was performed by Mital et al. (1995).
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Figure 6-17: The influence of burner parameters on radiant efficiency at ¢ = 0.9 and
q = 315 kW/m2.
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6.6 NOx FORMATION IN SUBMERGED-FLAME BURNERS

An analysis of NO« formation in submerged-flame burners is presented in this
section. As in Chapter 4 for the surface-flame burner, nearly all of the NO, is
emitted as NO. The method of calculating the contribution from each NO
formation mechanism is similar to that for surface-flame burners (see Section
4.3), in which the reaction rate of each NO pathway is integrated to calculate the
NO contribution. The chemical mechanism in the simulation is GRI-Mech 2.11
(Bowman et al., 1995). Five NO formation mechanisms are considered: 1.) the
Fenimore pathway, 2.) the extended Zeldovich mechanism, 3.) the N>O
mechanism, 4.) the NNH mechanism, and 5.) the remaining reactions in the
mechanism that produce NO. Three firing rates (200, 300 and 600 kW/m?) at ¢ =
0.9 are examined.

The results for 200 kW/m?2 are similar to those for a surface-flame burner
at the same firing rate and stoichiometry, as shown in Figure 6-18. Each NO
formation mechanism contributes a roughly equal amount to the total. Nearly

all of the NO is formed in the flame front.
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Figure 6-18: NO contributions from each mechanism and the combined NO
concentration. The firing rate is 200 kW/n¥* and ¢ = 0.9. The uppermost solid line is
the total NO; the lower lines delineate the contribution from each mechanism. The
peak gas temperature is 1604 K (inside the downstream layer at x = -0.23 cm) and
the exit gas temperature is 1522 K.

At a firing rate of 300 kW/m?, the NO formation is similar to that of the
200 kW/m? firing rate, as seen in Figure 6-19. This is in contrast to the results for
surface-flame burners, which showed that the non-flame Zeldovich mechanism

was moderately active at 4 =300 kW/m? and ¢ = 0.9.
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Figure 6-19: NO contributions from each mechanism and the combined NO
concentration. The firing rate is 300 kW/m? and ¢ = 0.9. The uppermost solid line is
the total NO; the lower lines delineate the contribution from each mechanism. The
peak gas temperature is 1690 K (inside the downstream layer at x = -0.22 cm) and
the exit gas temperature is 1606 K.

Compared to the surface-flame burner of Chapter 3, the NO formation
mechanism for the submerged-flame burmner is strikingly different at 600 kW/m?,
as seen in Figure 6-20. The primary difference is that the gas temperature is
significantly lower in the submerged-flame burner than in the surface-flame
burner (1780 K vs. 1922 K) because of the larger heat transfer area between the

combustion gases and the porous medium.
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Figure 6-20: NO contributions from each mechanism and the combined NO
concentration. The firing rate is 600 kW/m? and ¢ = 0.9. The uppermost solid line is
the total NO; the lower lines delineate the contribution from each mechanism. The
peak gas temperature is 1820 K (inside the downstream layer at x = -0.21 cm) and
the exit gas temperature is 1780 K.

6.7 CONCLUSIONS

Flame structure predictions and measurements for a submerged-flame bumner at
three firing rates show that almost all of the methane is consumed within the
porous medium, the concentration peaks of radicals are inside the porous
medium, and nearly all of the NO forms near the flame front. The model
predicts the concentration of the major species and the gas temperature in the

downstream layer reasonably well.
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The corrected thermocouple measurements are slightly below the results
achieved by LIF thermometry. Use of a thermocouple in a straight two-hole
ceramic sleeve can lead to faulty measurements. The model prediction is
slightly higher than the temperatures determined with both methods. The
strongest factor for the gas temperature at the exit of the porous medium is the
pore diameter of the downstream layer. Other properties of the porous medium
have much smaller influence.

The model accurately predicts the radiant efficiency of the submerged-
flame burner over a variety of firing rates and stoichiometries, except at firing
rates below approximately 200 kW/m2. The porous medium property with the
strongest influence on radiant efficiency is the pore diameter of the downstream
layer.

Each NO formation mechanism contributes significantly to the total NO
production in the submerged-flame burner at the three firing rates studied (200,

300, and 600 kW/m? at ¢ = 0.9).
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CHAPTER 7

Summary and Conclusions

7.1 SUMMARY

This dissertation has examined three related types of porous direct-fired radiant
burners: the surface-flame burner, the surface-flame burner with screen, and the
submerged-flame burner. A one-dimensional model with multistep chemistry, a
non-anchored flame, a radiatively participating porous medium, heat transfer
between the gas and porous medium, conduction in the gas and conduction in
the porous medium was developed and used to simulate radiant burner
operation. Flame structure, radiant efficiency and pollutant formation were
examined for each burner type.

The three burners in this dissertation can be viewed as an evolution. The
first burner examined was the surface-flame burner, in which heat transfer
between the combustion gases and porous medium occurs from the upstream
edge of the flame. The next burner was the surface-flame burner with screen,

which was similar to the surface-flame burner, but with additional heat transfer
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from downstream of the flame (the combustion products) to the screen. The
screen radiates part of the additional heat transfer to the load and part back to
the surface-flame burner. Finally, the surface-burner and screen were brought

together to form a submerged-flame burner.

7.2 CONCLUSIONS

7.2.1 Surface-flame Burners

Surface-flame burners have been simulated with a reduced methane mechanism
that compares favorably with the full methane mechanism. A parametric study
of radiant efficiency in surface-flame burners showed that the following changes
lead to maximum radiant efficiency: high extinction coefficient, low albedo, low
thermal conductivity, high porosity, and large thickness. Porous medium
properties have limited influence on radiant efficiency because the amount of
heat transferred from the flame to the porous medium is nearly constant for all
porous medium properties. Radiant efficiency depends primarily on the
stabilization characteristics of a premixed flame, which is a strong function of
equivalence ratio and firing rate. Differences in radiant efficiency for porous
media with different properties are the result of heat redirection inside the
porous medium. A highly efficient burner will convert all of the heat transferred

from the gas into forward propagating radiation.
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NO. emissions from surface-flame burners are relatively low. Our
simulations of surface-flame burners show that Zeldovich NO is dominant only
at high firing rates (above about 600 kW/m? at ¢ =0.9). At lower firing rates,
nearly all of the NO is formed in the flame front, with each of the major NO,
mechanisms playing an important role.

Burner design has little impact on NO, emissions for burners operating at
low firing rate because changes in burner design do not cause significant

temperature changes.

