What is a Flame?
A Review of 50 Years of Research

Robert H. Essenhigh; E.G. Bailey Professor of Energy Conversion
Department of Mechanical Engineering
The Ohio State University; Columbus, Ohio: 43210

"The great issues of science are more often qualitative than quantitative”

Introduction. Rescarch on the structure and characteristics of flames has been in progress now
for nearly two centuries, but in spite of being able to list well-known flame properties (Table 1), a
unique definition of a flame would seem to be still elusive. The question this raises is whether
flame properties are so diverse that such definition is impossible, or whether there may be aspects
of flame behavior that are yet to be discovered. What evidently is missing is an axiomatic
framework for organizing flame properties; and to create such a framework, first, requires answer
to the Title question: "What is a flame?"

The answer to this question, as will be shown, is ambiguous; but it provides a direction to
pursue. This leads to a conceptual division of flames into three broad categories, as set out in
Table 2. The two major Categories, I and 11, in this Table broadly represent Combustion Science
and Combustion Engineering which, itself, identifies something of a previous disconnect in
combustion analysis where engineering systems — notably industrial fumaces — are commonly
sidelined in combustion texts. This Table 2 formulation places them more centrally in the general
scheme of combustion analysis; it also has significant impact on concepts of flame properties, as
will be seen.

There is also a starting thread of axiomatization in this Table 2 Classification, and this is
substantially expanded by amplification of Category Il, as set out in Table 3. The matter of
definitions, nevertheless, is central; and to examine this, we first require some historical context.
This also raises the issue implied by the paper sub-title: What period of time was the most active
and productive in combustion research? and the pass-out question this also raises is: What might
we expect in the next half century?

Historical. Origins. Combustion research can reasonably be regarded as having an ancestry and
prologue in the oxidation studies of the last half of the 18th century which inter alia demolished
the Phlogiston theory and set the basis for modem chemistry. The defining moment for the start
of combustion science is generally accepted as the studies by Sir Humphrey Davy in 1813-1815 -
in connection with very-practical problems of gas explosions in coal mines -~ with his two-
property demonstration (simultaneously with his invention of the safety lamp) of: low
combustion limits in fuel/air mixtures; and variation of flame speed with fuel concentration. In
the most general terms, these two properties are central to the two principal characteristics of
most flames as set by the questions: "Is ignition maintained, and is the flame stationary or
moving?" In that sense, the field of combustion science was largely defined by Davy's discoveries.

Development. Historically, subsequent research was substantially guided by one or both of
two needs: first, the need for information -- a data base -- essentially the measurements of flame
speeds and combustion limits, and spin-off's from those; and, second, the need for data
interpretations, or theoretical development of flame propagation and combustion mechanisms.
Significant also were the drivers for the research that shifted with time but were very much
dominated through much of the 19th century by considerations of fire and safety, notably in coal
mines. On that account, much of the resulting emphasis was on ignition, low limits, and flame
suppression; and propagation was investigated more as a consequence of behavior in large scale
experiments, with large-scale explosion-gallery tésts on gas and coal mixtures dating from the
1870's. In the curmrent (20th) century, the drivers for fundamental investigations moved more to
practical problems, notably, after WWII related to gas turbines and rockets, but then later to air
pollution and other environmental problems.

1t was also implicitly recognized even in the early studies that a data base by itself can
have empirical engineering value but, scientifically, it is essentially worthless without (correct)
interpretation. The emphasis in the safety-dominated investigations, consequently, was very
much on fundamental studies, to be able to understand and contro! the practical problems of
explosion; at the same time, surprisingly, there was evidently a notable disconnect from the
practical problems of industrial combustion, for example, in funaces (Table 2, Category Il
flames) which in consequence were developed on a substantially ad-hoc or empirical basis. The
significant injection of science into combustion engineering appears to have been largely a
consequence of World War I1.

In the two centuries following Davy, pursuit of the data base development expanded the
determination of combustion limits and flame speeds into measurements on fuels other than gases:
vapors, solid particles, and liquid drops; and expanded the range of measurements into supportive
and supplementary determinations of ignition properties, ignition temperatures, temperature
profiles, flame temperatures, reaction times, and ultimately of reaction rates. The results, in
general, showed variations in numerical properties from fuel to fuel but substantially, otherwise,
showed the same qualitative patterns of behavior: there were upper and lower combustion -limits;
minimum ignition energy requirements; and flame speeds and témperatures that varied with
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concentration in substantially the same pattern of: lower values at the limits; and peaking near the
stoichiometric. .

Quantification. Quantitatively, the pattern of results for different fuels was both different
and the same. In the "base-line” laminar flames (Category I of Table 2) for different hydrocarbon
fuels — gases, liquids, and dispersions of particulate solids — reaction times or flame thicknesses are
very fuel-type dependent: thicknesses of laminar flames range from | mm for gases to ! m for
pulverized coal, a range of three orders of magnitude. Likewise, propagation mechanisms range
from conduction to radiation. Peak temperatures, however, are very similar, with energy-densities
for stoichiometric fuel-air mixtures averaging close to 100 Btu/ft” for hydrocarbon gases, liquids,
or dispersions of particulate solids, and generating T,, values of about 2000°C (3600°F). More
surprising, laminar flame speeds and low limits, also, are essentially fuel-type independent, being
roughly the same or of the same order, with most laminar speeds (Su values) in the range half to
one meter per second, and low limits at about 100% excess air, corresponding to mixture energy-
density values averaging 50 Btu/ft® or half that of the stoichiometric.

In fixed beds of particulate solids (e.g., lump coal), values (of flame speeds and reaction
intensities) were different again, but historically such systems were generally treated or implicitly
regarded as outside the "main" stream of combustion theory and development, although latest
developments in “Filtration" combustion (Table 3, Class 11.2), as set out below, may change this
perception. Flame spread, ignition and extinction behavior, and batch combustion (Category 11
of Table 2), likewise, were typically treated substantially on a stand-alone basis, and this is seen in
the ordering and emphasis in today's standard combustion texts. Much of this reflected the
disconnect between combustion science and combustion engineering noted earlier.

Associated with all this was the complementary development of steadily improving
instrumentation, with increasing ability to make measurements of local temperatures,
concentrations, and velocities, and fluctuations of those parameters, together with fast data
recording and analysis. The development of optical methods, particularly by lasers, allowing non-
intrusive measurement was particularly valuable. Such measurements are critically important, but
less as part of fundamental combustion studies than as supporting techniques for accurate
development of phenomenological descriptions, and for testing analytical predictions. Analysis,
nevertheless, remains hostage to correct interpretation, preferably mechanistic, of the observed
phenomena, and this remains the central issue even at this time.

Combustion Engineering. In parallel with this history, but with long pre-cedents, there
were major but largely-independent developments in combustion engineering. Combustion science
and engineering have now almost merged, but the historical account shows their effective
independence until relatively recently. Even apart from use of flames in heating caves (with a
"million" year history), the use of furnaces — and concomitant control of fire — for pottery, brick,
and metals production has origins 10,000 and more years back. Additionally, in the last half of
the 18th century there were three significant advances: first, James Watt's development of the
steam engine, of which the inveation of the condenser — a (recuperative) heat exchanger — was a
crucial part; second, in the 1790's, the invention of the hot blast — another (regenerative) heat
exchanger application — for blast furnaces (a form of Filtration Combustion) which transformed
iron manufacture; and third, in the same decade, the start of coal gasification in coke ovens that
subsequently, with pipelined distribution (already significant by the 1820's), ultimately
transformed street lighting, home heating, cooking appliances, and industrial furnace operations.
For the coal gas from coking ovens, with a typical content of 50% H, and 35% CH,, the world
was half way to a hydrogen economy two centuries ago. These industrial operations are presented
in Table 2 as Category Il and in Table 3 as Class | applications.

These developments all represented major commercial use of combustion in engineering
systems, albeit developed largely empirically, but with considerable sophistication even in the
early 1800's when combustion science studies had barely started. Through the following 19th
century, these applications were extended by development of more advanced, high-temperature
regenerative furnace systems, notably, in addition to bricks and refractories, for glass melting, and
for steel making using the Bessemer and the Open Hearth (the BOF is a 1940's development, a
century later). The significance of the (regenerative) preheat was the, generally unrecognized
potential, jointly, for super-adiabatic flame temperatures, and for stabilization of high velocity
flames. This meant that some major technological problems, notably the fast flame stabilization,
had aiready been solved, by empirical development, long before they were even recognized and
defined in scientific terms.

Scientific Elements, The scientific aspects starting in the early 1800's could not, in fact,
be addressed until key theoretical concepts had been developed. The two key theoretical elements
required in analysis of even the simplest 1-D (Table 2: Category 1) laminar flames are heat
transfer and kinetics; and first applications of these elements to flames, in the Mallard and le
Chatelier (MLC) model, were in the last half of the 19th century with prediction of flame speed
and of the temperature profile through a flame. This became the prototype for subsequent flame
models involving other modes of heat transfer (radiation and convective exchange), with
extension then to analysis of other flame types, notably turbulent and 3-D flames. In that first
laminar flame model, (conductive) heat transfer dominates the initial temperature rise up to
"ignition", but some form of kinetics assumption is required from ignition through the reaction
zone.

Separately, this model also re-raised the question of definition of ignition, in this case, in
mid-flame; this problem was the practical driver both in Davy's original studies of gas combustion
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and in Faraday's studies in 1844 of coal ignition, also in connection with coal mine explosions. 1t
was not until the mid-1930's that the Semenov Thermal Explosion Theory (TET) provided a
(thermal-based) theoretical model for batch ignition. The definition of ignition in a continuous
(Category 1) flame is still open, however, although the gap was potentially closed by Vulis' (late
1940's) treatment of the continuous flame as a PSR sequence with a definable TET ignition cell in
the middle of the flame. This was updated in 1974 but is still incomplete..

The theoretical background needed for these flame model developments in the preceding
century required two fundamental insights. The first was elimination of the Caloric theory, in the
first half of last century, which played the same blocking role in thermal sciences that the
Phlogiston theory had played in the chemical sciences half a century earlier. The second was
formulation of Kkinetics, in the second half of the century, initiafly specified as a
phenomenological statement in the Guldberg and Waage Law of Mass Action (LMA), and then
importantly extended by the introduction of the Arrhenius statement for the velocity constants.
This phenomenological model itself then opened up enquiry into the mechanism behind the LMA
statement, and the answer that emerged, in the first half of the current century was the
Bodenstein dissociation model leading critically into understanding of chain reactions and
consequences of that behavior that, for gases particularly, could result in escalation to explosion
and detonation.

In its turn, the "mechanism" of dissociation was identified as being, simultaneously, a
phenomenological behavior in its own right, implying thereby a more detailed underlying
mechanism, and this led to the postulates of the activated complexes and then, in more detail, the
study of molecular orbital trajectories as the basis for ab initio calculations of reaction rates. Both
these further approaches are major stand-alone developments in chemical physics; for purposes of
combustion studies in flames, however, phenomenological kinetics mostly suffices.

Even so, only by the middle of this (20th.) century was the dissociative kinetic basis
sufficiently established that attention could be turned to extensive measurement, and development
of a kinetics data base. This first required identification of governing elemental reactions with
debates continuing, for example, as late as the 1950's on whether H or OH was the dominant
radical for hydrogen combustion. Even in the 1960's, for lack of adequate information on
elementary reactions, and/or inability (for lack of computing power) to handle the equations sets
involved, there was still continuing use of rates measured in global or quasi-global terms for fuel
reacting, one-step, to end products (CO, and H;0), or slightly more elaborately, reacting first to
CO and H, with a selected suite of the hydrogen reactions to complete the model.

The developments since then, largely in the last 30 years, with the almost explosive
growth of data on elementary reaction velocity constants, requires no further comment. This has
been further supplemented by development of model codes, first for calculating equilibrium
properties and then, in the last decade or so, kinetics codes, combined in many cases with flow
codes to be able to calculate complete flame behavior in a flowing stream. This, however, may in
some instances be a double-edged problem, if the codes — particularly the flow elements ~ are
extrapolated outside the window of verification.

These developments represent major understanding of and potential for applications of
combustion thcory to engineering problems and (with some reservations) this procedure is now
largely standard practice. Nevertheless, a potential for unification existed half a century ago, and
it still deserves examination. This combines the Vulis PSR-sequence model for a 1-D flame already
mentioned (in connection with in-flame ignition) with the Bragg Criterion for (gas-turbine)
combustion chamber design.

A Unifying Factor: The Vulis Model and the Bragg Criterion. The Bragg Criterion (1953)
for combustion chamber design resulted from generalization of a detailed analysis of the Rolls
Royce Trent jet engine, with the conclusion that: the ideal (design target) mixing configuration
should be: a Perfectly-Stirred Reactor (PSR) inlet segment for fastest ignition, followed by a Plug-
Flow Reactor (PFR) segment for optimum burn-out. The engineering problem of creating the
PSR/PFR fluids mixing configuration is a major one, but separate. Importantly, however, it
provides a clear target for the design intent; it also provides a link to the Vulis model.

The relation this has to the Vulis model then derives from the question: In the Vulis PSR-
sequence model, what is the effect of changing the size of the PSR cells? This was explored in a
separate publication (1974) obtaining the general result that: in the flame region before the point
of inflection (ignition point) in the T-t curve, increasing the PSR size results in faster combustion
or reduced time to ignition; and, after the POI, for fastest burn-out, requires the reverse, namely,
reduced cell size. In the limit of a single cell for ignition and multiple cells for burn-out, this
corresponds exactly to the Bragg Criterion.

Review of actual engineering (industrial) furnaces and burners, very largely developed
empirically, typically show an approximation to this PSR/PFR mixing configuration. This will be
more evident in what follows.

This provides the summary background to consider the definition of a flame.

What is a Flame? A flame is something that can always be identified as such after the fact, but
an a priori definition that is necessary and sufficient does not seem to exist. Common flame
properties often incorporated in "definitions" are listed in Table 1. None, however, is unique.
Property 1 is denied by pyrophoric and hypergolic materials; an example is pyrophoric
ignition of very fine iron particles blown into air. Property 2 is common to many reactions that
are not combustion. Properties 3 and 4 are denied in the limiting case of the Perfectly Stirred
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Reactor (PSR) when a flame front and thus a flame speed can not be defined, as discussed in more
detail below. Property 5 is denied when there is thermal backmix, the Category 1l of Table 2.
Property 6 is reversed when there is thermal backmix, and the statement inverts to become:
"When the flame is stable, the (local) flame speed and mixture speeds are in balance" (essentially,
then, a trivial consequence). Property 7 is denied with preheat: combustion limits are extended -~
the requirement is for maintaining the sensible plus chemical energy above a minimum energy
density of about 50 Btu/ft’. Property 8 is denied under a range of thermal feedback conditions (see
Category 11 of Table 2; also Table 3). Property 9 is not unique to flames: hot materials, in
general, radiate in the visible; moreover, radiation from hydrogen flames is not in the visible.

Flame Categories. This failure in finding a unique property for definition of a flame suggests
that the factors governing in flames may be incompletely identified. An alternative approach
suggested by examination of the Table 1 listings, and the comments above, led to the first two
(primary) alternative Categories of flame types identified in the classification of Table 2. The
key distinction between these two Categories is whether the flame speed is an independent or a
dependent property of the fuel mixture and of the combustion system. However, study of
Filtration Combustion (Class 1.2 in Table 3) suggests that even this may turn out to be either
simplistic or limited. To put these in perspective requires separate evaluation. Flame stabilization
is examined first.

Flame Stabilization. Classical concepts of flame stabilization are formufated in terms of
velocity balancing. The concept originates with 1-D laminar flames and has been translated, in
turbulent flames, to local behavior. For the standard one-dimensional (1-D, MLC) flow system,
the flame speed depends only on the mixture composition. The argument is that, if flame is
propagating down a tube, against no flow or low velocity flow, then the flame will be stabilized if
the mixture-approach flow-velocity is increased until the velocities balance. This is a valid
representation in plug-flow systems, and in similar systems where there is no back-mix such as the
Bunsen bumner; but ~ possibly excepting the Filtration Combustion (FC) systems, as already
identified ~ the velocity-balancing argument can fail if there is any degree of thermal preheat by
backmix or other method. )

In flow-backmix and heat recovery or Thermally Assisted Flame (TAF) systems (Table
3), which thus includes nearly all practical (engineering) flame systems in furnaces or engines, the
incoming mixture is preheated in one way or another, and the flame speed is increased. The flame
speed, however, is then a dependent property of the system. In the case, for example, of a
standard unswirled jet burner firing into a furnace in an SE (Sudden Expansion) configuration (a
Table 3 Class 1.1 device), the jet velocity is commonly of the order of 10 m/s, but the
fundamental flame speed for the incorning mixture, whether gas, or oil, or pulverized coal, is
usually about 1 m/s. The flame, nevertheless, is stable on account of the backmix flow of hot
combustion products generated by the momentum of the incoming jet. The aerodynamics of this
mixing behavior is key, and is a pattern studied intensively through the late 1940's to early
1960's, notably by the IFRF but also by many others.

The standard interpretation of that behavior is that the flame is then stabilized on account
of the increase in flame speed due to the backmix-governed preheat. The conclusion is arguable,
however, even for this single unswirled jet configuration since the degree of backmix-preheat —
and thus the increase in flame speed — depends on the primary jet momentum so that the flame
speed is now a dependent not an independent property of the system. I[n other words, "Which is
the cart and which is the horse?" The flame "speed” can be changed for the same mass flow of
incoming mixture solely by increasing the jet velocity (for example, by reducing a pipe diameter).
Indeed, with increased jet velocity, the flame generally moves upstream (up to a final blow-off or
blow-out limit).

That argument becomes even less supportable if the degree of backmix is proportionately
increased, for example, by introducing swirl or double swirl or additional down-stream jets, to the
point that the primary flame region converges to an approximation of a Perfectly Stirred or zero-
dimensional (0-D) Reactor. At that limit, ignition is then distributed throughout the combustion
volume; thus, there is no formally definable "flame front" where ignition starts; a flame speed can
not therefore be defined; flame stabilization no longer depends on velocity balancing, and
interpretation in those terms thus becomes meaningless. Separately, this also has consequences
for burn-out and combustion efficiency; this is considered later.

The clearest practical demonstration of this 0-D structure is the Putnam "Octopus"
burner, consisting of 8 raw gas jets at the corners of a cube, directed at the cube center. The flame
produced is substantially spherical, inside a flame envelope, but there is no flame "front" in the
conventional sense of the word so, supporting the statements above, no flame speed can be
defined, and there is therefore no potential for defining velocity balancing, Likewise, there is no
"flame holder", nor flame "attachment” to a holder (behavior commonly identified in burner
studies and assumed to be significant). Since velocity-balancing is evidently invalid as explanation
for the flame stabilization, some other criterion is required.

Intuitively, there would appear to be two criteria for stabilization of such a flame, one
thermal and one mechanical. The evident thermal stability condition is that the reacting mixture
in the flame zone satisfies the standard PSR or WSR thermal extinction (TET) conditions (based
on balance between thermal generation by reaction and thermal loss by convection/radiation).
The mechanical stability condition is thought to be a zero momentum integral over the surface of

102




a Control Volume enclosing the flame. For other standard jet flame systems (straight jet, or
swirled, or other) the same conditions could apply: it requires definition of a relevant CV inside
the combustion chamber, to which the two criteria proposed may then apply. This needs to be
examined further; first steps have been taken resulting in definition of an-"information flow path"
as part of the required CV definition, but the results at this time are essentially open-ended.

Thus, in support of the earlier assessment, this view of flame stabilization clearly
incorporates all the thermally-assisted systems listed as Class I and Class II.1 in Table 3. The
essential characteristic of the thermal assist in these two classes is that it is provided either
externally, through heat exchangers, or internally but by a (fluid) backmix flow process. The
focus of flame stabilization in practical terms is being able to design engineering devices in which
flame stability is reasonably assured over the expected operating conditions, such as no flame-out
in a jet engine at 35,000 ft, for example.

As also previously noted, however, this approach does not address the further class, Class
IL.2, of Fiitration Combustion. This is also one that also operates with thermal assist; the thermal
assist in this case, however, is in the form of a direct "counterflow” to the mixture flow.
Consequently, it presents ambiguities, and may in fact be a stand-alone case.

Filtration Combustion (FC). This is defined as combustion of a reactive gas in a porous bed
and, as listed in Table 3 (Class 11.2) has two sub-sets: (1) systems in which the gas reacts with the
porous medium, such as oxygen in air reacting with coke or coal; and (2) a fuel mixture such as
methane-air reacting in the bed pores. Filtration Combustion has been proposed as a new category
of flame types but, in fact, it has a long though largely unrecognized history. The second sub-set
[Class 11.2(2)] has at least a two-decade history of study, but the history of the first sub-set — study
of coal combustion and sinter beds — is over a century. Recognition of the commonality of the
two sub-sets is also very recent, certainly within the last decade; likewise, essentiatly complete
solution of the governing equations (for combustion of anthracite in a fixed bed) with
experimental verification is also as recent (1984). As mentioned earlier, such combustion systems
have commonly been regarded as stand-alone or non-mainstream. What is important in this new
recognition is the degree to which this flame Class can evidently co-ordinate a range of apparently
disparate reaction systems, unexpectedly including, as a limiting condition, the 1-D, Category |
flames, as will now be shown.

The physical system consists of a porous bed of particles or porous sintered block with
reactive gas or gas mixture flowing through. The reaction is in the gas phase and/or at the surface
of the particles. Heat released by reaction raises the temperature of both the gas mixture and the
porous solid, and generates different temperature profiles that will also cross. Heat transfer
required for ignition of incoming material is by conduction through the gas (as in the Category |
flames) but also by radiative-conduction through the porous solid which provides the thermal
assist. At any local point in the bed a key element is the (conductive/convective) heat exchange
between the gas and the solid, governed by a heat exchange coefficient, h. The complete system
is then described by two DE's of substantially identical form, namely that of the MLC equation,
but with an additional interchange term involving h, and with different parameter values for the
gas and the solid phases.

The outcome of the process, predicted theoretically and supported experimentally, is that
1-D flames can behave in the classic manner of the MLC (Table 2, Category I) model, showing
blow-off and flash back. Unlike the basic MLC model, however, the flames show "unusual"
characteristics, notably: flame stabilization at very much higher fluid flow speeds than for the
mixture without the porous body support — as in the other TAF systems; also, superadiabatic
flame temperatures; very low limiting blow-off velocities, as low as 1 mm/s; and extended
combustion limits. .

As already noted above, however, with the exception of the very slow blow-off velocity,
these "unusual” properties are shared by all the other Thermally Assisted Flame (TAF) systems
although this is not commonly identified. In addition, however, a different property also exists
that depends on the heat exchange coefficient, h, between the gas and solid. If this is
progressively reduced, the reduction is effectively equivalent to progressive reduction of the solid
density. In the limit, corresponding to no solid bed, the thermal interchange term in the equations
vanishes, and the effect is to reduce the two governing equations to one, namely the MLC
equation for the combustion of a free gas mixture; thus, the system converges to a Category I
flame system. The outcome is a possible change of focus. We might reasonably regard the twin
DE's of the Filtration Combustion (FC) set as the base DE's for propagating laminar 1-D flames;
and the original classic MLC system then defines a limiting or special-case boundary behavior for
zero porous body density. In this sense, it is the original MLC flame rather than the FC flame that
might then be seen as "anomalous”.

This alone suggests a need for a re-evaluation of the Category 1 flame properties. It sets
the "peripheral" engineering systems of fixed beds (coal, coke, MSW, etc:) in a central role. Most
particularly, however, it challenges even the classic 1-D (MLC) system as defining a
“fundamental” flame speed. The same gas/air mixture composition can have different stationary
flow velocities, i.e., flame speeds for different porous configurations and materials. What then is
so special or "fundamental” in the case of propagation in gas phase combustion governed only by
conductive heat transfer as in the MLC flame?
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Review and Evaluation. This representation of !-D flame systems as members of a general
Filtration Combustion set, with the MLC flame as a special case for an infinitely porous solid, can
now be contrasted with the PSR or zero dimensional (0-D) limit of the Category II (thermal
backmix) flames. What are commoniy regarded as 2-D or 3-D flame systems are definable as
incompletely 0-D with 1-D components (i.e., Well Stirred as contrasted with Perfectly Stirred).
The initial emphasis for nearly all flames of practical interest is then on their 0-D or near 0-D
characteristics at the burner: notably, the mechanical and thermal stability of a relevant CV, if
such can be defined. This focus transfers attention away from flame speed as a unique governing
property, and one that has been a major focus of many past flame studies. This transfer of
attention gains particular significance when examining practical flame systems which by default
are nearly all turbulent. It is in turbulent flames that the idea of flame front and flame speed need
particular examination.

Adequate discussion of turbulent flames is not possible here for space limitations.
Nevertheless, to identify key elements, studies of turbulent flames commonly show dispersed
regions of reaction, and a common view of the development of the reaction through the flame
zone is that it can be represented in many cases by contorted surfaces propagating into unignited
fuel mixture. The detailed modeling of the behavior is then addressed by such means as strained
wrinkled laminar flamelet analysis, assuming the flamelet is "thin", or by distributed reaction zone
theory for thick flamelet or reacting regions. The pre-supposition here is that the unignited
region requires transfer of heat and/or dissociated species for extension of the reaction (flame
propagation) into the fresh mixture, as in the standard laminar flame model. For a turbulent jet
flame in an open cold environment this has substantial relevance. For a jet in an enclosure such as
a furnace, however, where measurements typically show substantial temperature fields adjacent to
the jet, the question may be less to do with what it takes for ignition and more to do with why
flames extinguish: in particular, with distributed reaction zones found in turbulent flames, there
can be local extinction of identifiable volumes.

In the form of the existence of low limits, the problem of flame extinction is, in fact, one
of the two critical characteristics first addressed by Davy in 1813, and still essentially unresolved
in spite of many studies. A major common factor, identified by Burgess and Wheeler in 1912, is
that the low combustion limit, calculated as an energy density, is approximately constant at about
50 Btu/ft’ for all hydrocarbon fuels, solid, liquid, or gas. This has never been elaborated except to
the demonstration that the (50 Btu/ft’) critical energy density can also be satisfied by the sum of
chemical (reaction) energy and sensible energy from preheat. It is this that allows reduction of the
low limit by preheat. The reason for this is still unidentified but it could be key both to a solution
to that problem and to a final interpretation of flame behavior.

Summary and Conclusions. The conclusion that emerges from this review is that, if a
common organizing principle exists, that can be used to create combustion studies in an axiomatic
framework, that organizing principle does not yet appear to have been identified or formulated.
However, this evaluation also provides a framework to define the direction of continued research,
starting with a review of combustion knowledge with the objective, if possible, of creating an
appropriate axiomatic framework. A starting point and current example is the Filtration
Combustion concept, as discussed above. More generally, there is the potential identified by the
classification into Categories I, I, and 1Il. The direction taken to develop such a framework
could then start to set the general agenda for the next phase of work into next century. This can
be addressed at two levels: the "tactical” level, and the "strategic” level.

At the tactical level, this concerns possible theoretical/analytical procedures (but
appropriately including advanced experimental methods for more detailed and accurate
determination of reaction processes). Of possible analytical procedures, there are four in
particular that would seem to justify particular attention, The first is the use of integral
formulations of the governing equations of different reacting systems. The oldest and best known
of these procedures is the Rankine-Hugoniot analysis. These well-known formulations are
generally limited to 1-D systems, however, and it is a question to consider whether similar analysis
of more complex geometries might not be rewarding. It has been successful, for example, in
application to diffusion flames, and also to flame spread, leading in this latter case to the inverse
fuel-density relation governing flame spread rate. The potential for other configurations needs to
be explored.

Less well known is the Furnace and Engine Analysis procedure that provides an equation
(of common form) for the Firing Curve for any furnace or engine. This provides an immediate
and common integral analytical framework for engineering devices that also defines many of the
first-level combustion problems that are found inside the devices. This is substantially developed.
Wider use essentially needs only appropriate attention.

A third procedure that is now being pursued aggressively, that is mentioned here for note,
is analysis by Deterministic Chaos. Current application to fluid beds and to i.c. engines shows the
versatility of the approach. This procedure, in particular, is showing value jointly in practical
engineering application and, at the scientific level, in improving precision of knowledge. To a
degree, this is also an integral approach. Significantly, this is removing the past constraint of
linearization of non-linear behavior that has disguised much real behavior of both practical and
intrinsic interest.

A fourth procedure that beyond statement about a decade ago is not known to have been
used, is the Species Stream Function (SSF). What this is potentially capable of doing, as shown in
the original SSF paper by re-analysis of the classic Burke-Schuhmann diffusion flame, is to
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deu.ermine the trajectories of the reacting molecules (and thus their temperature and, potentially,
lhelr_r%ction histories), and simultaneously determine the fuel flux density arriving at any
location on the flame or reacting surface. Intuitively, this would seem to be relevant to analysis

- of turbulent flames.

Al the strategic level, this concerns the possible axiomatization of combustion concepts,
particularly incorporating and merging both combustion science and combustion engineering. One
example is provided as already discussed by the new developments in Filtration Combustion where
this can be seen as an organizing principle that merges propagating 1-D gas flames, either free or
in porous bodies, and combustion in solid fuel beds. A second example is the potential of the Vulis
PSR-sequence flame mode! combined with the Bragg Criterion. Similar critical examination of the
reality of the other entries in the Thermally Assisted Flames category is also needed. All these
approaches would seem to have a useful degree of organizing principle even though, as already
noted, this still excludes the major areas of, for example, fires and flame spread. Further study is
clearly needed.