7.2.2 Surface-flame Burners with Screens

For a surface-flame burner with screen, the largest radiant efficiency gains are
found for the highest firing rates and lowest equivalence ratios studied.
Radiative feedback from the screen also causes the flame to propagate deeper
into the porous medium. The temperature of the combustion products drops as
they pass through the screen, significantly reducing the NO formation rate,
especially at high firing rates where the Zeldovich NO, mechanism is dominant.
For screens that are 1 cm or farther from the burner surface, the CO burnout
process is not interrupted. Highest radiant efficiency and lowest NO, emissions
are obtained when the screen is composed of tightly-spaced cylinders which are

placed close to the burner.
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7.2.3 Submerged-flame Burners

Flame structure predictions by a one-dimensional model of a submerged-flame
burner agree favorably with measurements. Corrected thermocouple
measurements are slightly below the results achieved by OH-LIF thermometry.
The model prediction is slightly higher than the temperatures determined with
each method. Computations show that the outlet gas temperature and radiant
efficiency are most dependent on convective heat transfer between gas and solid
in the downstream layer of the porous medium. At each firing rate studied (150,
300, and 600 kW/m?), nearly all of the NOx is formed in the flame front, with

each of the major NO, mechanisms playing an important role.

7.3 PROSPECTS FOR RADIANT EFFICIENCY IMPROVEMENT

Roughly speaking, surface-flame burners have a lower radiant efficiency by a
factor of 1.5 to 2 than surface-flame burners with screens or submerged-flame
burners. We have shown that the properties of the porous medium have limited
effect on the radiant efficiency of a surface-flame burner. Changes in the
properties of the porous medium of a surface-flame burner will not improve the
radiant efficiency to that of a surface-flame burner with screen or submerged-
flame burner. Thus, efforts to improve surface-flame burner performance
should be limited to tuning the spectral emission of the burners and improving

the stable operating range.
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Improvements in radiant efficiency are likely for the surface-flame burner

with screen and the submerged-flame burner. However, issues of material

lifetime and flame stability are currently unresolved for all types of porous

direct-fired radiant burners.

7.4 FUTURE CHALLENGES

74.1 Modeling

Numerous challenges await modelers of radiant burners. Inclusion of gas
radiation, though not a critical element, will improve modeling of NOx
formation in surface-flame burners with high firing rates and surface-burners
with screens.

The benefits of partially catalytic radiant burners appear to be significant
and some modeling has been performed (Rumminger et al., 1996). Much
research remains to be done, especially in the area of detailed surface chemistry,
mass transfer to the solid surfaces in the porous medium, and catalyst durability.

As mentioned in the previous section, improving the operating range of
porous direct-fired radiant burners is an important area of research. For surface-
flame burners, flame lift-off occurs at very low and very high firing rates. For
submerged-flame burners, at low firing rates the flame moves out of the porous
medium (the burner becomes a surface-flame burner), but at high firing rates

flashback occurs. Modeling of these multi-dimensional and transient
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phenomena could improve burner designs and result in a wider operating range
for porous direct-fired radiant burners.

Emission of CO from radiant burners was not extensively discussed in
this dissertation, primarily because CO emission reductions are not a pressing
issue for radiant burners. Additionally, experimental analysis of CO formation
is undergoing an evolution as new techniques for CO measurement are
developed (Nguyen et al., 1995). Future work on CO formation, especially in the
downstream layer of submerged-flame burners and for surface-burners with
screens would be useful.

The radiation network method of analyzing multiple objects above a
surface-flame or submerged-flame burner that was presented in Chapter 5 holds
great promise for simulation of industrial processes. The model allows a flexible

definition of the burner and load.

7.4.2 Experiments

From the analysis in this dissertation, we conclude that the accurate knowledge
of porous medium properties is not critical for prediction of the radiant
efficiency of surface-flame burners. An accurate chemical kinetic mechanism,
though, is critical for radiant efficiency prediction. For prediction of flame
stability, surface temperature and quantitative NO, emissions, the properties of

the porous medium are important. For example, a surface-flame burner can
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flash-back if the extinction coefficient or convective heat transfer coefficient is too
low.

One of the unresolved issues related to surface-flame burners is partial
flame lift-off, a situation when a portion of the flame lifts from the porous
medium surface. It remains to be demonstrated whether unevenness in the gas
flow or non-uniformity of the porous medium is the major cause of partial flame
lift-off.

Porous medium properties for submerged-flame burners, in contrast, are
extremely important for both radiant efficiency and flame stability. Additional
measurements of the convective heat transfer properties and radiative properties
of the downstream layers of porous media in submerged-flame burners could
improve the accuracy of submerged-flame burner models.

Experimental measurements of heat transfer from the porous medium to
the burner housing would be a valuable addition to the current collection of

experimental data.
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APPENDIX

Chemical Mechanisms for Methane
Combustion

REDUCED MECHANISM

DRM19
Developed by A. Kazakov and M. Frenklach (1994)

Mechanism available from
http:/ /www.me.berkeley.edu/gri_mech/ redmech html/

21 species, 84 reactions
ELEMENTS O H C N AR
SPECIES
H2 H o 02 OH H20 HO2
CH2 CH2(S) CH3 CH4 co co2 HCO
CH20 CH30 C2H4 C2HS C2H6
N2 AR
END
(k = A T**b exp(-E/RT))
REACTIONS CONSIDERED A b E
1. O+H+M<=>OH+M 5.00E+17 -1.0 0.0
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
AR Enhanced by 7.000E-01
2. O+H2<=>H+OH 5.00E+04 2.7 6290.0
3. O0+HO2<=>0H+02 2.00E+13 0.0 0.0
4. 0+CH2<=>H+HCO 8.00E+13 0.0 0.0
5. O+CH2 (S)<=>H+HCO 1.50E+13 0.0 0.0
6. O+CH3<=>H+CH20 8.43E+13 0.0 0.0
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7.
8.

10.
11.
12.
13.
14.
1S.
le.
17.

18.
19.
20.
21.
22.
23.

24.
25.
26.
27.

28.
29.
30.