Finally, this overall evaluation also provides a framework for answering the implied question of
the sub-title. The 19th century developments were critical in first formulating the combustion
problem and developing the initial concepts, mostly in phenomenological terms, but also
initiating mechanistic descriptions.  The first half of the present century mostly saw
transformation of those concepts into mathematical formulations with a degree of intial testing.
The second half has been more focused on developments of data bases and applications with, also,
more detailed and sophisticated (largely computerized) analytical treatments. In spite of all these
results, however, there is still no clear answer to the question: "What is a flame?" It would appear
that to answer this question, new concepts or insights are required. It would seem reasonable to
expect, in response to the pass-out question, that this will be the contribution of the 21st century.

Table 1: Flame Phenomena and Characteristics
Minimum ignition energy requirement: potential for bifurcation characteristics
Reaction zone: region of exothermic reaction
Bounded reaction zone: flame front division between non-reacting and reacting region
Propagation: translation of flame front into unburned mixture
Flame speed: fundamental property of the mixture composition
Flame stabilization: obtained when flame speed is matched by mixture speed.
Combustion limits: flame propagation fails below and above lower and upper limits
Flame Temperatures: limited at adiabatic
Visible radiation characteristics of reaction zone

VRN RN

Table 2: A Classification of Flames

Category 1: Fundamental Flame Systems

Primary Property: Flame speed is a fundamental independent property of the fuel mixture
Secondary Property: Flame stabilizes when the mixture and burning velocity are matched
Primary Characteristic: Non-recirculating flow, nor thermal assist

Defined by: Rankine-Hugoniot equations

Interpreted by: Mallard and le Chatelier (MLC) model

Category II: Thermally-Assisted Flame Systems (see also Table 3)

Primary Property: Flame stabilization is possible in high speed flows

Secondary Property: Flame speed is a variable, dependent property of the combustion system
Primary Characteristic: Thermally assisted (backmix flow and other)

Defined and Interpreted by: 3-D conservation and kinetics equations

Category III: Miscellaneous

Surface flames (flame spread); fires, intermittent/batch combustion, ignition . . .

Table 3: Thermally-Assisted Flame Syst

Class I: External Heat Recovery by dow heat exchanger(s):
Exs: Blast furnace; Open Hearth; glass tank; brick kiln; boiler . . .

Class _II: Internal Heat Recovery
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1.1 Flow driven: standard burners; non-swirling/swirling jets; FB's; etc;
applications in standard [3-D] industrial furnaces and engines
11.2 "Filtration" Porous Body Systems

(1) Reacting porous body (solid fuel bed, sinter bed, blast furnace . . .)
(2) Reactive gas mixture in Porous Body
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ABSTRACT

An experimental study of the combustion and pollution characteristics of a diffusion flame of
hydrogen-propane fuel mixtures is described. Flame appearance, visible length, radiative fraction
of heat release, the emission indices of NO, NOx, and CO, and the inflame profiles of temperature
and composition are presented. Results are compared for the flames of pure hydrogen, and the
hydrogen-propane mixtures with 20% and 35% (volume) of propane.

INTRODUCTION

Because of their increased availability, relatively superior burning characteristics, and low pollutant
emission potential, gaseous fuels such as compressed natural gas (CNG) and liquid petroleum gas
(LPG) have recently received increased attention as potential fuels for transportation applications.
A major problem that is hindering the wide-spread application of these fuels is their storage at a
reasonable energy density. The Institute of Gas Utilization Technology (IGUT) at the University
of Oklahoma is stdying various methods, including dissolving nataral gas in heavier
hydrocarbons as a means of increasing the energy-density [1]. On another front, hydrogen has
been advocated and studied for use in internal combustion engines [2]. The high reactivity and
flame velocity of hydrogen offer additional benefits, particularly for the so-called lean-burning
engines. Because of the highly nonlinear nature, the combustion characteristics of fuel mixtures
cannot be predicted from those of the constituent fuels. Hence, a program to study the application
of the fuel mixtures in laboratory flames, in engines on dynamometer test stands, and in actual
automobile vehicles is in progress at the IGUT. This paper, one of a series of papers [3, 4] on
mixed fuel characteristics, deals with the combustion of hydrogen-propane mixtures in a diffusion
flame.

EXPERIMENTAL DETAILS

Experiments were conducted in a vertical steel combustion chamber of 76 cm x 76 c¢m cross
section and 163 cm height. The chamber was fitted with rectangular windows of dimensions 20 cm
% 20 cm x145 cm on all of its four side walls. Three of the windows were fitted with Pyrex plate
glass and the fourth was fitted with a slotted metal sheet for introducing probes. Air was induced
by natural convection into the test chamber through a 20 cm diameter circular opening in the base
plate. Three layers of fine-wire-mesh screens were used to provide a uniform flow. The circular
fuel burner used in these experiments consisted of a stainless steel tube of 2 mm ID, which injected
fuel into an atmosphere of air. The bumer projected 14.5 cm above the chamber floor.

Propane and hydrogen were supplied from cylinders, through pressure regulators, rotameters, a
mixing chamber, and in-line filters. The two fuels were mixed inside an annular mixing device in
which secondary fuel was injected into the stream of primary fuel through a concentrically located
injector. The length of the mixing device was sufficiently large (>150 hydraulic dia.) to ensure the
homogenous mixture of fuels. For a fixed jet exit Reynolds number, the volume flow rate of the
hybrid fuel was calculated for different mixture conditions. The volume flow rates of the primary
and secondary fuels were then regulated with calibrated rotameters. The fuels used were of
commercial grade with 98% purity.

The instrumentation included a computer-controlled-thermocouple based data acquisition system, a
computer-aided precision two-dimensional positioning mechanism, various gas analyzers, a
radiometer, a low-energy He-Ne laser for soot concentration, and a high speed camcorder (with
strobe and back-illuminating option). For measuring exhaust emissions, a quartz flue gas collector
was mounted over the visible flame, and axially aligned with the burner . A sample profile across
the collector diameter showed a variation of less than 1.5% in species concentration, and hence, the
center point data were treated as the average representative values. Gas samples were collected
from combustion products through an uncooled-quartz probe of tip diameter 1 mm and treated to
remove particulate and moisture with a series of filters and an ice~chilled moisture trap. The
sampling flow rate was adjusted such that the suction and local free stream velocities in the flow-
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field were close enough to ensure quasi-isokinetic sampling [5]. Chemiluminescence was used to
measure the concentration of NO and NO,. Two non-dispersive infrared (NDIR) analyzers were
used to measure the concentration of CO and CO,.

The species concentrations inside the flames were measured with another uncooled quartz probe.
The inside diameter of this sampling probe was increased from 0.5 mm at the probe inlet to 6 mm
over a short distance of 20 mm which allowed a sudden expansion of the gas sample, thus freezing
its composition, The sample was analyzed using the same analyzers used in the exhaust emission
measurements. Neglecting the gradient broadening effect and lack of quenching, the uncertainties
in the species concentration measurements are estimated to be less than 9% of the mean value.
Temperature profiles in the mixed fuel flame were measured with a Platinum-Platinum 13%
Rhodium (Type R) in-house-made L-shaped thermocouple probe with the wire diameter 127um
and bead diameter 280 ym. To measure the ttmperature in 100% hydrogen flame, a Tungsten-5%
Rhenium vs. Tungsten-26% Rhenium (Type C) thermocouple with wire diameter 127 pm and
bead diameter 370 pm was used. Sincc this thermocouple rapidly deteriorates under oxidizing
conditions, a coating of high temperature ceramic cement was used on all exposed parts of the
thermocouple except the bead. The output was sampled at 1 kHz over a period of 20 seconds, and
on-line averaged over 1 second using a computer-controlled high-speed data acquisition system
hardware and a PC based data acquisition software. Flame radiation was measured with a wide-
angle (150°) highly sensitive pyrheliometer with absorptivity of 0.96.

The visible flame height was determined with a high-speed video camera. Swobe recording
technique (1/6 second-interval progression, 1/2000 s.) along with back-light illuminating and DEIS
(digital electronic image stabilization system) method were used to visualize the flame image in a
dark background. A modified version of the technique proposed by Yagi and Iino [6] was used to
measure the soot concentration. A He-Ne laser beam was passed through the flame and due to the
presence of soot, the beam intensity was attenuated. The amount of attenuation was measured
using a pyro-electric laser power meter placed on the other side of the beam. Table 1 shows the
nominal experimental conditions and Table 2 shows the estimated uncertainties in measurements,

RESULTS AND DISCUSSION
Appearance and Flame Length

With the increase of propane concentration in the Hydrogen-Propane hybrid fuel, both flame
luminosity and flame lengths increase [Fig. 1]. At Reynolds number =150, pure hydrogen
produces a visible flame length of 30.5 mm which increases sharply as the propane concentration
increases in the mixture. The Hydrogen-Propane fuel produces a visible flame which is
approximately 10% taller than the corresponding Hydrogen-Natural gas flame [7]. The Hydrogen-
Propane flames are much more luminous than the Hydrogen-Natural gas flame. Furthermore, the
flame shapes are considerably different in both cases. At a Reynolds number = 150 and 80-20%
mixture condition, in Hydrogen-Natural gas flame a dull yellow-orange zone appears from the
mid-flame region to the far-bumer region which is surrounded by a faint blue envelope, whereas in
the Hydrogen-Propane flame, the whole far burner region is luminous yellow at that condition.
This change in appearance is due to the increased soot formation in the Hydrogen-Propane flame.
The chemical structure of propane is favorable to form PAH (polycyclic ‘aromatic hydrocarbons)
which is now believed to be the cause of soot inception. At Reynolds numbers of 1000, and 3000
the soot wings and the soot breakthroughs are more prominent than those in the Hydrogen-Natural
gas flames. The trend of flame length increase with higher propane concentration in the fuel
mixture is comparable to Roper’s correlation [8].

Radiative Heat Loss Fraction

At the Reynolds Number of 150 the radiative heat loss fraction increases from 3.5% for 100% H,
10 7.2% for 80-20% Hydrogen-Propane flame[Fig. 2]. After that, it does not change appreciably
with the increase of propane concentration in the mixture. The increase of radiative heat loss factor
is certainly due to the increased radiation from both molecular (CO,) band and continuous sources
(soot particles). However, the asymptotic behavior of flame radiation factor at concentrations more
than 20% of propane in the mixture reveals that increased soot formation beyond a certain
concentration increases self absorption of radiation between the soot particles [4]. At the Reynolds
numbers of 1000 and 3000, this behavior is extremely significant. The flame radiation factor at
these Reynolds numbers increases sharply below 20% propane concentration in the mixture.
Beyond that concentration, although the flame radiation factor increases, it occurs at a slower rate
than that at lower concentrations. At all Reynolds number and mixmre conditions, Hydrogen-
Propag flames have higher radiation faclors than those of Hydrogen-Natural gas flames, as
expected.

Emission Indices (EI)

Measurements of emission indices of NO, NO,, and CO of Hydrogen-Propane flames at different
Reynolds Number and mixture conditions are shown in Fig. 3. Only the results at a Reynolds
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number =150 are shown here. The results at higher Reynolds numbers (1,000 and 3,000), which
exhibit the same trends as those at Re =150 are available in Choudhuri’s thesis [7].

NO Emission Index(El,,): With the increase of propane concentration in the mixture, at all
Reynolds numbers, the NO emission index decreases sharply. At Reynolds number =150, the
emission index of NO has a value of 0.8 g/kg at the baseline condition (95%-5% Hydrogen-
Propane) which decreases to 0.45 g/kg at 80%-20% Hydrogen-Propane mixture. It continues to
decrease and then attains a value of 0.28 g/kg for the 65%-35% Hydrogen-Propane mixture. It is
notable that the Hydrogen-Propane flame has lower NO emission indices than those of the
Hydrogen-Natural gas flame. As mentioned earier in a high temperature diffusion flame the
Thermal-Zeldovich mechanism is the primary route of NO formation. Since this mechanism is
highly temperature dependent and the Hydrogen-Propane has lower effective flame temperature
than the Hydrogen-Natural gas flame these results are expected.

NO, Emission Index (El,): The emission index of NO, follows the same trend as the emission
index of NO at all Reynolds numbers. It is also evident that a very small amount of NO, is formed
in the Hydrogen-Propane hybrid fuel flame. This occurs because an increase of propane
concentration in the mixture reduces the concentration of intermediate radicals, OH and O, which
are essential to form NO,. Furthermore, the increased propane concentration increases the radicals
like CH and H which ultimately remove NO, from the flame. At a Reynolds number =150, the
emission index of NO, has a value of 0.9 g/f(g at the baseline condition which decreases to 0.34
g/kg for the 65-35% Hydrogen-Propane mixture, This indicates that the emission index of NO
which has a value of 0.1 g/kg decreases up to 60% with the increase of 30% concentration of
propane in the mixture.

Carbon monoxide Emission Index (EI,): The carbon monoxide emission index increases with the
increase of propane concentration in the mixture at all Reynolds numbers. This is expected, since
adding more propane in the mixture means introducing more carbon atoms into the flames which
results in an increase of CO. The carbon monoxide emission index (at Reynolds number =150)
increases from a value of 0.3 g/kg at the baseline condition to a value of 0.9 g/kg for the 65%-35%
Hydrogen-Propane mixture. However, for Hydrogen-Propane flames the carbon monoxide
emission index has higher values compared to the Hydrogen-Natural gas flame. This is reasonable
since propane has a higher carbon/hydrogen ratio than natural gas.

Volumetric Soot Concentration (w)

Volumetric soot concentrations measured at different axial locations and Reynolds numbers are
shown in Fig. 4. Similar to the Hydrogen-NG flames, the Hydrogen-Propane flames have also
high soot concentrations in the mid-flame region. As mentioned earlier, mid-flame region is the
location of soot inception and growth. However, Hydrogen-Propane flames produce more soot
than Hydrogen-Natural gas flame. Also, it is evident that soot formation increases sharply for the
increase of propane concentration from 20% to 35%. This phenomenon is consistent with the
earlier explanation given for the trend of the flame radiation factor. At a Reynolds number =150,
80%-20% Hydrogen flame has a peak soot concentration of 1x107 g/cc which jumps to 9.5 x10°
"g/cc with the increase of 15% concentration in mixture. In fact, from the soot concentration point
of view, 65-35% Hydrogen-Propane flame behaves almost like pure propane flames. This may be
related to the complex soot inception and PAH formation in hydrocarbon flames.

Flame Structure

Temperature Profiles: Radial Temperature profiles at different axial locations for the different
Hydrogen-Propane mixtures at a Reynolds number of 150 are presented in Fig. 5. In the near-
burner region the dual hump nature of temperature profiles are prominent in all of the conditions.
In the near-bumer region, the peak temperature occurs at the flame sheet, and it is found to be
1980 K for the 80%-20% Hydrogen-Propane mixture and Reynolds number =150. The peak
temperature in the near-burner region is in the range of 1980 K to 2000 K compared to 2250 K in
the pure hydrogen flame. The addition of 20% propane in the hydrogen reduces the effective flame
temperature by more than 250 K. The effective flame temperature drops again with the increase of
an additional 15% propane concentration in the mixture. The 65%-35% Hydrogen-Propane
mixture has approximately 100 K lower flame temperature than the 80%-20% Hydrogen-Propane
mixture. Since close to the burner, soot concentration is not significant, the drop in the peak
temperature in the Hydrogen-Propane flame with the increase of propane concentration in the
mixture can be attributed to the banded radiation from molecular source (increased CO,) and the
lower energy input due to the higher propane concentration. Close to the mid-flame zone, both the
80%-20% and the 65%-35% Hydrogen-Propane flames show the dual hump temperature profile.
Similar to the near-burner region, the temperature in the mid-flame also decreases with the increase
of propane concentration in the mixture, again due to the increase of flame radiation and lower
energy input. In the far-bumner region, temperature profiles show a single peak close to the burner-
axis. However, the peak effective flame temperature does not change appreciably with the increase
of propane concentration for the mixture from 20% to 35% propane concentration. This is
probably due to the higher amount of soot-oxidation which compensates radiation loss locally at
higher propane concentrations in the mixture.
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Concentration Profiles:

The full set of concentration profiles of CO,, CO, NO, NO, and O, are available in Choudhuri,
1997. As expected CO, concentration profiles were similar to the temperatre profiles and oxygen
concentration profiles follow the inverse trend of those of CO,. Further NO and NOx profiles were
similar. Hence, for brevity only CO and NOx profiles are shown here (Figs. 6 and 7).

i : Close to the burner, the CO concentration profiles show peaks in flame
sheets for all three Reynolds number and mixture conditions of Hydrogen-Propane hybrid fuel.
This reveals that close to the burner, reactions are mostly confined to the fuel-oxidizer interface.
Further downstream, the- CO concentration profiles show an axial peak which indicate that CO
forming at the stochiometric contour at the flame edges start accumulating at the burner axis. At all
conditions, in the far-burner region CO has lower concentration compared to mid-flame region.
This is understandable since CO is rapidly oxidized between the mid-flame to far-burner region. As
expected, Hydrogen-Propane flames have higher CO concentration compared to Hydrogen-
Natural gas flames due to the higher carbon input rate.

i . As mentioned earlier, the Thermal-Zeldovich route is the dominant NO
formation mechanism when flame temperatures are more than 1800 K. Since thermal NO is
strongly temperature dependent, usuaily the NO temperature profiles follow the temperature
profiles. Hydrogen-Propane flames for 80%-20% and 65%-35% mixtures have the peak flame
temperature equal to/more than 1800 K. Hence, it can be expected that only thermal NO formation
is active, and hence the concentration profiles follow the temperature profiles. Furthermore,
Hydrogen-Propane flames have lower effective flame temperature which results in lower NO
concentration than that of Hydrogen-Natural gas flames. The above mentioned trends are
significant for all three Reynolds numbers and mixture conditions. Also, it is found that the
Hydrogen-Propane mixture has a lower NO, concentration than that of hydrogen-natural gas
flames. This is because, due to the high concentration of radicals CH, H, NO, removal rate is
faster in hydrogen-propane flames compare to hydrogen-natural gas flames.

CONCLUSIONS

Flame luminosity and visible length of a diffusion flame of hydrogen-propane mixtures increase
with the increase of propane concentration. The radiation fraction of heat release increases initially
with the propane concentration and levels off above 30% (by volume). Soot production increases
continuously with propane content of the fuel. The emission indices of NO and NOx decrease and
the emission index of CO increases with the increase of propane fraction. The peak temperature in
the flame decreases monotonically with the increase of propane content.
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V.

Table 1. Nominal Experimental Conditions

Fuel: Propane (94%+ methane) (0-35% vol.)

Hydrogen (98%+) (100-65% vol.)

Jet diameter:

Jet exit velocity

Jetexit Reynolds number
Jet exit Froude number
Ambient Temperature
Ambient Pressure

2mm
2.5-157.7 m/s
150-3000
420-1.2x10°
295K

104 kPa

Table 2. Estimated Uncertainties®

Measurements % of Mean Value
Flame Height 15
Emission Index 1.7
Radiative Heat Loss 2
Concentration of NO 7.9
Concentration of NO, 8.2
Concentration of CO, 8.6
Concentration of CO 8.8
Concentration of O, 4
Temperature 1.4
Soot Concentration 6.

Based on Student’s t-test at 95% confidence
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INTRODUCTION

The kinetics of aromatics oxidation and growth are studied using ab initio
quantum chemistry methods, RRKM calculations, and detailed kinetic modeling. This
work is motivated by both fundamental and practical considerations. While significant
advance has been made in the understanding of the oxidation kinetics for aliphatic
hydrocarbon combustion, comparatively fewer studies have been conducted on
aromatics.!? Such a disparity in emphasis is expected because of the significantly more
complex nature of the aromatic kinetics. It is also obvious that since most practical fuel
blends consist of large amounts of aromatics, satisfactory modeling and manipulation of
the combustion processes would not be possible without a quantitative description of
their oxidation kinetics. Such a concern is further substantiated by recognizing the role
of aromatics kinetics in engine knock,3 in soot production,d-12 in the emission of
polycyclic aromatic carcinogens,!3 in fullerene synthesis,!4 and in fuel-cell
technology.15.16

Previously, a detailed kinetic model of benzene and toluene oxidation has been
proposed by Emdee, Brezinsky, and Glassman,? on the basis of flow-reactor experiments
at the temperatures between 1100 to 1200 K and at atmospheric pressure. Benzene
oxidation at high temperatures was further examined through detailed kinetic modeling.
Several kinetic models have been proposed and tested against experimental data,
including the species profiles in the burner-stabilized low-pressure benzene flame!’-19 of
Bittner and Howard,20 and the laminar flame speeds of benzene-air and toluene-air
mixtures.!9.21.22 t was shown that the proposed models predicted reasonably well each
individual set of the experimental data, but a comprehensive and physically justifiable
model, which is capable of closely predicting all the available experimental data, is still
lacking.

The aim of this work is to develop a comprehensive kinetic model of aromatics
oxidation and mass growth in combustion. In this article, we report a preliminary Kinetic
model, which describes the high-temperature oxidation of benzene and toluene.
Numerical results are present and compared to experimental data from previous flow
reactor,? flame20.2! and shock-tube studies.23

METHODOLOGIES

Quantum Chemical Calculations

We employed Pople's G2 method?4 and its simplified versions25-29 for the
calculations of the thermochemical data, including enthalpy of formation, entropy and
heat capacity for the relevant molecular and radical species, and the potential energy
surface of chemical reactions. Isodesmic reactions0 are used to determine the enthalpy
of formation. The transition-state structures are initially optimized with the spin-
unrestricted Hartree-Fock (UHF) method, employing the split-valence 3-21G basis set.
The structures were further optimized at the HF/6-31G(d) level and refined at the
UMP2(full)/6-31G(d) level. In all calculations, we employed the analytical gradient
procedure and the combined Synchronous Transit and Quasi-Newton (STQN) method.3!
The vibrational frequencies were obtained from the geometries optimized at the
UMP2(full}/6-31G(d) level of theory.

Rate Coefficient Calculations

Many elementary reactions of aromatics are chemically activated, involving the
stabilization and isomerization of the hot adduct. The rate coefficients of these reactions
are not known and are determined in the present study using the RRKM method.3233
The RRKM parameters, including the vibrational frequencies and rotational constants of
the reactants and transition states, are obtained from the quantum chemical calculations.
Details of the RRKM computer code are documented elsewhere.34

Detailed Kinetic Modeling

A detailed kinetic model of benzene and toluene oxidation at high-temperature is
compiled. The model consists of 65 species and 340 elementary reactions. The reaction
kinetics of C; and C; species are based on the GRI-Mech (version 1.2).35 For large
species, the reaction pathways and rate coefficients are obtained from literature data
(e.g., ref 36). Many rate parameters are analyzed using the RRKM methods in our
previous studies,??-38 as well as in the present work.

Calculations of the laminar flames are carried out using the Sandia Chemkin-II39
and Premix?® codes. The reverse rate coefficients are computed via equilibrium
constants. While the thermochemical data of cyclopentadiene and cyclopentadiene
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derivatives are obtained through quantum chemical calculations, others are taken from
ref 35, and from the compilation of Burcat and McBride.4! .

RESULTS

The first step during the oxidation of the aromatics is the disintegration of the
aromatic ring structure. This is followed by the oxidation of the resulting products to
CO and finally to CO;. Previous studies22! show that the initial oxidation of benzene
leads primarily to phenol and phenoxyl, followed by the formation of cyclopentadiene
and the cyclopentadienyl radical. The disintegration of the cyclic structure occurs at the
stage when the Cs species are oxidized. It was found that the oxidation of the Cs
species is often the bottle neck during benzene oxidation. Here, we examined the
reaction pathway and analyzed reaction rate coefficient for one of these bottleneck
reactions, i.e., the thermal decomposition of cyclopentadienone

¢-CsH4O — products .

Figure 1 presents the energy diagram of the above reaction. The rate coefficients
computed using the RRKM are shown in the inset. It is seen that unlike the previously
proposed pathway, the minimum energy path leads to cyclobutadiene, which may
subsequently isomerize to vinylacetylene, or it may dissociate to acetylene.

Figure 2 presents the comparison of the experimental? and computed
concentration profiles of selected species during benzene oxidation in a flow reactor at
1100 K and with the equivalence ratio equal to 0.67. It is seen that the present kinetic
model predicts very well the concentrations of benzene, CO, acetylene, and
cyclopentadiene. The model tends to underpredict the concentration of phenol. Figure
3 presents the comparison of species profiles during toluene oxidation at 1190 K and
with the equivalence ratio equal to 1.33. Again, the major species profiles, including
toluene, CO, benzene, phenol, benzaldehyde, methane, and acetylene are predicted well.

Figure 4 shows the comparison of the experimental2! and computed laminar flame
speeds of benzene- and toluene-air mixtures at atmospheric pressure. It is seen that the
kinetic model predicts slightly larger flame speeds than the experimental data for
benzene. However, the variation of the flame speed on the equivalence ratio is nicely
predicted.

The experimental and computed major and minor species profiles are presented in
Figure 5 for a burner-stabilized benzene-oxygen-argon flame at 20 torr.20 It is seen that
the model predicts very well the variation of the major species profile as a function of
distance from the burner. The model also predicts well the shape and magnitude of such
minor species as the H atom and the OH radical.

In Figure 6, we plot the experimental?? and computed ignition delay time of a
benzene-oxygen-argon mixture at a pressure of 2.5 atm. The present kinetic model
appears to overpredict the data slightly, but the variation of the ignition delay on
temperature is well reproduced.

DISCUSSION

We have shown that a detailed kinetic model of benzene oxidation can account
for the main features of benzene and toluene oxidation under a variety of combustion
conditions. Recognizing, however, that many practical combustion devices operate at
elevated pressures, it is essential to extend the predictive capability of the model to high
pressures as well. Because of the variation of the reaction pathways and rate
coefficients as a function of pressure, low-pressure models usually fail when they are
used for prediction at high pressures. The inherent reason is that many reactions
involving the aromatic species are chemically activated, involving the competition of
collisional stabilization and dissociation/isomerization of the hot adduct. For example,
the reaction between the cyclopentadienyl and the OH radical initially leads to a
vibrationally excited cyclopentadienol, which may be stabilized by collision with other
molecules, or it may dissociate to the singlet cyclopentadienylidene + H,O or ¢-CsH4sOH
+ H. Unlike the reaction pathways at low pressures, the stabilization process becomes
favorable at elevated pressures. The change in the reaction product often means a
change in the overall fuel destruction routes.

While it is often difficult to obtain reliable fundamental combustion data at
elevated pressures, reliable extrapolation of the reaction rate coefficients is now possible
with the recent advances in quantum mechanical methods and reaction rate theories.
These methods can be and should be used for the further refinement and extrapolation
of the base model developed in the present study.

CONCLUSION

A detailed kinetic model of benzene and toluene oxidation is developed. It is
shown that the kinetic model predicts reasonably well the available experimental data of
benzene and toluene oxidation in flow reactors, flames, and shock tubes.
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Figure 1. Energy diagram and the rate coefficients (p = 1 atm) computed for the thermal
decomposition of cyclopentadienone.
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Figure 2. Experimental? and computed species profiles for benzene oxidation (0.14% CgHs-
1.62% O,-Nj, the equivalence ratio ¢ = 0.67) in a flow reactor at 1100 K and 1 atm pressure.
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ABSTRACT )

Presently two major theories exist on how flame retardants work.!? Temporally resolved
LIF has been used to determine the extent to which the chemical kinetic theory of flame
retardation applies to the effect of brominated flame retardants, such as decabromodiphenyl
oxide (DECA) and hexabromocyclododecane (HBCD), on flame retardation. We have shown
that the primary effect of these brominated flame retardants is chemical in nature as opposed to
physical, lending credence to the radical trap theory of flame retardation.

INTRODUCTION

In the present work, we are measuring the effect of two brominated flame retardants
(HBCD and DECA) on the concentration of OH radicals in a methane/air flame. This is done by
monitoring both the laser induced fluorescence (LIF) intensity and the fluorescence lifetime of

L] L]
the OH. In these experiments, we monitor the OH fluorescence intensity and lifetime while
aspirating various concentrations of the flame retardants dissolved in toluene into the flame.
_ Monitoring the lifetime of the radical species provides insight into the flame inhibition process

because .OH is a key species in the propagation of combustion in a flame. If the primary method
of inhibition was based on the heat capacity of the brominated species, removing heat from the
reaction, then the rate of molecular collisions and temperature in the flame would be reduced.

This in turn would cause the fluorescence lifetime of the flame species, including .OH, to
increase. However, if the primary mechanism of action of these brominated flame retardants is

based on the radical trap theory, then the ‘OH radical, and other radical flame species that can be
dynamically quenched, would show a reduction in lifetime proportional to the amount of
bromine introduced into the flame. In this study we provide evidence that suggests that this is
the case. From instantaneous intensity measurements, it can be shown that the concentration of

L)
ground state OH is depleted upon addition of brominated flame retardants. In addition ‘oH

lifetime measurements show that the .OH excited state is also being quenched upon addition of
brominated flame retardants, suggesting that the reactivity of the excited state and ground state
are similar and that the mechanism of quenching of the ground state is chemical.

EXPERIMENTAL
LIF setup

In these experiments, a frequency doubled fundamental of a Q-switched Nd:YAG laser
(Quantel International Model 580-20) was used to pump a frequency doubled dye laser
(Continuum Model Nd6000) using Rhodamine 6G and emitting approximately 3.5 mJ/10 ns

pulse at 281.10 nm. The laser wavelength was tuned to the A>S* — X°IT transition of .OH. The
laser beam was focused to a point on the front edge of a six inch slot burner using an /8 plano

convex lens. This supplied sufficient laser power to saturate the *OH radical in the flame. OH
fluorescence was collected by an f/4 lens and focused onto the slit of a 0.85 meter double
mopoc.:hmmator (SPEX model 1404), with 0.012 nm resolution, to resolve the 314.58 nm
emission. The fluorescence signal was monitored using a photomultiplier tube (Hammamatsu
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Model R2949) that was 50 € - coupled to a 500 MHz digital sampling oscilloscope (Lecroy
Model 9350L),
In addition to the setup described above, the temperature of the flame was monitored

using thermally assisted laser induced fluorescence (TALIF) of ‘OH. This required the laser dye
to be changed to Rhodamine 101 and a wavelength of 306.80 nm to be produced. This exitation
scheme promotes electrons from the ground vibrational level of the X1 state to the ground
vibrational level of A?E” state.