O+CH4<=>0H+CH3
0+CO+M<c=>C02+M

H2

02

B20

CH4

co

co2

C2H6

AR
0+HCO<=>0H+CO
O+HCO<=>H+CO2
O+CH20<=>0H+HCO
0+C2H4 <=>CH3+HCO
0+C2H5<=>CH3+CH20
0+C2H6<=>0H+C2HS
02+C0<=50+C02
02+CH20<=>HO2+HCO
H+02+M<=>HO2+M

02

H20

co

co2

C2H6

N2

AR
H+202<=>H02+02

H+02+H20<=>H02+H20

H+02+N2<=>HO2+N2
H+02+AR<=>HO2+AR
H+02<=>0+0H
2H+M<=>H2+M

H2

H20

CH4

co2

C2H6

AR
2H+H2<=>2H2
2H+H20<=>H2+H20
2H+C02<=>H2+C02
H+OH+M<=>H20+M

H2

H20

CH4

C2H6

AR
H+HO2<=>02+H2
H+HO2<=>20H

H+CH2 (+M) <=>CH3 (+M)
Low pressure limit:

TROE centering:
H2
H20
CH4
co

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

0.32000E+28
0.68000E+00

Enhanced
Enhanced
Enhanced
Enhanced

by
by
by
by
by
by
by
by

by
by
by
by
by
by
by

by
by
by
by
by
by

by
by
by
by
by

by
by
by
by

2.000E+00
6 .G00QE+0Q0
6.000E+00
2.000E+00
1.500E+00
3.500E+00
3.000E+00
5.000E-01

0.000E+00
0.000E+0O
7.500E-01
1.500E+00
1.500E+00
0.000E+00
0.000E+00

0.000E+00
0.000E+00
2.000E+00
0.000E+00
3.000E+00
6.300E-01

7.300E-01
3.650E+00
2.000E+00
3.000E+00
3.800E-01

-0.31400E+01
0.78000E+02

2.000E+00
6.000E+00
2.000E+00
1.500E+00

1.
6.

3.
3.
3.
1.
1.
8.
2.
1.
2.

3.
9.
3.
7.

8
1.

N oy W

2.
1.
2.

0.19950E+04

02E+09 1.5
02E+14 0.0
00E+13 0.0
00E+13 0.0
90E+13 0.0
92E+07 1.8
32E+14 0.0
98E+07 1.9
S0E+12 0.0
00E+14 0.0
80E+18 -0.9
00E+20 -1.7
38E+18 -0.8
7SE+20 -1.7
00E+17 -0.8
.30E+13 0.0
00E+18 -1.0
.00E+16 -0.6
.00E+19 -1.3
.50E+20 -2.0
.20E+22 -2.0
80E+13 0.0
34E+14 0.0
SO0E+16 -0.8
0.12300E+04

8600.
3000.

0.
0.
3540.
220.
0.
5690.
47800.
40000.
0.

O O oo

14413.

o O oo

10e68.
635.

0.55900E+04
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co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

31. H+CH3 (+M) <=>CH4 (+M)
Low pressure limit:
TROE centering:

0.24770E+34
0.78300E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2Hé Enhanced by
AR Enhanced by
32. H+CH4<=>CH3+H2
33. H+HCO (+M) <=>CH20 (+M)
Low pressure limit: 0.13500E+25
TROE centering: 0.78240E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by
34. H+HCO<=>H2+CO
35. H+CH20 (+M)} <=>CH30 (+M)
Low pressure limit: 0.22000E+31
TROE centering: 0.75800E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
36. H+CH20<=>HCO+H2
37. H+CH30<=>0H+CH3
38. H+C2d4 (+M) <=>C2HS (+M)

0.12000E+43
0.97530E+00

Low pressure limit:
TROE centering:

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

39. H+C2HS (+M) <=>C2H6 (+M)
Low pressure limit:
TROE centering:

0.19900E+42
0.84220E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

2.000E+00
3.000E+00
7.000E-01

-0.47600E+01
0.74000E+02

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

-0.25700E+01
0.27100E+03

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

-0.48000E+01
0.94000E+02

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00

-0.76200E+01
0.21000E+03

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

-0.70800E+01
0.12500E+03

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

5.21E+17

1.27E+16
0.24400E+04
0.29410E+04

6.60E+08

1.09B+12
0.14250E+04
0.27550E+04

7.34E+13

5.40E+11
0.55600E+04
0.15550E+04

2.30E+10

3.20E+13

1.08E+12
0.69700E+04
0.98400E+03

0.66850E+04
0.22190E+04

-0.6

1.6
.5 -260.0
0

.5 2600.0

1.1
0.0
0.5

~1.

383.0

0.69640E+04

10840.0

0.65700E+04

0.0

0.42000E+04

3275.0
0.0
1820.0

0.43740E+04

0 1580.0

0.68820E+04
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40. H+C2H6<=>C2HS+H2
41. H2+CO(+M) <=>CH20 (+M)

Low pressure limit: 0.50700E+28

TROE centering: 0.93200E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

42 . OH+H2<=>H+H20

43 . 20H<=>0+H20

44. OH+HO2<=>02+H20

45. OH+CH2<=>H+CH20

46 . OH+CH2 (S) <=>H+CH20
47. OH+CH3<=>CH2+H20
48. OH+CH3<=>CH2 (S) +H20
49. OH+CH4<=>CH3+H20
50. OH+CO<=>H+CO02

51. OH+HCO<=>H20+CO

52. OH+CH20<=>HCO+H20
53 . OH+C2H6<=>C2HS5+H20
54. HO2+CH2<=>O0H+CH20
55. HO2+CH3<=>02+CH4
56. HO2+CH3<=>0H+CH30
57. HO2+CO<=>0H+CO02

58. CH2+02<=>0H+HCO

59. CH2+H2<=>H+CH3

60. CH2+CH3<=>H+C2H4
61. CH2+CH4<=>2CH3

62. CH2(S) +N2<=>CH2+N2
63. CH2(S)+AR<=>CH2+AR
64. CH2(S)+02<=>H+O0H+CO
65. CH2(S) +02<=>C0O+H20
66. CH2(S)+H2<=>CH3+H
€7. CH2(S)+H20<=>CH2+H20
68. CH2(S) +CH3<=>H+C2H4
69. CH2(S) +CH4<=>2CH3
70. CH2(S)+CO<=>CH2+CO
71. CH2(S)+C02<=>CH2+C02
72. CH2(S) +C02<=>C0O+CH20
73 . CH3+02<=>0+CH30

74 . CH3+02<=>0H+CH20
75. 2CH3 (+M) <=>C2H6 {+M)

Low pressure limit: 0.17700E+51 -0.96700E+01
0.15100E+03

TROE centering: 0.53250E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

76. 2CH3<=>H+C2H5
77. CH3+HCO<=>CH4+CO

-0.34200E+01
0.19700E+03

2.000E+CO
6.000E+00
2.000E+00
1.500B+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00
6 .000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