RESULTS AND DISCUSSION

L]
OH Concentration
By monitoring the change in intensity of the LIF signal at various concentrations of flame
retardant it can be seen that increased flame retardant concentrations have a dramatic effect on

L]
the OH radical concentration. This is in good agreement with results reported previously by

L]
several authors.' The decrease in LIF shows that the flame retardant is removing OH radicals
from the flame. The results show that PVC/HBCD mixtures cause a dramatic reduction in LIF
signal with even small amounts of HBCD added. This is in agreement with the theory that one of

the primary modes of flame retardation is by removing the highly energetic species of .OH, by

L]
either preventing formation of the OH or by removing it from subsequent propagation steps. In
addition, increased concentrations of DECA with and without 4% Sb,0s, were aspirated into the

L]
burner to determine their relative affect on  OH in the flame. The first observation of this shows
that the HIPS/DECA mixtures without Sb,O; show little or no change in the relative amount of

‘oH present. Although not well not understood, it has been observed that DECA requires the
addition of Sb,O; as a synergist before it has any noticeable flame retardant properties.® In

addition to this it can be seen that the relative amount of ‘oH present in the flame is very
sensitive to the concentration of DECA added, with 4% Sb,0;, and begins to level off at
approximately 7-8% (w/w) bromine. This corresponds to the 3:1 stoichiometric ratio of Br to Sb,
which has been found to be optimal for this compound.® At any point beyond this ratio Sb

becomes the limiting reagent in the system, and removal of ‘OH is expected to level off as
observed.

.OH Lifetimes

Time resolved LIF of ‘OH in the flame front of an atmospheric premixed methane/air
flame has been reported to range between several hundred picoseconds up to 8 ns depending on
the flame conditions that are used as well as the region of the flame that is probed. If

L]
reduction of OH concentration in the flame occurs by collisional quenching of the excited state,
or dynamic quenching, a reduction in the fluorescence lifetime would occur. However, if the
physical modet were to be the primary mechanism of inhibition then the temperature of the flame

L]
would decrease causing fewer collisions, thereby increasing the lifetime of the OH.
All fluorescence lifetimes are relative to the lifetime of "OH with the polymer dissolved

in toluene and aspirated into the flame. From this work it is evident that the lifetime of ‘oH
significantly decreases upon addition of HBCD, approximately 40% of the original lifetime.

This provides evidence to support the idea of dynamic quenching of .OH, or the radical trap
theory. While it does not prove that "Br is the species in the flame responsible for this trapping,

it is strong evidence that ‘OH s being actively removed from the system by collisional reactions
with some species produced from HBCD. The change in lifetime begins to level off at higher
flame retardant concentrations, probably an artifact caused by the 2.0 + 0.1 ns resolution of the
LIF system. In the case of HBCD, the lifetime should continue to decrease up to the point that
the probabilty between the two molecules colliding is virtually zero.

To determine whether this radical trap theory is the primary source of inhibition for the
combination of DECA with HIPS, the same experiment was performed. Interestingly, when the

.
relative change in OH lifetime is plotted for the mixture of HIPS with various concentrations of
DECA, there is no significant change. However, when those same concentrations of DECA in

HIPS are blended with 4% Sb,O; and aspirated into the bumer, a dramatic decrease in the 'OH
lifetime was observed. At the maximum DECA concentration this lifetime decreases to
approximately 553% of the lifetime without flame retardant and synergist. This leads to the idea
that the mixture of DECA, HIPS and 4% Sb,O; also generates radical traps as did the
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HBCD/PVC combination. In addition, it shows that without the synergist this collisional
inhibition does not occur. This suggests that the Sb,O; is responsible for the dynamic quenching
or is necessary for creating species such as SbBrj that may be responsible.®

In an attempt to try to model the data from these flame retardants, structurally similar
compounds for HBCD and DECA were chosen. These compounds were cyclohexyl bromide and
bromobenzene respectively. Each of these compounds were diluted in toluene to concentrations
covering the same range as the flame retardants concentrations used. These compounds show an

unexpected trend in the *OH lifetime. In both cases, the lifetimes increased slightly. In the case
of cyclohexyl bromide, the highest concentration yielded a lifetime approximately 116% of the
toluene/PVC solution aspirated into the flame, While for bromobenzene this increase in lifetime
was approximately 112% of the toluene/HIPS blank. These results lead to the conclusion that

L]
these compounds do not dynamically quench ‘OH in the flame. However, the relative OH
concentration in the flame does decrease slightly with increasing concentrations of the
brominated species. Therefore it would seem that there is a reduction in the combustion due to
the presence of these compounds. However, it appears to be physical in nature. Following the

L]
heat capacity theory of Larsen one would expect the lifetime of the OH to increase in this case 2

L]
The addition of heat absorbing species into the flame reduces the temperature and thus the OH
concentration. In addition, by removing heat, or energy, from the flame, there will be fewer

collisions and the lifetime of flame species such as .OH is expected to increase slightly.
Temperature Measurements

Flame temperature measurements were made on the flame itself; with polymer added;
with polymer and 30% flame retardant; and with polymer, and 30% flame retardant with 4%
synergist added. The temperature of the methane/air flame with no added sample was
determined to be 1962 K with a standard deviation of 6 K (based on five replicate
measurements). The temperature decreased to aproximately 1610 K when the polymer alone was
aspirated into the flame. This is because the flame was fuel rich to begin with and the addition of
toluene as the polymer solvent increased the amount of fuel in the flame without increasing the
oxidizer. There was no further change in the flame temperature upon addition of the flame
retardants. This lends credence to the thought that the primary mechanism of action of these
flame retardants is not physical, or the temperature would have decreased with the addition of
flame retardant and synergist.

CONCLUSIONS
In the work presented here, we show that the addition of the halogenated flame

retardants, HBCD and DECA with 4% Sb,0;, to a methane/air flame reduces the amount of .OH
present thereby inhibiting combustion. More importantly however, is the fact that the chemical
kinetic theory of flame retardation by halogenated flame retardants is supported by time resolved
LIF. While the physical theory proposed by Larsen?, is shown not to be the primary source of
inhibition. The results using the compounds cyclohexyl bromide and bromobenzene which were
chosen to model HBCD and DECA respectively seem to support the fact that therc is a physical

flame suppression component, while the overall decrease in *OH lifetime for the flame retardants
shows that the primary inhibition comes from a chemical quenching mechanism. In addition,
this technique appears to be a good means of quantitating the efficiency various brominated
flame retardants, and possibly non-brominated flame retardants.
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Figure 1: Relative effect of HBCD (shown by hollow circles) and cyclohexyl bromide ( shown
by hollow diamonds) on the fluorescence lifetime of *OH radical. The concentrations of these
compounds in a toluene solution is shown on the x-axis, and the relative effect of *OH radical
lifetime is shown on the y-axis. The *OH radical lifetime is shown with respect to the lifetime of

'OH radical when polymer and solvent are aspirated into the burner.
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SUMMARY AND INTRODUCTION.

The key to efficient operation of a diesel engine is in the controlied ignition and combustion of
the fuel. One factor which has a significant impact on these processes is the ease with which the
fuel will ignite in the engine. In particular, the time delay period between the commencement
of fuel injection into the engine, and fuel ignition occurring, is critical. The duration of this
period, called the ignition delay, can impact on power output, combustion efficiency (and
hence fuel efficiency and exhaust enissions), and engine maintenance. Ignition delay is
influenced primarily by engine design and operation, and to a lesser extent by the
characteristics of the fuel.

Research in the eighties has demonstrated that, in addition to engine and operational
parameters, the aromaticity of the fuel has a pronounced effect on ignition performance. A
good correlation was established between the carbon aromaticity and the readily available
physical properties density and viscosity of residual fuel oil. This correlation, designated as the
Calculated Carbon Aromaticity Index (CCAI), makes it possible to obtain an indication of the
ignitability of the fuel and to rank fuels on ignition quality, similar to the cetane index for
distillate fuel. From later experience it is recognised that the CCAI is only a first estimation of
ignition performance and that also other fuel parameters must play a role. A laboratory test rig
has been developed to measure ignition performance on small scale, which confirms the
correlation between ignition delay and CCAL In addition the possible relationship between
CCATI and the stability of residual fuel is being discussed.

WHAT IS A RESIDUAL FUEL?

Diesel engines, in particular low speed low speed marine propulsion engines, are often using
residual fuel oils. These fuels are distinguished by differences in viscosity, boiling range,
combustion characteristics, chemical composition and many other properties. They consist for
the major part of residues from crude oil processing. A residual fuel is a mixture of several
refinery streams like short residues, long residues, gasoil, cracked residues etc. Blends of these
components arc made to a specifications like viscosity, density sulphur content and stability. A
viscosity specification is related to pumpability of the fuel in the customers plant and
atomisation in the engine. A density specification is to assure the effectiveness of separators
that are used to reinove (traces of) water and other impurities from the fuel. A specification on
sulphur content kecps the SO, emissions within limits. The stability specification prevents the
flocculation of asphaltenes in the fuel, thus preventing blockage of filter systems and problems
with injection pumps and injectors.

Residual fuels are extremely complex mixtures which can roughly be divided into paraffinic
and naphtenic/aromatic (asphaltenic) types according to crude oil origin. They can be
considered as a dispersion of asphaltenes in an oily medium (the continuous phase) which is
known as the ‘maltenes’. The definition of the asphaltenes and the maltenes relates to the fact
that when a fuel is diluted with low molecular weight paraffinic solvent such as heptane, a
brown or black precipitate is produced. The totuene soluble part of the precipitate is defined as
asphaltenes, the remainder being impurities like sand, rust etc. The heptane soluble part of the
fuel oil is defined as the maltenes. Thus the asphaltenes together with the maltenes comprise
the residual fuel; the proportion of each will depend on the nature of the fuel oil.
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DIESEL ENGINE COMBUSTION

The principle behind the operation of a diesel engine is the compression-ignition cycle.
Downward movement of the piston causes air to be drawn into the engine cylinder where it is
compressed on the upward stroke of the piston. This compression heats the contents of the
cylinder to around 550°C, which is about the same as a red hot element in an electric oven.
Fuel is injected as the piston approaches the end of the compression stroke (also called Top
Dead Centre -TDC) and ignites spontaneously. The increase in pressure generated by the fuel
burning provides the power of the engine.

In order to more fully understand the meaning of the term ignition delay, and the influence that
this can have on diesel engine performance, it is necessary to look more closely at the
combustion process of the fuel in the engine. This process occurs in three distinct phases.

Firstly, the fuel is injected into the engine under high pressure as a stream of very fine liquid
droplets. As these droplets meet the hot air in the cylinder they begin to vaporise and mix with
the surrounding air.

Secondly, after a short delay, the heat of compression causes spontaneous ignition to occur, and
a period of rapid uncontrolled combustion follows as the accumulated vapour formed during
the initial injection phase is vigorously burned. This delay, between the commencement of
injection of the fuel droplets and the moment of spontaneous ignition of the fuel vapour, is
known as the ignition delay period, and occurs in all diesel engines.

The third phase is a period of controlled combustion which maintains pressure on the piston,
and is characterised initially by the steady and even combustion of the fuel as it continues to be
injected into the engine, and ends with the complete burn out of the fuel after injection has
terminated.

During phases two and three, the pressure in the engine cylinder rises rapidly and considerable
stresses are imposed on the piston. It is desirable to keep the rare of pressure rise as low as
possible, and this is achieved by ensuring that the minimum quantity of fuel is present in the
cylinder prior to ignition. This means that the ignition delay period should be as short as
possible. Power output of the engine is optimised if ignition takes place at piston TDC and is
followed by smooth and rapid combustion. To satisfy these requirements it is necessary in
practice to begin the injection of fuel just before TDC to allow for the effect of the ignition
delay.
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Figure la. is a diagram illustration showing the relationship between the fuel injection into the
engine, and the pressure variation which occurs in the engine cylinder as the fue! ignites and
combusts. In normal operation, given good ignition and combustion characteristics, the
pressure variation will follow the smooth profile indicated by the “Combustion pressure” curve
in the diagram, well within the design parameters of the engine.

IGNITION DELAY

Too short an ignition delay period does not normally create operational problems, but there is
likely to be a loss of fuel efficiency. An extended ignition delay however can lead to poor
running of the engine and, in the extreme, to damage of engine components. This is because
with long ignition delay a relatively large amount of fuel droplets will have been injected and
vaporised in the cylinder by the time ignition occurs. On igniting, this large amount of
accumulated vapour will combust almost explosively leading to a sudden and abnormally high
rate of pressure rise and a high cylinder pressure, beyond that for which the engine was
designed or perhaps can tolerate in the longer term.
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Figure 1b. Fuel combustion - "paor" ignition characteristics

Figure 1b. illustrates the type of effect which can be expected with a fuel having "poor”
ignition quality. The effect manifests itself as the characteristic and audible "knock" of a poorly
running diesel engine. It causes shock loading on the engine, and possible damage to cylinder
heads, pistons, piston rings, liners, crankshafts etc.; a significant drop in power may also occur.

The delay between fuel injection and ignition is, therefore, a most important part of the
combustion cycle, and is a function of not only the properties of the fuel, but non-fuel factors
like engine design and operating conditions have a much greater effect. In engine operation,
ignition delay can be significantly reduced by ncreasing charge air pressure and temperature,
the load on the engine and the speed of the engine. The advice to the engine operator is to make
every effort to maintain as close as possible to full load thermal conditions at all loads and
speeds. Many engine manufacturers promote the use of charge air preheaters at part load
operation in order to achieve this ideal, and minimise the potential for fuel ignition problems.
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RESIDUAL FUEL IGNITION QUALITY - THE SHELL CCAI CONCEPT '?

Ignition difficulties when using distillate fuels are almost unheard of. For many years the
ignition quality of these fuels, such as gas oil, has been characterised primarily by a parameter
known as Cetane Number, although to a lesser extent other methods such as Cetane Index or
Diesel Index have been used. Current international specifications for marine distillate fuels,
such as the 1SO 8217: 1996 and BS MA100: 1996, include a minimum specification limit for
Cetane Number.

Regrettably there is no similar widely recognised procedure for characterising the ignition
quality of residual fuel oil. For a number of reasons the methods used for determining ignition
quality of distillate fuels are not relevant, and cannot be applied to residual fuel oils. Therefore
in the early eighties Shell Research embarked upon a programme with the objective of gaining
an understanding of (he factors controlling the ignition performance of residual fuel oils, and to
identify means of characterising ignition quality.

Both the physical and chemical properties of residual bunker fuel oil were found to have an
influence on ignition performance, physical properties of significance being viscosity and
temperature. Atomisation quality is greatly aflected by fuel viscosity. Too high a viscosity at
injection increases fuel particle size, which reduces spray dispersion, hinders fuel/air mixing in
the cylinder, and extends ignition defay. Many engine designs now incorporate fuel
management systems capable of operating at temperatures which allow a wide range of residual
fuels to be burned without difficulty.

The relevance of the chemical composition of residual fuel oil on ignition was demonstrated in
work carried out by Shell Research, which lead directly to the recognition that ignition
performance relates to fuel aromaticity. Since aromaticity is a difficult parameter to measure in
the absence of specialist laboratory equipment, Shell derived the concept of calculating residual
fuel aromaticity. The resulting Calculated Carbon Aromaticity Index (CCAI) can be calculated
on the basis of known specification properties of viscosity and density, and it is this parameter
which has gained favour as currently the most practical and meaningful method for
characterising ignition quality of residual fuel oils.

CCAI can be calculated from the following formula:

7+273
CCAI = D~ 81~ 141LogLog(Vk +085) - 483Log(— =)

Where: D = density at 15°C, kg/m?
Vk = kinematic viscosity (mm?s) at temperature T°C

1t must be stressed that CCALl is a unit-less number and gives the means of ranking the ignition
qualities of different residual fuel oils; the lower the number, the better the ignition
characteristics. CCA1 does not give an absolute measure of ignition performance since this is
much more dependent upon engine design and operating conditions. For this reason no
attempt has been made to include limiting values in international standards, since a value
which may be problematical to one engine operated under adverse conditions may
perform quite satisfactory in many other instances. Modern medium speed engines will
tolerate CCAl values up to 870 to 875, and values up to 890 and beyond are acceptable to
some engine types. Medium speed diesel engines are more sensitive to fuels having poor
ignition characteristics than are low speed cross head engines, which in general are much more
tolerant of higher CCAI values.

The limits for viscosity and density currently in place in international marine fuel specifications
in themselves provide a control of ignition quality for the main residual fuel oil grades. For
example, a 380 mm?¥s (@ 50°C) fuel oil at maximum specification density of 991 kg/m* will
give a CCAl value of 852, whilst a 180 mm?/s (@ 50°C) fuel oil having the same density has a
CCAl of 861. Ignition characteristics improve with increasing viscosity, or decreasing density.




Ignition difficulties can become more acute at lower fuel viscosity (e.g. below 1SO RMD15) if
there is not a significant corresponding reduction in density. This is one reason for the lower
density limits applying to the lower viscosity grades in the international specifications.

T T et IR S SVUU S S

2.1

Ignition Delay in
Research Engine, ms
w
»

750 800 850 900 850 1000
CCAI

Figure 2: Correlation Ignition delay - CCAI

The correlation between ignition delay and CCALl is not ideal (Figure 2). The scatter of data
points around the regression line is rather large. At lower engine outputs the scatter even is
larger. This is not only due to experimental errors since cases have been reported where from 2
fuels with comparable analyses one fuel gave ignition problems at low engine output but the
second fuel ran as normal. Recent research seems to indicate that there is a correlation with the
nature of blending components in addition to CCAl. Combining the ignition delays as a
function of CCAI for fuels of the same nature, the scatter around the regression line
dramatically reduces. In our research engine at low output differences up to 1 millisecond can
be found for fuels with the same CCALI but blended from different components. Obviously this
millisecond can be the difference between a running or a stalling engine. More study into the
background of this phenomenon is needed.

SMALL SCALE IGNITION DELAY TEST-RIG

Occasionally heavy fuels appear on the market that give engine performance not entirely
predicted by their CCAl, while certain fuels can also have an abnormal combustion
performance. To assist customers in these cases and for background studies the ignition delay
test-rig developed by Shell Research may be used for quick performance testing, giving
information on both the ignition and the combustion process. The test-rig consists of an
electrically heated cylindrical combustion chamber in which compressed air at a pressure of 50
Bar is allowed to reach a temperature up to 550°C. Using a commercially available injection
pump and injector a single quantity of fuel is injected into the combustion chamber. Ignition
delay is measured as the time elapsed between the start of injection and the moment the
pressure inside the test-rig starts to rise. The combustion process is monitored from the light
emission from the ‘explosion’ in the combustion chamber.
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Figure 3: Ignition delay in the Test-Rig as a function of CCAI

A very good correlation between CCALl and ignition delay is found in this test-rig (Figure 3).
The correlation is even better than found in the research engine. This may be caused by the fact
that in the test-rig there is much more control of the relevant parameters like air pressure and
temperature. Because the thick steel walls of the rig are heated from the outside and kept clean
from the inside there will be no hot spots or glowing deposits present that can influence the
ignition of the fuel. On the other hand in contrast to an engine there is no swirl and twirl in the
combustion space. In the Test-Rig usually longer ignition delays are observed than in an
engine. One of the reasons is the much higher air to fuel ratio which is being used in the Test-
Rig in order to limit the pressure rise due to the combustion of the fuel.
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Figure 4: Ignition in the research engine compared to those in the Test-Rig

A satisfactory correlation has been established between ignition test-data obtained in a single
cylinder research engine and in the test-rig (Figure 4), particularly at medium to high engine
power outputs. It should be emphasised, however, that ignition delay and combustion are very
much dependent on engine design and settings, and therefore it will not be possible to translate
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a result into the ignition delay in a specific engine. The results can, like CCALl, only be used for
a relative ranking of fuel quality. The advantages of the test-rig compared to engine testing are
the small amount of fuel sample required (=1 litre) and the short testing time (1 hour).

FUEL STABILITY *°

An unstable fuel will form a sludge which consists of flocculated asphaltenes. In a stable fuel
the asphaltenes are ‘peptised’ (i.¢. colloidally dispersed), but if the equilibrium is disturbed part
of the asphaltenes will agglomerate and precipitate as ‘sludge’. Such a disturbance of the
equilibrium between the asphaltene micelles and the maltenes is brought about by a reduction
in the aromaticity i.e. the C/H ratio of the maltenes.

It will be clear that in a stable fuel all the asphaltene micelles are completely peptised and in
equilibrium with the maltene phase. In the case of stable fuels the concept of ‘reserve of
stability’ is important. It relates to the latitude of the asphaltene micelle/maltene system
allowed in dilution or heat treatment without any sludge precipitation. In the case of fuels

without stability reserve the equilibrium is so delicately balanced that the slightest change in .

external conditions will bring about instability. Such fuels of the latter types, although stable
immediately afier production, will probably commence to throw down sludge as a result of
instability development during normal storage and handling. Hence, every effort is made by the
refinery to blend fuels having sufficient ‘reserve of stability’. This means that, in blending a
residual fuel, a distillate stock of sufficiently high aromaticity (high C/H ratio) must be used.

For many years Shell companies have used the Shell Hot Filtration Test as a refinery control
for stability. It has been shown that a relation exists between the Shell Hot Filtration Test and
the Aromaticity Ratio of the fuel *. This is the ratio between the aromaticity of the maltene
phase and the aromaticity required by the asphaltenes to remain in solution. For stable fuels the
aromatic ratio should be larger than 1 and preferably be larger than 1.1. In an attempt to
simplify stability control, we also looked at CCAI as a measure of stability.

Because CCALI represents both the aromaticity of the asphaltene and the maltene phase, it
cannot be used to quantify the aromaticity ratio between these two phases. Nevertheless it can
give a first indication of potential instability upon mixing of fuels. In a stable fuel the
aromaticity of the maltene phase will be higher than the required aromaticity of the asphaltenes.
In practice this means that the aromaticity of the maltene phase is higher than that of the entire
fuel. When mixing fuels in a tank with about equal CCALl values no instability should therefore
be expected. However, with a large difference in CCAI values the chance exists that the
aromaticity of the maltene phase decreases to a level at which the asphaltenes with the highest
aromaticity requirements become unstable and start flocculating. Because CCAI is not directly
related to the required aromaticity of the asphaltenes nor with the stability reserve it is yet not
possible to give an indication of how much CCAI difference between the several streams is
allowable.

The CCAl apparently can only be used as ‘rule of thumb’ tool to indicate the compatibility of
fuels mixed in a customer’s tank. More research is needed to set up a simple way of predicting
stability of fuels without performing the elaborate test methods which are now being used to
determine the balance between the required and available aromaticity.
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DETERMINATION OF TEMPERATURE AND CHEMICAL COMPOSITION
PROFILES OF METHANOL OPPOSED FLOW DIFFUSION FLAMES.
A. Santiago , S. Malary - University of Bridgeport, Bridgeport, CT.

An opposed flow diffusion flame (OFDF) can arise in the stagnation boundary layer when
an oxidizing jet impinges on a surface issuing a volatile fuel and an ignition source is
introduced. Figure 1 illustrates the behavior of a typical OFDF. This configuration is
frequently employed in experimental and numerical studies of laminar flames. The
opposed flow or counterflow configuration is, according to Dixon-Lewis [1], the most
appropriate configuration for the investigation of the composition and microstructure of
laminar flames.

oxidizer
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Figure |

Chemical kinetic models are important tools for describing combustion systems.
Measurements of combustion gases at temperatures higher than 1000K are complicated
by the presence of fast reactions and the typically small size of the reaction zone.
However, reaction mechanisms at higher temperatures are simpler and kinetic models can
be validated for stable compounds with well-established measurement techniques.
Reaction mechanisms for the oxidation of methanol, CH;0H, were developed using data
following from measurements involving shock tubes and turbulent flow reactors. These
comprehensive mechanisms are discussed with some detail in [2, 3] and have been used
to predict the oxidation of methanol for other flows. Extinction measurements for pure
methanol OFDF’s have been reported [4] and the influence of its presence in solutions
with heptane and toluene on structure and flammability limits has also been examined [5).
However, measurements and models of structure for pure methanol OFDF’s are not found
reported in the published literature. Our measurements provide an opportunity to test the
applicability of kinetic rate constants accompanying published comprehensive reaction
mechanisms for methandl oxidation.

Measurements of temperature and stable species of CH;O0H opposed flow diffusion
flames (OFDF’s) are compared with profiles obtained by numerical methods, i.e. kinetic
models. Combustion measurements are carefully undertaken with quartz microprobes and
gas chromatography. An OFDF burner is used to generate stable axially-symmetric
laminar diffusion flames. A mixture of oxygen (O2) and nitrogen (N,) is directed
vertically downward and impinges on the flat, horizontal surface of a pool of liquid
CH;OH. Ignition of the CH;OH vapor is used to initiate bumning. See Figure 2.
Continuous sampling using a gas sampling valve with a 250 pl sampling loop is
employed. Low back pressures in the lines conveying the sampled gas to the gas
chromatograph ensure reaction quench in the wake of the recovery shock in the probe,
downstream of the sonic probe tip opening. These lines are heated in order to prevent the
condensation of water and any other low boiling point liquids. Analysis is accomplished
with single packed column separation employing HayeSep polymers. Temperature
profiles are measured using Pt/Pt-10% Rh thermocouples and a precision x-y positioner.
Measured temperature profiles are subsequently corrected for radiative losses.
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ABSTRACT

This paper demonstrates a computational approach for assessing coal quality
_impacts that achieves the accuracy of laboratory testing for a fraction of the
expense. It is based on FLASHCHAIN, the world’s most extensively evaluated
model for the thermal decomposition of coal. Two applications are considered
here. First, the model is used to identify the parameter values in the simple
devolatilization rate expressions used in coal combustor simulators that mimic the
FLASHCHAIN predictions. In the second application, predicted yields for rapid
heating conditions and coal-nitrogen release are used as regression variables in
‘engineering correlations to relate coal quality to NO, emissions and unburned

carbon in ash (as LOI) from full-scale furnaces.

INTRODUCTION

With the advent of so-called coal network depolymerization models, it is
now possible to predict how the different properties of various coals will affect the
initial stages of pulverized coal combustion. Three phenomenological network
models are available [1-3]. All represent devolatilizaiton as a depolymerization
that disintegrates coal’s macromolecular structure into smaller volatiles fragments
with subsequent reintegration of larger intermediates into char. Whereas
FLASHCHAIN and the CPD model are based on the same concise set of rate
mechanisms, the FG-DVC model is all-encompassing. Each can generate
predictions for yields, transient evolution rates, and various product characteristics
based on coal-specific characterization data.

Although these models’ underlying mechanisms share much in common,
there are also tangible performance aspects to consider. To date, FLASHCHAIN
has been used to predict the devolatilization behavior of more than 400 different
coals from every geographical region worldwide. No other model comes close to
this Tevel of performance, simply because only FLASHCHAIN simulations can be
performed without specialized and expensive laboratory tests. The only sample-
specific information needed is the proximate and ultimate analysesvof the coal.
And full simulations require only a few seconds on modern personal

microcomputers.
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FLASHCHAIN predicts the yields, release rates, and compositions of all
major products of coal devolatilization, including nitrogen species and all major
gas species, from any coal at any operating conditions. Some 70 coals have been
included in published performance evaluations [1]. Here we focus on

applications.

One immediate application of FLASHCHAIN is to use it as a replacement
for the rudimentary rate expressions currently used in coal combustor simulators.
While conceptually straightforward, this option entails extensive re-coding, and
provides more detailed information on product compositions than can be used
within current limitations on modeling turbulence-chemistry interactions in large-
scale systems. A more expedient strategy delivers the benefits of FLASHCHAIN
without the development costs of modifying the large-scale combustor code.
Instead of installing FLASHCHAIN as a new submodel, we use it to identify the
parameter values that make the simpler rate expressions currently in use mimic the
FLASHCHAIN predictions. For example, nominal devolatilization rates can
always be defined from any model predictions according to the following

rearrangement of a single first-order reaction rate law:
<k> = (dVAI(V.. - V(D)

where <k> is the nominal devolatilization rate constant, A exp(-E/RT), s V(t) is
the instantaneous volatiles yield and V.. is the ultimate weight loss. The volatiles

release rate, instantaneous yield and ultimate yield are assigned with the rates and
yields for gas and tar release predicted by FLASHCHAIN.

Predicted ultimate weight loss and tar yields are compared to measured
values in Fig. 1a. Although all samples in this evaluation are hv bituminous coals
and the test conditions were directly comparable, weight loss ranges from 40 to 60
%, and tar yields range from 20 to 40 %. The FLASHCHAIN predictions depict
these ranges, and also depict the sample-to-sample variability among individual

coals. Yet the predictions are based only on the proximate and ultimate analyses.

InFig. 1 b, predicted rates during uniform heating at different rates illustrate
how the nominal rates change as heating rates are varied. Devolatilization rates
increase in direct proportion to increases in heating rate; they increase by a factor
of 6 for every order of magnitude increase in heating rate. The apparent activation
energies are surprisingly uniform, becoming only slightly larger for faster heating

rates
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information to assign a particle heating rate, FLASHCHAIN can be used to assign
parameters in simple global rate laws for any coal type. Whereas a single first
order expression was analyzed here, the same approach can also be applied with
competing 2-step or distributed activation energy rate laws. It can also be used to

assign rates for the release rates of individual products, including nitrogen species.