1.15E+08 1.9

4.30E+07 1.5
0.84350E+05
0.15400E+04 ©

2.16E+08
3.57E+04
2.90E+13
2.00E+13
3.00E+13
5.60E+07
2.50E+13
1.00E+08
4.76E+07
S.00E+13
3.43E+09
3.54E+06
2.00E+13
1.00E+12
2.00E+13
1.50E+14
1.32E+13
S .00E+0S
4 .00E+13
2.46E+06
1.50E+13
9.00E+12
2.80E+13
1.20E+13
7.00E+13
3.00E+13
1.20E+13
1.60E+13
9.00E+12
7.00E+12
1.40E+13
2.68E+13
3.60E+10
2.12E+16 -
0.62200E+04
0.10380E+04 O

e e T T e e e P . P L .
O 000 0000000000000 O0O0O0O0O0OHNONOOMNOGMNODOOOPWNM

H OOO0OO0OO0OO0OO0ODO0ODO0OODOONONOOOOONMORMEMORMOOORNH

4.99E+12 0.1
2.65E+13 0.0

7530.0
79600.0

-10300E+0S

[
n
(=]
(=]
© 000 0000000000000 00000000DO0O0O000D0OOOo

.49700E+04

10€00.0
0.0
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78. CH3+CH20<=>HCO+CH4
79. CH3+C2H6<=>C2HS+CH4
80. HCO+H20<=>H+CO+H20
81. HCO+M<=>H+CO+M

H2

H20

CH4

co

co2

C2H6
82. HCO+02<=>HO2+CO
83. CH30+02<=>HO02+CH20
84 . C2HS5+02<=>H0O2+C2H4

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

2.000E+00
0.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000B+00

NOTE: A units mole-cm-sec-K, E units cal/mole

3.32E+03
6.14E+06
2.24E+18
1.87E+17

7.60E+12
4.28E-13
8.40E+11

5860.0
10450.0
17000.0
17000.0

400.0
-3530.0
3875.0
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DETAILED MECHANISM WITH NITROGEN CHEMISTRY

GRI-Mech 2.11

Developed by Bowman, C.T., Hanson, RK., Davidson, D.F., Gardiner, Jr., W.C,,
Lissianski, V., Smith, G.P., Golden, D.M., Frenklach, M. and Goldenberg, M.
(1995)

Mechanism available from http:/ /www.me.berkeley.edu/gri_mech/

49 species, 279 reactions
ELEMENTS O H C N AR
SPECIES
H2 H e} 02 OH H20 HO2 H202
c CH CH2 CH2(s) CH3 CH4 Cco Cco2
HCO CH20 CH20H CH30 CH30H C2H C2H2 C2H3
C2H4 C2HS C2Hé6 HCCO CH2CO HCCOH N NH
NH2 NH3 NNH NO NO2 N20 HNO CN
HCN H2CN HCNN HCNO HOCN HNCO NCO N2
AR
{k = A T**b exp(-E/RT))
REACTIONS CONSIDERED A b B
1. 20+M<=>02+M 1.20E+17 -1.0 0.0
H2 Enhanced by 2.400E+00
H20 Enhanced by 1.540E+01
CH4 Enhanced by 2.000E+00
co Enhanced by 1.750E+00
co2 Enhanced by 3.600E+00
C2Hs6 Enhanced by 3.000E+00
AR Enhanced by 8.300E-01
2. O+H+M<=>0H+M 5.00E+17 -1.0 0.0
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
AR Enhanced by 7.000E-01
3. O+H2<=>H+0OH S5.00E+04 2.7 6290.0
4. O+HO2<=>0H+02 2.00E+13 0.0 0.0
5. 0+H202<=>0H+HO2 9.63E+06 2.0 4000.0
6. 0+CH<=>H+CO 5.70E+13 0.0 0.0
7. 0O+CH2<=>H+HCO 8.00E+13 0.0 0.0
8. O+CH2(S)<=>H2+CO 1.50E+13 0.0 0.0
9. 0+CH2 (S) «<=>H+HCO 1.50E+13 0.0 0.0
10. O+CH3<=>H+CH20 8.43E+13 0.0 0.0
11. O+CH4<=>0H+CH3 1.02E+09 1.5 8600.0
12. 0+CO+M<=>CO2+M 6.02E+14 0.0 3000.0
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13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
3s.
36.
37.
38.
39.

40.
41.
42.
43.

H2

02

H20

CH4

co

co2

C2He

AR
O+HCO<=>0H+CO
O+HCO<=>H+C02
O+CH20<=>0H+HCO
0+CH20H<=>0H+CH20
0+CH30<=>0H+CH20
O+CH30H<=>0H+CH20H
O+CH30H<=>0H+CH30
0+C2H<=>CH+CO
0+C2H2<=>H+HCCO
0+C2H2<=>0H+C2H
0+C2H2<=>C0+CH2
0+C2H3<=>H+CH2CO
0+C2H4<=>CH3+HCO
0+C2H5<=>CH3+CH20
Q+C2HE6<=>0H+C2HS
O+HCCO<=>H+2CO
O+CH2C0O<=>0H+HCCO
0+CH2C0<=>CH2+C02
02+C0c=>0+C02
02+CH20<=>H02+HCO
H+02+M<=>HO2+M

02

H20

co

co2

C2He

N2

AR
H+202<¢=>H02+02
H+02+H20<=>HO2+H20
H+02+N2<=>HO2+N2
H+02+AR<=>HO2+AR
H+02<=>0+0H
2H+M<=>H2+M

H2

H20

CH4

Co2

C2H6

AR
2H+H2<=>2H2
2H+H20<=>H2+H20
2H+C02<=>H2+C02
H+OH+M<=>H20+M

H2

H20

CH4

C2Hé

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by
Enhanced by
Enhanced by

2.000E+00
6.000E+00
6.000E+00
2.Q00E+00
1.500E+00
3.500E+00
3.000E+00
5.000E-01

0.000E+00
0.000E+00
7.500E-01
1.500E+00
1.500E+00
0.000E+00
0.000E+00

.000E+00
.000E+00
.000E+0O
.000E+00
.000E+00
.300E-01

0O W o o o

.300E-01
.650E+00
.000E+00
.000E+00

w N W

3.00E+13
3.00E+13
3.90E+13
1.00E+13
1.00E+13
.88E+05
.30E+05
.00E+13
.02E+07
.60E+19
.02E+07
.00E+13
.92E+07
.32E+14
.98E+07
.00E+14
1.00E+13
1.75B+12
2.50E+12
1.00E+14
2.80E+18

H O H M WHSM®NE W

.00E+20
.38E+18
.75E+20
.00E+17
.30E+13
.00E+18

H® g W uouw

.00E+16
.00E+19
.50E+20
.20E+22

NNy 0

[}
o

1
OO0 00O OHFFONMNHFEFNMONNMOOOOO

. . T . .