Above and beyond applications as a devolatilization submodel in detailed
simulations, FLASHCHAIN can also be used as a virtual coal laboratory. In this
sense, it provides the same information that would normally be acquired in, for
example, drop-tube tests, such as rapid heating volatiles yields, the partitioning
between volatile- and char-nitrogen species, soot loadings, and gas compositions
and heating values. In turn, these quantities can be used as regression variables in
engineering correlations that relate coal properties to macroscopic boiler

performance characteristics.

For example, FLASHCHAIN has been incorporated into a PC-Based
software package developed by EPRI called the NOxLOI Predictor that estimates
NOy emissions in the exhausts of full-scale utility boilers. As depicted in Fig. 2a,
the structure of the calculation is straightforward. The user provides a few
measured values of NO, emissions and describes the major furnace operating
conditions, such as the firing configuration, the type of NO, control technology,
the firing capacity, etc. The user also enters the proximate and ultimate analyses
for the coal that was fired while the data was recorded, as well as those for any
coals that he or she wants to screen. This computer program then predicts the NO,
emissions -for the set of coals being screened when they are burned under the same

firing conditions as were used when the data was collected.

In this program, FLASHCHAIN is used to predict two critical
characteristics that relate coal properties to NO, emissions: First, it predicts the
total amount of volatiles driven off the coal while it is being heated under flame
conditions, where heating rates approach 10° K/s and temperatures approach 3000
°F. The weight loss under flame conditions typically exceeds the proximate
volatile matter contents by 20 to 100 %, which explains why NO, emissions do not
correlate very well with fuel ratios determined from typical ASTM proximate
analyses. The second critical information from FLASHCHAIN is the partitioning
of fuel-nitrogen species among gaseous pyrolysis products and char. This
partitioning is important because only the chemistry involving gaseous nitrogen

compounds can be affected by aerodynamic NO, abatement strategies that regulate
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An evaluation for full-scale coal-fired furnaces appears in Fig. 2b. These

predictions are for situations that were not part of the database used to formulate
the regressions. The software predict NO, emissions for coal ranks from
subbituminous through Iv bituminous within 10 to 15 ppm of observed values.
We also expect that the same basic approach would work as well in correlating
coal quality impacts on plan area heat release rates, near-burner radiation loads,

heat rates, furnace exhaust temperatures, and steam-side temperatures.

REFERENCES

1. Niksa, S., Combust. Flame 100:384 (1995).

2. Solomon, P. R., Hamblen, D. G., Serio, M. A,, Yu, Z.-Z., and Charpenay, S.,

Fuel 72:469 (1993).

3. Fletcher, T. H., Kerstein, A. R., Pugmire, R. J., Solum, M. S., and Grant, D.
M., Energy Fuels 6:414 (1992).

s & . '
# ] /\
s so ] - ° p
E ] f‘ \ - V\?; Total
f.] ¢ N e -
S Y LT ]
g ] = -
;:m_: I“‘?—“ - ; Tar ]
I I v - -

o atd "1

Log (k)

hv bituminous
- L

i

s s
D6 a8 1.0 1.2 1.s

1000/T

Figure 1. (a, top) Measured weight loss and tar yields from hv bituminous coals
compared to FLASHCHAIN predictions (V). (b, bottom) Nominal
devolatilization rates based on the single first-order reaction (solid lines) and
FLASHCHAIN (dashed curves) for devolatilization of a high volatile bituminous
coal at three heating rates. :
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Abstract

Simulated devolatilization of in-house generated molecular models, which are representative of
both the chemical and physical structures of bituminous coals, provides a unique insight into bond
breaking and bond reforming mechanisms. A series of molecular models for rapidly heated
bituminous vitrinites chars is presented. It was necessary to include bond formation in addition to
bond breaking reactions to simulate the devolatilization process. Strong bond cleavage, sometimes
prior to weak bond cleavage, was important for structural transitions. Structural units attached to
the vitrinite/vitrinite-char matrix with two or fewer bonds contributed the bulk of the mass loss.
However, bond-forming reactions also incorporate such structures into the char matrix, thereby
reducing their probability of release. Internal hydrogen redistribution is responsible for the extent
of molecular orientation in these bituminous vitrinite chars.

Introduction

There have been a number of different models proposed for the devolatilization (pyrolysis)
process. Unfortunately, even with a relatively complete chemical structure, the pyrolysis behavior
of coals can not be predicted a priori. Some of the devolatilization models rely on network models
while others employ structural or functional group models (1-5). All the devolatilization models are
simplistic with regard to coal structure and none incorporate physical properties. Realistic
molecular models would be of considerable aid in following and understanding the devolatilization
process. It is well recognized that the maceral groups found in coal are chemically and physically
distinct over most of the rank range (6) and thus behave differently during devolatilization. A
significant reduction in the complexity of devolatilization is achieved here by considering only the
vitrinite maceral group, specifically telocollinite obtained from Sigillaria tree remains.

Experimental

Pure vitrinites (purity obtained from microscopic evaluations) were obtained from obvious tree
remains in the roofs of the Upper Freeport and Lewiston-Stockton coal seams. Narrow size
fractions were obtained by wet sieving. The 200x400 mesh (US Standard Sieve) cut was analyzed
by a combination of chemical (°C CPMAS, 'H CRAMPS NMR, flash-pyrolysis gc-ms,
proximate and ultimate analyses) and physical techniques (surface area, helium density, particle
size, and shape). Molecular structures of the vitrinites were generated using the SIGNATURE
program (7, 8) and their physical evaluation made using one of its components (9). Molecular
structures of the chars were made by manipulation (devolatilization) of the vitrinite structures. The
chemical and physical evaluation of the chars models being performed by the SIGNATURE
program and its components. .

Vitrinite-chars were produced by rapid heating (10° ™' ) in a nitrogen atmosphere in a drop-tube
reactor operating at a temperature of 1,400 °C. The chars were collected at different positions to
represent the transition from vitrinite to devolatilized char. Tar was removed by THF solvent
extraction, and NMR samples were treated with Sml, to remove free radicals and improve the
quantitative nature of the NMR experiments. A portion of the samples were demineralized prior to
certain characterizations. Otherwise the chars were analyzed in a manner similar to the vitrinites.

Results and Discussion

Structural characteristics of the vitrinites and vitrinite-chars are presented in Table 1. The vitrinites,
although similar in bulk characteristics, differ in the fine structure and devolatilization behavior.
The elemental compositions of the vitrinite and vitrinite-chars are presented in Table 2. Despite
having different initial fine structures, the devolatilized char structures are chemically similar but
physically different. Helium densities of dry, demineralized samples were 2.04 and 1.34 g/cm3
(ash-free basis), BET surface areas were 11.2 and 0.5 m%g, and particle swelling factors of 2.5
and 1.8 were obtained by laser light scattering for the UF and LS vitrinite-chars, respectively.

Devolatilization was performed manually on the vitrinite models, initially according to
devolatilization "rules”. Initially, this was a simple bond-breaking process based solely on bond
strength. However, using this weakest-first approach resulted in a structure that was too aromatic,
and did not yield the required mass loss. It was also evident that a large concentration of free
radicals was present. Radical recombination of multiple radical pairs resulted in a very dense and
strained char. This indicated that the pyrolysis process could not be considered solely as a bond
breaking process, but rather as a combined bond breaking and bond forming process. Thus, the
initial rationale for the computational devolatilization was found to be in considerable error.

The question that arises is “under what conditions will stronger bonds break before or around the
same time as weaker bonds?”. There are two extremes for bond breaking: infinite time with
infinitesimal temperature rise, and rapid heating. Under infinite time with infinitesimal temperature
tise the bonds will be broken in order of bond strengths. Where the temperature rise is rapid, there
is energy available to break stronger bonds before all weaker bonds have had an opportunity to
undergo homolytic bond cleavage. Assuming that at any point in time a structural unit
(hydroaromatic or aromatic units) is more likely to have two bonds broken than three (or even
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four), then those structures will contribute to the volatile fraction preferentially. However, this
does not necessarily indicate that the vitrinite contains structures that are predetermined to be
volatiles. Pyrolysis is a bond breaking and bond forming process, those structures initially bonded
once or twice to the char matrix can be incorporated into the char matrix in such a manner as to
inhibit release. Conversely, loss of a structural unit to the volatile fraction with proton radical
capping of the bonding site can create structural units that can then be preferentially lost. to _Lhe
volatile fraction. This bond breaking, bond forming approach was used to generate the initial char
structure from the 13 cm. sampling location (estimated particle temperature range of 650-950 °C,
0.06-0.15 s residence time and estimated mass loss of 20%). This mass loss approach appears to
be valid in that, despite losing one fifth of the mass, the constitution of both vitrinites has changed
little (Table 1). This was expected as it has been shown that the initial tar structure is chemically
similar to the parent coal under rapid-heating pyrolysis conditions (10).

Preferential removal of units attached to the char matrix two or fewer times was used to generate
the 23 cm. char models (1,090-1,400 °C particle temperature range and 0.15-0.33 s residence
time). Again reasonable mass losses of 26 and 40 % were obtained for the UF and LS vitrinites,
respectively. However, the atomic H/C ratios were too high and the carbon aromaticities of the
chars too low. Thus, double bonds where introduced into the structure by hydrogen abstraction

from aliphatic chains, creating two sp? hybridized carbons (which are included in the aromaticity
values) or aromatization of hydroaromatic structures. Some of the hydrogen radicals formed were
redistributed to terminate free radicals. This supply of hydrogen is instrumental in allowing
thermoplasticity in the char with the resulting macroscopic flow and cenosphere formation. It has
been suggested that a supply of hydroaromatic hydrogen is necessary for thermoplastic behavior
(11). However, in addition to hydroaromatic hydrogen, for this coal structure a considerable

quantity of hydrogen can be obtained from the sp2 hybridization of short chain aliphatics
(approximately C2-C3) that appear to be a component of the vitrinite structure, presumably from
their presence in the parent lignin. This step also results in a structure where rapid and substantial
loss of hydrogen with aromatic sheet growth can occur.

In the transition in the char structure from the 23 to the 33 cm. sampling location, the model mass
loss was partially achieved by removing units attached to the char matrix two or fewer times. The
remaining hydroaromatics underwent aromatization, and aliphatics were incorporated into the
aromatic structures or were removed as methane or acetylene. The remaining oxygen in the char
was assumed to be emitted only as CO, as it was well dispersed throughout the char model.
Removal of a substantial quantity of hydrogen was necessary to achieve the appropriate H/C ratios
(Table 2). This was achieved by hydrogen-carbon bond cleavage and subsequent radical-radical
recombination or radical propagation with hydrogen radical expulsion. This hydrogen removal
often increased the size of the aromatic units and because of the linear cantanation of the aromatic
structures, generally resulted in preferential alignment of the aromatic units.

Pentagon ring formation from aromatic unit combination and from carbazole and fluorine structures
resulted in curvature of the aromatic sheet. Seven membered ring structures are also created when
chair and zig-zag configurations combine. This curvature prevents efficient stacking of the aromatic
sheets and prevents graphitic formation. It may also be responsible for closed microporosity and
hence a lower helium density. However, helium density values for the LS 33 ¢cm. char model were
considerably higher than the experimental value, 1.85 and 1.34 g/cc, respectively. Typical
densities of chars generated by a slow heating rate (North American coals) are between 1.7 and 2.1
g/cc on an ash free basis. These values are consistent with the predicted char model density (1.85
g/cc). Given the constraints of the chemical evaluations, an experimental helium density value
similar to that of a raw bituminous coal must be due to closed porosity.

A representation of the structural transitions for the LS vitrinite to char structures at the sampling
locations of 13, 23 and 33 cm. is shown in Figure 1. The structures are in reasonable agreement
with both mass loss and bulk composition and chemical structure.

Conclusions

Molecular models representative of telocollinte from the Upper Freeport and Lewiston-Stockton
coal seams have been generated and subjected to simulated, rapid-heating devolatilization.
Molecular models that are in reasonable agreement with the mass loss and chemical structural
features of drop-tube reactor generated chars have been produced by following simple
devolatilization rules. The bulk of the mass loss can be accounted for by structural units attached to
the coal/char matrix by two or fewer bonds. However, the bond formation process may
incorporate such structures into the char matrix in a manner that would preclude release, i.e.
pyrolysis is a bond forming and bond breaking process. Strong bond rupture can occur at the same
time as, or prior to, weak bond rupture. The changes in the carbon and proton aromaticities can be
achieved by some hydroaromatization of hydroaromatic units but also by sp? hybridization of
aliphatic carbons.
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Table 1
Chemical Data for UF and LS Vitrinite and Chars

Sample  fa Ha CH3 H/IC H/Cali H/Cali*

UF Vitrinite0.79 0.45 0.08 0.76 1.9 1.2
13 0.83 0.51 0.06 0.73 2.1 1.6
23 0.87 0.44 0.07 0.64 2.1 1.5

_33 1.00 0.24

LS Vitrinite 0.82 0.45 0.05 0.78 24 22
13 0.86 0.47 0.05 0.75 24 2.2
23 0.87 0.58 0.04 0.68 1.7 1.2

33 0.99 0.00 0.21 0.0 0.0

Jfa is the aromaticity, Ha is the proton aromaticity, H/C is the atomic hydrogen to carbon ratio,
H/Cali is the aliphatic atomic hydrogen to carbon ratio, H/Cali* is the non-methyl aliphatic atomic

hydrogen to carbon ratio.

Table 2

Elemental Composition of UF and LS Vitrinite and Chars

Sample Noof C No of H No of N Noof O

UF Vitrinite 100 75.5 12 4.4
13 100 72.8 1.2 6.5
23 100 63.5 1.8 7.9
33 100 24.4 2.9 0.8
43 100 8.8 1.4 0.0

LS Vitrinite 100 71.9 1.4 6.3
13 100 75.3 1.4 4.2
23 100 68.0 1.4 6.2
33 100 20.7 1.6 Q2

Data presented are normalized to 100 carbon atoms, oxygen was

obtained by difference.

calculated using the weight %



Figure 1. Structural Transitions of the LS Vitrinite to Char. (The initial structure is the LS Vitrinite,
followed by the 13, 23 and 33 cm. char models)
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EVALUATION OF NITROGEN RELEASE CHEMISTRY USING DETAILED
CHEMICAL STRUCTURAL CHAR DATA :
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Introduction
Nitrogen release from coal during devolatilization is difficult to predict due to coal to coal
variations. Two computer models for prediction of nitrogen release from coal during
devolatilization have been proposed (Bassilakis et al., 1993; Niksa, 1995). Parameters in these
models were tuned by matching predicted nitrogen release to light gas and tar nitrogen from

-various coals with experimentally measured values. Both models use a distributed activation

energy first-order rate expression, with one or two coal-dependent parameters, which are then
correlated to the ultimate analysis of the coal. The chemistry responsible for the variations in
nitrogen release with coal type is not well understood, and therefore is only treated empirically in
these models. These models are based on the following assumptions:

1. All fuel-bound nitrogen atoms are distributed randomly within the aromatic nuclei in the
coal. .

2. During tar release, tar aromatic nuclei “shuttle” nitrogen atoms contained therein to the
tar product, in an amount proportional to the number of aromatic nuclei in the tar.