WOoOOO0OO0OO0OWOMmMOOPOOWMWLOOD OOO

o o0 wo
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APPENDIX: CHEMICAL MECHANISMS

AR Enhanced by
44. H+HO2<=>0+H20
45. H+HO2<=>02+H2
46. H+HO2<=>20H
47. H+H202<=>H02+H2
48. H+H202<=>0H+H20
49. H+CH<=>C+H2
50. H+CH2 (+M) <=>CH3 (+M)
Low pressure limit: 0.32000E+28
TROE centering: 0.68000E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
AR Enhanced by
S1. H+CH2(S) <=>CH+H2
52. H+CH3 (+M) <=>CH4 (+M)
Low pressure limit: 0.24770E+34
TROE centering: 0.78300E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2He6 Enhanced by
AR Enhanced by
53. H+CH4<=>CH3+H2
54 . H+HCO (+M) <=>CH20 (+M)
Low pressure limit: 0.13500E+25
TROE centering: 0.78240E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
coz2 Enhanced by
C2He Enhanced by
AR Enhanced by
55. H+HCO<=>H2+CO
56 . H+CH20 (+M) <=>CH20H (+M)
Low pressure limit: 0.12700E+33
TROE centering: 0.71870E+00
H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
co2 Enhanced by
C2H6 Enhanced by
57. H+CH20 (+M) <=>CH30 (+M)

0.22000E+31
0.75800E+00

Low pressure limit:
TROE centering:

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by

3.

-0.31400E+01
0.78000E+02
2.
6.
2.
1.
2.
3.
7.

-0.47600E+01
0.74000E+02
2.
6.
2.
1.500E+00
2.

3

7

~-0.25700E+01
0.27100E+03
2.
6.
2.
1.
2.
3.
7.

-0.48200E+01
0.10300E+03
2.
6.
2.

800E-01

000E+00
000E+0Q0
000E+00
500E+00
000E+00
000E+00
000E-01

000E+00
000E+00
000E+00

000E+CO

.G00E+00
.000E-01

000E+00
QC0E+00
Q00E+00
S00E+00
000E+0O
000E+00
000E-01

000E+00
000E+00
000E+00

1.500E+00

2.
3.

-0.48000E+01
0.94000E+02

000E+00
000E+00

2.000E+00

6.
2.

000E+00
000E+00

1.500E+00

3.97E+12 0.0
2.80E+13 0.0
1.34E+14 0.0
1.21E+07 2.0
1.00E+13 0.0
1.10E+14 0.0
2.50E+16 -0.8
0.12300E+04

0.19950E+04 0

3.00E+13 0.0

1.27E+16 -0.6
0.24400E+04
0.29410E+04 ©

6 .60E+08

1.09B+12
0.14250E+04
0.27550E+04 0

1.6
0.5

7.34E+13 0.0

5.40E+11 0.5
0.65300E+04
0.12910E+04 O

5.40E+11 0.5
0.55600E+04
0.15550E+04 0

192

671.0
1068.0
635.0
5200.0
3600.0
0.0
0.0

.5590GE+04

0.0
383.0

.69640E+04

10840.0
~260.0

.65700E+04

0.0
3600.0

-41600E+04

2600.0

.42000E+04
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APPENDIX: CHEMICAL MECHANISMS
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
58 . H+CH20<=>HCO+H2 2.30E+10 1.1 3275.0
59. H+CH20OH (+M) <=>CH30H (+M) 1.80E+13 0.0 0.0
Low pressure limit: O0.30000E+32 -0.48000E+01 0.33000E+04
TROE centering: 0.76790E+00 0.33800E+03 0.18120E+04 0.50810E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+Q0
60. H+CH20H<=>H2+CH20 2.00E+13 0.0 0.0
61. H+CH20H<=>OH+CH3 1.20E+13 0.0 0.0
62. H+CH20H<=>CH2 (S) +H20 6.00E+12 0.0 0.0
63. H+CH30(+M) <=>CH30H (+M) 5.00E+13 0.0 0.0
Low pressure limit: 0.86000E+29 -0.40000E+01 0.30250E+04
TROE centering: 0.89020E+00 0.14400E+03 0.28380E+04 0.45569E+05
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.S00E+00
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
64. H+CH30<=>H+CH20H 3.40E+06 1.6 0.0
65. H+CH30<=>H2+CH20 2.00E+13 0.0 0.0
66. H+CH30<=>OH+CH3 3.20E+13 0.0 0.0
67. H+CH30<=>CH2 (S} +H20 1.60E+13 0.0 0.0
68. H+CH3OH<=>CH20H+H2 1.70E+07 2.1 4870.0
69. H+CH3OH<=>CH30+H2 4.20E+06 2.1 4870.0
70. H+C2H(+M)<=>C2H2 (+M) 1.00E+17 -1.0 0.0
Low pressure limit: 0.37500E+34 -0.48000E+0l1 0.19000E+04
TROE centering: 0.64640E+00 0.13200E+03 0.13150E+04 0.55660E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.S500E+00
co2 Enhanced by 2.000E+00
' c2He Enhanced by 3.000E+00
AR Enhanced by 7.000E-01
71. H+C2H2 (+M) <=>C2H3 (+M) 5.60E+12 0.0 2400.0
Low pressure limit: 0.38000E+41 -0.72700E+Q1 0.72200E+04
TROE centering: 0.75070E+00 0.98500E+02 0.13020E+04 0.41670E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
AR Enhanced by 7.000E-01 .
72. H+C2H3 (+M) <=>C2H4 (+M) 6.08E+12 0.3 280.0
Low pressure limit: 0.14000E+31 -0.38600E+01 0.33200E+04
TROE centering: 0.78200E+00 0.207S0E+03 0.26630E+04 0.60950E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
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73.
74.

5.
76.

7.
78.

co

co2

C2H6

AR
H+C2H3<=>H2+C2H2

Enhanced by
Enhanced by
Enhanced by
Enhanced by

H+C2H4 (+M) <=>C2HS (+M)

Low pressure limit:

TROE centering:

H2

H20

CH4

co

co2

C2H6

AR
H+C2H4<=>C2H3+H2

0.12000E+43
0.97530E+00
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

H+C2HS (+M) <=>C2H6 (+M)

Low pressure limit:

TROE centering:

H2

H20

CH4

co

co2

C2He

AR
H+C2HS5<=>H2+C2H4
H+C2H6<=>C2H5+H2

0.19900E+42

0.84220E+00
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

79. H+HCCO<=>CH2 (S) +CO
80. H+CH2CO<=>HCCO+H2
81. H+CH2CO<=>CH3+CO
82. H+HCCOH<=>H+CH2CO
83. H2+CO (+M) <=>CH20 (+M)
Low pressure limit:
TROE centering:
H2
H20
CH4
co
co2
C2H6
AR
84. OH+H2<=>H+H20
85. 20H (+M)<=>H202 (+M)
Low pressure limit:
TROE centering:
H2
H20
CH4
co
coz
C2H6
AR
86. 20H<=>0+H20
87. OH+HO2<=>02+H20
88. OH+H202<=>HO2+H20

0.50700E+28 -0.34200E+01
0.93200E+00

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

0.23000E+19
0.73460E+00

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

by
by
by
by
by
by
by

by
by
by
by
by
by
by

1.500E+00
2.000E+00
3.000E+00
7.000E-01

~-0.76200E+01
0.21000E+03

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

-0.70800E+01
0.12500E+03

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

0.19700E+03

2.000E+00
6.Q00E+Q0Q
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

-0.90000E+00
0.94000E+02

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

3.00E+13
1.08E+12

0.69700E+04
0.98400E+03

1.33E+06
5.21E+17

2.00E+12
1.15E+08
1.00E+14
5.00E+13
1.13E+13
1.00E+13
4 .30E+07

0.84350E+05
0.15400E+04

2.16E+08
7.40E+13

0.17560E+04

3.57E+04
2.90E+13
1.75E+12

2.
-1.0
0.66850E+04
0.22190E+04

H OO0 O0Oo0OkFHoO

1

0.
0

0
.5

0.0
1820.0

0.43740E+04

5

12240.0
1580.0

0.68820E+04

-0
.9
.0
.0
.0
.0
.5

0.
7530.
0.
8000.
3428.
0.
79600 .

0O 0O 0O o0 o0 oo

0.10300E+0S

.5

-0.4
-0.17000E+04

3430.0
0.0

0.51820E+04

Q QO

-2110.0
-500.0
320.0
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Declared duplicate reaction...

89. OH+H202<=>H02+H20 S.80E+14 0.0 9560.0
Declared duplicate reaction...
90. OH+C<=>H+CO 5.00E+13 0.0 6.0
91. OH+CH«=>H+HCO 3.00E+13 0.0 0.0
92. OH+CH2<=>H+CH20 2.00E+13 0.0 0.0
93 . OH+CH2<=>CH+H20 1.13E+07 2.0 3000.0
94 . OH+CH2(S)<=>H+CH20 3.00E+13 0.0 0.0
95. OH+CH3 (+M) <=>CH30H (+M) 6.30E+13 0.0 0.0
Low pressure limit: 0.27000E+39 -0.63000E+01 0.31000E+04
TROE centering: 0.21050E+00 0.83500E+02 0.53980E+04 0.83700E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6 .000E+00
CH4 Enhanced by 2.000E+00
co Enhanced by 1.S00E+00
co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
96. OQOH+CH3<=>CH2+H20 S.60E+07 1.6 5420.0
97. OH+CH3<=>CH2 (S) +H20 2.50E+13 0.0 0.0
98. OH+CH4<=>CH3+H20 1.00E+08 1.6 3120.0
99. OH+CO«<=>H+CO02 4.76E+07 1.2 70.0
100. OH+HCO<=>H20+CO S.00E+13 0.0 6.0
101. OH+CH20<=>HCO+H20 3.43E+09 1.2 -447.0
102. OH+CH20H<=>H20+CH20 S.00E+12 0.0 0.0
103. OH+CH30<=>H20+CH20 S.00E+12 0.0 0.0
104. OH+CH3OH<=>CH20H+H20 1.44E+0Q06 2.0 -840.0
105. OH+CH3OH<=>CH30+H20 6.30E+06 2.0 1500.0
106. OH+C2H<=>H+HCCO 2.00E+13 0.0 0.0
107. OH+C2H2<=>H+CH2CO 2.18E-04 4.5 -1000.0
108. OH+C2H2<=>H+HCCOH 5.04E+05 2.3 13500.0
109. OH+C2H2<=>C2H+H20 3.37E+07 2.0 14000.0
110. OH+C2H2«<=>CH3+CO 4.83E-04 4.0 -2000.0
111. OH+C2H3<=>H20+C2H2 5.00E+12 0.0 0.0
112. OH+C2H4<=>C2H3+H20 3.60E+06 2.0 2500.0
113. OH+C2QH6<=>C2H5+H20 3.54E+06 2.1 870.0
114. OH+CH2CO<=3>HCCO+H20 7.50E+12 9.0 2000.0
115. 2HO2<=>02+H202 1.30E+11 0.0 -1630.0
Declared duplicate reaction...
116. 2HO02<=>02+H202 4.20E+14 0.0 12000.0
Declared duplicate reaction...
117. HO2+CH2<=>0H+CH20 2.00E+13 0.0 0.0
118. HO2+CH3<=>02+CH4 1.00E+12 0.0 0.0
119. HO2+CH3<=>OH+CH30 2.00E+13 0.0 0.0
120. HO2+CO<=>0H+CO2 1.50E+14 0.0 23600.0
121. HO2+CH20<=>HCO+H202 1.00E+12 0.0 8000.0
122. C+02<=>0+CO S.80E+13 0.0 576.0
123. C+CH2<=>H+C2H 5.00E+13 0.0 0.0
124. C+CH3<=>H+C2H2 S.00E+13 0.0 0.0
125. CH+02<=>0+HCO 3.30E+13 0.0 0.0
126. CH+H2<=>H+CH2 1.11E+08 1.8 1670.0
127. CH+H20<=>H+CH20 1.71E+13 0.0 -755.0
128. CH+CH2<=>H+C2H2 4.00E+13 0.0 0.0
129. CH+CH3<=>H+C2H3 3.00E+13 0.0 0.0
130. CH+CH4<=>H+C2H4 6.00E+13 g.0 Q.0
131. CH+CO(+M) <=>HCCO (+M) S.00E+13 0.0 0.0

Low pressure limit: 0.26900E+29 -0.37400E+01 0.19360E+04
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132.
133.
134.
135.
136.
137.
138.
139.
140.

i41.
142.
143.
144.
145S.
146.
147.

TROE centering:

H2

H20

CH4

co

co2

C2H6

AR
CH+C02<=>HCO+CO
CH+CH20<=>H+CH2CO
CH+HCCO<=>CO+C2H2
CH2+02<=>0H+HCO
CH2+H2<=>H+CH3
2CH2<=>H2+C2H2
CH2+CH3<=>H+C2H4
CH2+CH4<=>2CH3

0.57570E+00
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

CH2+CO (+M) <=>CH2CO (+M)

Low pressure limit:

TROE centering:

H2

H20

CH4

cao

Co2

C2H6

AR
CH2+HCCO<=>C2H3+CO
CH2 (S) +N2<=>CH2+N2
CH2 (S) +AR<=>CH2+AR

CH2 (8) +02<=>H+0H+CO

CH2 (S) +02<=>C0+H20
CH2 (S) +H2<=>CH3+H

0.26900E+34

0.59070E+00
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

CH2 (S) +H20 (+M) <=>CH3OH (+M)

Low pressure limit:

TROE centering:

0.27000E+39
0.15070E+00

0.23700E+03
2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

-0.51100E+01

0.27500E+03
2.000E+00
6.000E+00
2.000E+00
1.500E+0Q0
2.000E+00
3.000E+00
7.000E-01

-0.63000E+01

0.13400E+03

0.16520E+04

3.40E+12
9.46E+13
S.00E+13
1.32E+13
5.00E+05
3.20E+13
4.00E+13
2.46E+06
8.10E+11
0.70950E+04
0.12260E+04

3.00E+13
1.50E+13
9.00E+12
2.80E+13
1.20E+13
7.00E+13
2.00E+13
0.31000E+04
0.23830E+04

0.50690E+04

0.0 690.0
0.0 -515.0
0.0 6.0
0.0 1500.0
2.0 7230.0
0.0 0.0
0.0 0.0
2.0 8270.0
0.5 4510.0

0.51850E+04

600.0
600.0

O o o o
© O o o

0.72650E+04

196

H2 Enhanced by 2.000E+00

H20 Enhanced by 6 .000E+00

CH4 Enhanced by 2.000E+00

co Enhanced by 1.500E+00

co2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00
148. CH2(S) +H20<=>CH2+H20 3.00E+13 0.0 0.0
149. CH2(S) +CH3<=>H+C2H4 1.20E+13 0.0 -570.0
150. CH2(S) +CH4<=>2CH3 1.60E+13 0.0 -570.0
151. CH2(S) +CO<=>CH2+CO 9.00E+12 0.0 0.0
152. CH2(S)+C02<=>CH2+CO2 7.00E+12 0.0 0.0
153. CH2(S) +C02<=>C0O+CH20 1.40E+13 0.0 0.0
154. CH2(S)+C2H6<=>CH3+C2HS 4.00E+13 0.0 ~-550.0
155. CH3+02<=>0+CH30 2.68E+13 0.0 28800.0
156. CH3+02<=>0OH+CH20 3.60E+10 0.0 8940.0
157. CH3+H202<=>HO02+CH4 2.45E+04 2.5 5180.0
158. 2CH3 (+M) <=>C2H6 {+M) 2.12E+16 -1.0 620.0

Low pressure limit: 0.17700E+51 -0.96700E+01 0.62200E+04

TROE centering: 0.53250E+00 0.1S100E+03 0.10380E+04 0.49700E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
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159.
160.
161.
162.
163.
164.
165.
166.
167.

ies8.
169.
170.
171.
172.
173.
174.

17S.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.

186.

CH4

co

co2

C2He6

AR
2CH3<=>H+C2H5
CH3+HCO<=>CH4+CO
CH3 +CH20<=>HCO+CH4

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

by
by
by
by
by

CH3+CH30H<=>CH20H+CH4

CH3 +CH30H<=>CH30+CH4
CH3+C2H4<=>C2H3+CH4
CH3+C2H6<=>C2H5+CH4

HCO+H20<=5>H+CO+H20
HCO+M<c=>H+CO+M

H2

H20

CH4

cO

co2

C2Heé
HCO+02<=>H02+CO

CH20H+02<=>H02+CH20

CH30+02<=>H02+CH20
C2H+02<=>HCO+CO
C2H+H2<=>H+C2H2
C2H3 +02<=>HCO+CH20

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

by
by
by
by
by
by

C2H4 (+M) <=>H2+C2H2 (+M)

Low pressure limit:
TROE centering:

H2

H20

CH4

co

co2

C2H6

AR
C2HS5+02<=>HO2+C2H4
HCCO+02<=>0H+2CO
2HCCO<=>2C0+C2H2
N+NO<=>N2+0
N+02<=>NO+0
N+OH<=>NO+H
N20+0<=>N2+02
N20+0<=5>2NO0O
N20+H<=>N2+0H
N20+OH<=>N2+HO2
N20O (+M) <=>N2+0 (+M)
Low pressure limit:

H2

H20

CH4

(o]

co2

C2H6

AR
HO2+NO<=>NO2+0H

0.70000E+51

0.73450E+00
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

0.62000E+15
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00
0.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00

-0.93100E+01
0.18000E+03

2.000E+00
6 .000E+00
2.000E+00
1.5Q0E+00
2.000E+00
3.000E+00
7.000E-01

0.00000E+00

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

4.99E+12
2.65E+13
3.32E+403
3.00E+07
1.00E+07
2.27E+405
6.14E+06
2.24E+18
1.87E+17

7.60E+12
1.80E+13
4.28E-13
5.00E+13
4.07E+05
3.98E+12
8.00E+12

. . .

.

P PN NO O
QO o uUTu oo

'
[

0.99860E+05
0.10350E+04 O

8.40E+11
1.60E+12
1.00E+13
3.50BE+13
2.65E+12
7.33E+13
1.40E+12
2.30E+13
4.40E+14
2.00B+12
1.30BE+11

. .

O 00000000 oo
0O 0000 O0OO0OO0ODO OO

0.56100E+05

2.11E+12

0.0

10600.0
0.0
5860.0
9940.0
9940.0
9200.0
10450.0
17000.0
17000.0

400.0
900.0
-3530.0
1500.0
200.0
-240.0
88770.0

.54170E+04

3875.0
854.0
0.0
330.0
6400.0
1120.0
10810.0
23150.0
18880.0
21060.0
59620.0

-480.0
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187.

188.
189.
1g0.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.

206.
207.
208.
209.
210.
211.
212,

213.
214.
215.
216.
217.
218.
219.
220.
221.

NO+0O+M<=>NO2+M

H2

H20

CH4

co

co2

C2H6

AR
NO2+0<=>N0O+02
NO2+H<=>NO+OH
NH+0<=>NO+H
NH+H<=>N+H2
NH+OH<=>HNO+H
NH+OH<=>N+H20
NH+02<=>HNO+0O
NH+02<=>NO+OH
NH+N<=>N2+H
NH+H20<=>HNO+H2
NH+NO<=>N2+0H
NH+NO<=>N20+H
NH2+Q<=>0H+NH
NH2+0<=>H+HNO
NH2+H<=>NH+H2
NH2+OH<=>NH+H20
NNH<=>N2+H
NNH+M<=>N2+H+M

H2

H20

CH4

co

co2

C2H6

AR
NNH+02<=>H02+N2
NNH+O<=>0H+N2
NNH+0<=>NH+NO
NNH+H<=>H2+N2
NNH+OH<=>H20+N2
NNH+CH3<=>CH4+N2
H+NO+M<c=>HNO+M

H2

H20

CH4

co

co2

C2He6

AR
HNO+O<=>NO+OQOH
HNO+H<=>H2+NO
HNO+OH<=>NO+H20
HNO+02<=>HO2+NO
CN+Q<=>CO+N
CN+OH<=>NCO+H
CN+H20<=>HCN+OH
CN+02<=>NC0O+0
CN+H2<=>HCN+H

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

2.000E+00
6 .000E+00
2.000E+00
1.50QE+QQ
2.000E+00
3.000E+00
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1.500E+00
2.000E+00
3.000E+00
7.000E-01
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.000E+00
.000E+00
.S500E+00
.000E+00
.000E+00
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~N W N NN
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3.90E+12
1.32E+14
S.00E+13
3.20E+13
2.00E+13
2.00E+09
4.61E+05
1.28E+06
1.50E+13
2.00BE+13
2.16E+13
4.16E+14
7.00E+12
4.60B+13
4.00E+13
9.00E+07
3.30E+08
1.30E+14

5.00E+12
2.50E+13
7.00E+13
5.00E+13
2.00E+13
2.50E+13
8.95E+19

2.50E+13
4.50E+11
1.30E+07
1.00E+13
7.70E+13
4.00E+13
8.00E+12
6.14E+12
2.10E+13

o

O O+ OO0 OoOOo

H O O 0O 0O 0o
W oooooo

ook NKH OOOOO

OO0 O0OO0OO0O0OKFE OO
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P OoOuUVooownmhvoowmMmoNnwN oo oo o
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222. NCO+0<=>NO+CO 2.35E+13 0.0 0.0
223 . NCO+H<=>NH+CO S5.40E+13 0.0 0.0
224 . NCO+OH<=>NO+H+CO 2.50E+12 0.0 0.0
225. NCO+N<=>N2+CQ 2.00E+13 0.0 0.0
226. NCO+02<=>NO+C02 2.00E+12 0.0 20000.
227. NCO+M<=>N+CO+M 8.80E+16 -0.5 48000.0

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

co Enhanced by 1.500E+00

co2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
228. NCO+NO<=>N20+CO 2.85E+17 -1.5 740.0
229. NCO+NO<=>N2+C02 5.70E+18 -2.0 800.0
230. HCN+M<=>H+CN+M 1.04E+29 -3.3 126600.0

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

co Enhanced by 1.500E+00

co2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
231. HCN+O<=>NCO+H 1.11E+04 2.6 4980.0
232. HCN+0<=>NH+CO 2.77E+03 2.6 4980.0
233 . HCN+0<=>CN+OH 2.13E+09 1.6 26600.0
234. HCN+OH<=>HOCN+H 1.10E+06 2.0 13370.0
235. HCN+OH<=>HNCO+H 4.40E+03 2.3 6400.0
236. HCN+OH<=>NH2+CO 1.60E+02 2.6 9000.0
237. H+HCN+M<=>H2CN+M 1.40E+26 -3.4 1900.0

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

co Enhanced by 1.500E+00C

co2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
238. H2CN+N<=>N2+CH2 6.00E+13 0.0 400.0
239. C+N2<=>CN+N 6.30E+13 0.0 46020.0
240. CH+N2<=>HCN+N 2.86E+08 1.1 20400.0
241. CH+N2 (+M) <=>HCNN (+M) 3.10E+12 0.1 0.0

Low pressure limit: 0.13000E+26 -0.31600E+01 0.74000E+03
TROE centering: 0.66700E+00 0.23500E+03 0.21170E+04 0.45360E+04

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

Cco Enhanced by 1.500E+00

co2 Enhanced by 2.000E+00

C2He Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
242. CH2+N2<=>HCN+NH 1.00E+13 0.0 74000.0
243. CH2(S) +N2<=>NH+HCN 1.00E+11 0.0 65000.0
244 . C+NO<=>5CN+0O 1.90E+13 0.0 0.0
245. C+NO<=>CO+N 2.90E+13 0.0 0.0
24€6. CH+NO<=>HCN+O S.00E+13 0.0 0.0
247. CH+NO<=>H+NCO 2.00E+13 0.0 0.0
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248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.
263.
264 .
265.
266.
267.
268.
269.

270.
271.
272.
273.
274.
275.
276.
277.
278.
279.

NOTE:

CH+NO<=>N+HCO
CH2+NO<=>H+HNCO
CH2+NO<=>0H+HCN
CH2+NO<=>H+HCNO
CH2 (S) +NO<=>H+HNCO
CH2 (S) +NO<=>0H+HCN
CH2 (S) +NO<=>H+HCNO
CH3 +NO<=>HCN+H20
CH3 +NO<=>H2CN+QH
HCNN+O<=>CO+H+N2
HCNN+O<=>HCN+NO
HCNN+02<=>0+HCO+N2
HCNN+OH<=>H+HCO+N2
HCNN+H<=>CH2+N2
HNCO+0<=>NH+C02
HNCO+0<=>HNO+CO
HNCO+0<=>NCO+OH
HNCO+H<=>NH2+CO
HNCO+H<=>H2+NCO
HNCO+OH<=>NCO+H20
HNCO+OH<=>NH2+CO02
HNCO+M<=>NH+CO+M

H2

H20

CH4

co

Co2

C2He

AR
HCNO+H<=>H+HNCO
HCNO+H<=>0H+HCN
HCNO+H<=>NH2+CO
HOCN+H<=>H+HNCO
HCCO+NO<=>HCNO+CO
CH3 +N<=>H2CN+H
CH3 +N<=>HCN+H2
NH3 +Hc=>NH2+H2
NH3 +OH<=>NH2+H20
NH3 +0O<=>NH2+QH

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

by
by
by
by
by
by
by

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

A units mole-cm-sec-K, E units cal/mole

3.00E+13
3.10E+17
2.90E+14
3.80E+13
3.10E+17
2.90E+14
3.80E+13
9.60E+13
1.00E+12
2.20E+13
2.00E+12
1.20E+13
1.20E+13
1.00E+14
9.80E+07
1.50E+08
2.20E+06
2.25E+07
1.05E+05
4.65E+12
1.55E+12
1.18E+16

2.10E+15
2.70E+11
1.70E+14
2.00E+07
2.35E+13
6.10E+14
3.70E+12
5.40E+05
S5.00E+07
9.40E+06

-~

o

o

[

o

o

[] ]
O N OO

[}

o

o

=~ N o

OO NMNMNHNHFEFOOOOOOO

.

.

OO O WU QWUH P OODOOCODOO® I b g o

.

W Ah b+ P Wo o ®NN

0.0
1270.0
760.0
580.0
1270.0
760.0
580.0
28800.0
21750.0

o 0O o0 oo
O oo0oo0oo0o

8500.
44000.0
11400.0

3800.0
13300.0

6850.0

6850.0
84720.0

2850.0
2120.0
2890.0
2000.0
0.0
290.0
-90.0
-9915.0
-955.0
6460.0
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