3. During primary devolatilization, the aromatic nuclei/aromatic rings are conserved within
the pyrolysis products, that is, ring condensation and opening reactions are negligible,
except for HCN production.

4. During devolatilization, the rate of release of nitrogen atoms from the aromatic nuclei
can be described as a first order process with a distributed activation energy.

Based on these assumptions, the model proposed by Niksa (1995) predicts the nitrogen
release as light gas based on changes in the ratio of moles of nitrogen to moles of aromatic nuclei
(ny). Alternatively, changes in the ratio of mass of nitrogen to mass of aromatic carbon (R, ,o) can
be used to predict light gas nitrogen release, the two variables differing only by a conversion

factor:
MW,
Ry-ac =(sz ‘Acc:]no 0)]

where MW, and MW, are the atomic weights carbon and nitrogen, respectively, and AC,, is the
number of moles of aromatic carbons per mole of aromatic clusters or nuclei. Alternatively, RN.AC
can be calculated from measured *C NMR parameters and the ultimate analysis for a given coal,
char, or tar sample, as follows:

%N

Rue =g 7 @
where f,' is the fraction of carbon atoms which are aromatic and %N and %C are the nitrogen and
carbon weight percents on a dry ash-free (daf) basis in a coal or char sample. Since the value of
AC,, as calculated from *C NMR data typically contains a large degree of uncertainty, the variable
Ry ac is used, since it is independent of the number of aromatic carbons per cluster.

In order to evaluate the adequacy of a first order rate expression with distributed activation
energy in describing nitrogen release as light gas, a simple model was developed for comparison of
actual changes in Ry , during devolatilization for chars of various coals. This model is based on
the same assumptions as the earlier models, but uses only three coal-independent parameters,
which were adjusted to describe the average behavior of Ry, in the chars of five coals during
rapid devolatilization at 1250 K. In this model, the value of Ry ,. is then assumed to decay as a
first order process:

dR
Z;AC =—Ayexp(~E, /RT,)-R,_,c ®

where the activation energy (E,) is distributed according to a normal probability distribution (with
mean value of Eg and a standard deviation of o) as a function of the extent of RNn.aC
disappearance, in a manner similar to that used by Fletcher et al. (1992).

In order to correctly predict nitrogen release, devolatilization models must not only
correctly predict tar and char yields, but must also correctly treat changes in the cluster molecular
weight (MW )) and average cluster attachment molecular weight (MW,) in the char. Since the
nitrogen is contained only in the aromatic groups in the coal, a meaningful variable is the fraction
of mass which is aromatic (f,™**). The %N in the char can then be calculated as follows:
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PN = RN—AC 'RAC-AM 'fam @
where
MW, ~MW -(c+1
f"num - cl @ ( ) (5)
MW,
and
%C- £,
Ricoam = ffm;fa ©

and ¢ + 1 is the average number of attachments per cluster. R, ,y is the ratio of aromatic carbon
mass to the total aromatic mass in the char, which is assumed to remain constant during
devolatilization. The nitrogen release is then calculated as follows:
FoN s — Sohar * PN ipuy
%N

NR= %)

coal

where f,, is the daf char yield, as calculated by the devolatilization model. Thus, in order to
correctly describe the chemistry of nitrogen release from char during devolatilization, a
devolatilization model should correctly predict tar and char yields and f,™*, or an equivalent
variable describing the char aromaticity.

Evaluation of Models

Devolatilization data reported by Fletcher and Hardesty (1992) were used for evaluation of
the devolatilization model nitrogen release chemistry. They reported yields and ultimate analyses
for the chars of five coals, entrained in nitrogen in an electrically-heated drop tube reactor for
maximum gas temperatures of 1050 and 1250 K, and collected at various residence times. All of
the coals and several of the chars for seven of the ten experimental conditions were also analyzed
by *C NMR, giving quantitative details of the evolution of the chemical structure during rapid
devolatilization for these coals. Particle temperature profiles were carefully measured, facilitating
devolatilization model evaluation. Since yields and ultimate analyses of the tars were not reported
for these data, evaluation of model predictions for nitrogen release to the tar were not possible.
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Figure 1. Comparison of predicted (lines) and
measured (Symbols) nitrogen to aromatic carbon
ratjos during rapid devolatilization at 1250 K
for the chars of three coals, normalized by the
nitrogen per aromatic carbon ratio in the parent
coal. Ry, decays more rapidly than average
for these coals.

Figure 2. Comparison of predicted (lines) and
measured (symbols) nitrogen to aromatic carbon
ratios during rapid devolatilization at 1250 K
for the chars of two coals, normalized by the
nitrogen per aromatic carbon ratio in the parent
coal. Ry .o decays more slowly than average
for these coals.

To evaluate the use of a simple first order rate expression (Equation 3) to model nitrogen
release to the light gas, three coal-independent constants were used. Values for the activation
energy mean and deviation were taken to be 52 and 6 kcal/mol respectively for all coals (in a
manner similar to Bassilakis et al., 1993) to describe HCN formation at both low and high heating
rates. The pre-exponential factor was then varied to obtain the value which best modeled the
changes in R, for the chars of all five coals during rapid devolatilization. A pre-exponential
factor of 8.4 X 10° s was found to adequately describe the decay of Ry.ac for all coals. In Figures
1-3, experimentally measured Ry ,. values in the char throughout devolatilization are compared
with those predicted by the simple nitrogen release model, revealing an unmistakable bias by coal
type. Since the particle temperature profiles were precisely measured for the devolatilization tests
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discussed here, the biases in R . behavior are not thought to be due to errors in the particle
temperature profile. For some coals Ry, decays consistently faster than the predicted values, and
for other coals decaying consistently slower. What is more, the bias appears to change for some
coals with changes in gas temperature.
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Figure 3. Comparison of predicted (lines)and Figure 4. CPD predictions (lines) of f,™*
measured (symbols) nitrogen to aromatic carbon compared with values as calculated from *C
ratios during rapid devolatilization at 1050 K NMR analysis of coal chars produced during
for the chars of two coals, normalized by the rapid devolatilization (symbols).

nitrogen per aromatic carbon ratio in the parent

coal.

If reactivity is defined as the ease with which nitrogen is released as light gas during
devolatilization, inspection of Figures 1 and 2 show that the order of HCN release reactivity for
these five coals at 1250 K is Pittsburgh #8 > Beulah Zap > Blue #1 > Pocahontas #3 > Illinois #6.
This order of reactivity does not correlate well with rank, nor does it seem to correlate with the O/N
ratio. For the data available at 1050 K it appears that the order of reactivity is Pocahontas #3 >
Blue #1. Thus Pocahontas #3 and Blue #1 appear to have different activation energies, the former
releasing more rapidly than the latter at low temperature, and the latter releasing more rapidly than
the former at high temperature .

Chemical Percolation Devolatilization (CPD) model predictions of ™ during
devolatilization are compared with the experimentally measured values in Figure 4. Except for
Tllinois #6, the predictions are quite good, generally deviating less than 4% (absolute) from the
data.
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Figure 5. Predicted and measured mass and Figure 6. Predicted and measured mass and

nitrogen release from 106-125um PSOC 1493D  nitrogen release from 106-125um PSOC 1493D
linois #6 coal during rapid devolatilization at Tllinois #6 coal during rapid devolatilization at
1250 K in a drop tube reactor. 1050 K in a drop tube reactor.

Using the CPD model for tar and total mass release predictions, the nitrogen release model
(as described in the introduction) was evaluated against the data of Fletcher and Hardesty. Figures
5-12 compare the model predictions of nitrogen release as a fraction of daf coal nitrogen during
rapid devolatilization against the experimentally measured nitrogen release for several coals. For
the most part, the agreement is fairly good, except where mass release is incorrectly predicted. The
mass release, as predicted by the CPD model, is also shown for reference, as the nitrogen release
prediction depends directly on the predicted mass release according to Equation 6. In Figures 5
and 6, the nitrogen release is shown for devolatilization of Illinois #6 coal for two different gas
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Figure 8. Predicted and measured mass and
nitrogen release from 106-125pm PSOC 1445D
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Figure 9. Predicted and measured mass and
nitrogen release from 63-75um PSOC 1451D
Pittsburgh #8 coal during rapid devolatilization
at 1250 K in a drop tube reactor.
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Figure 11. Predicted and measured mass and
nitrogen release from 75-106um PSOC 1507D
Beulah Zap coal during rapid devolatilization at
1250 K in a drop tube reactor.
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temperature profiles. The 1250 K chars for Illinois #6 seem to release very little nitrogen after 100
ms residence time. However, the experimentally measured nitrogen release at the 1050 K gas
temperature condition continues to increase the entire 250 ms, eventually exceeding the level of
mass release. This suggests that as much or more nitrogen was released as light gas at 1050 K
than at 1250 K for Illinois #6 coal. On the other hand, Blue #1 (Figures 7 and 8) does not exhibit
enhanced nitrogen release at the 1050 K condition, although the particle temperature is only 20 K
cooler on average than that of the 1050 K Illinois #6 chars. This suggests a fundamental difference
in the nitrogen release characteristics of the Blue #1 and Illinois #6 chars, which could possibly be
due to differences in parent coal nitrogen functionality distribution. Such differences are not well
modeled by a simple first-order rate expression with coal independent constants.

: Conclusions

Nitrogen release models based on a dual mechanism of tar shuttling and nitrogen release
from the char as light gas according to a first order rate expression with distributed activation
energy can predict total nitrogen release fairly well. However, coal-dependent deviations from
such a model are pronounced for the nitrogen release behavior during devolatilization. These
deviations depend on coal type in a manner that seems to be independent of rank. Furthermore, the
temperature dependence of the nitrogen release as light gas appears to vary from coal to coal. The
reasons for these deviations are not well understood, but may be related to differences in char
nitrogen functionality distribution.
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1.0 Inwroduction :

Fluidised Bed Combustion (FBC) systems for firing high ash coals and low grade fuels are gaining
wide acceptance in industrial and utility sectors in India due to abundance of such fuels. The
resources of all types of coals in India is estimated to be 192 billion tonnes. As much as 40% of
the resources contain more than 32% ash. Fluidised bed combustion is the only option to utilise
these fuels in an cconomically viable and environmentally acceptable manner.  Fluidised bed
combustion has a number of attractions for stcam generation.  The major advantages include
excellent combustion of wide variety of fucls, low pollutant emissions and increased heat transfer
rates.

Commercial application of fluidised bed combustion for stcam generation started in the late 70°s in
India. Present fluidised bed combustion boilers in India are of conservative design due to lack of
information on the combustion characteristics of high ash coals in FBC. Further, since no sorbent
is required with Indian coals due to their low sulphur content, the bed depths are much shallower
compared to (he deep beds adopted for high sulphur Western coals.

2.0 Role of Freeboard in Fluidised Bed Combustion Furnaces :

A critical grey area of FBC technology for boiler application is the design of the free board zone of
the fluidised bed combustor. Free board zone is the region between the top of the fluidised bed
and the first convective surface. Its primary function is to allow particles ejected from the bed to
decelerate and fall back into the bed. It also provides additional gas to gas and gas to solid
contact so that combustion of volatiles and char particles can take place. The phenomenon of free
board combustion is a result of combustion of clutriated solids and the combustion of the unburnt
volatiles. Proper estimation of the frec board combustion is of vital importance in optimum design
of fluidised bed combustion.

3.0 [ree Board Combustion Phengmenon :

Bubble eruption at the bed surface is responsible for the solids release into the free board. Solids
contained in the leading bulge portion of the bubble burst out as the bubble erupts at the frec
surface and are thrown up into the (ree board.

The possibility of incomplete combustion of volatiles in the bed and escaping to the free board also
exists. Volatiles which are released during the time the coal particles are carried from the feed
point to the top of the bed will be contained in an axially symmetric region centred on'a vertical
axis through the feed point. If sufficient oxygen is not supplied to this volatile release zone, the
volaliles will escape the bed and burn in the free board.

The phenomenon of (ree board combustion is the net result of combustion of char in  the elutriated
solids and the combustion of unburnt volatiles escaping from the bed into the free board.
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4.0 Free Board Combustion Bodel :

While individual models are available for estimating the clutriation rates and for volatile retease in
fluidised bed, stand-alone model 1o predict the free board combustion which can be directly
applicable for boiler furnace design are very rare. With this purpose in mind, a model to prdict the
frec board combustion taking into account coal propertics, coal size distribution, superficial
fluidisation velocity & bed temperature has been evolved.  This model has been developed for
underbed fuel feeding system wherein the fucl is injected into the bed pneumatically through
multiple feed points located in the air distributor. Considering the vigorous mixing and nature of
combustion in ftuidised bed, it is assumed that no carbon monoxide formed duc to partial
combuistion of solid carbon in the bed escapes the bed. 11 is assuined that the volatile combustible
portion escaping the {luidised bed, i:omp'lcti:ly burns in the fece board zone which is a reasonable
assumnption.

Elutriation rate is determined by the following correlation :

0.5% 1.32 26

This correlation includes effects of viscous force, particle momentum & buoyancy force and hence
more represcitative among the models for elutriation. The carbon in elutriated particle depends
on the extent of combustion which has taken place in the fluidised bed. The specific burning rate
is given by 1/ (1/lm + I/Rc) , where hm is the mass transfer cocflicient and Re the reactivity.
Mass transfer coeflicient is determined based on Sherwood number and diftusivity. Reactivity is
estimated based on rate constants for bituminous char. The same model is used for determining
the carbon burn out in frecboard by suitably apportioning the raic controlling paraineters.

For estimation of volatile combustion in the bed, a plume model based on instaneous release of
volatiles and lateral diffusion is used. The cross-section over which the volatiles are released is
determined by the solid diftusivity Dr which is cstimated by using the correlation,

3 ) Unr Dy

10 1-8 Emr
Extent of combustion of volatiles in the bed is dependent on the oxygen availability in this volatile
release zone and the unburnt volatiles escape into the free board where the environment is
conduckive for full combustion.

Enclosed figure shows the schematic of the model.

5.0 Experimental Facility & Test Details

A test facility located in the R&D complex of BHEL, Tiruchi, was used for conducting the
experiments. This facility consists of a Im x 1m cross-section refractory lined combustor with a
comnbustor height of Ilm. Tube bundles are provided in the fluidised bed to extract heat and
maintain the bed temperature. Under bed coal fecding systein is provided. A shallow bed is
adopted with an expanded bed height of 600 mm. The combustor is designed for balanced draft
operation in the free board.
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Tests were conducted with high ash sub-bituminous coals normally available for FBC boilcrs as
fuel. The fuel ratc was maintaincd constant in cach test and the air flow rate was adjusted 10 obtain
the required {luidisation velocity. Once the required velocity was achieved final adjustment of the
coal feed rate was performed to maintain excess air tevels within the selecled range.  Aler
stabilising at cach condition, tests were conducted for a period of 4 hours and data were collected.

6.0 Test Results & Analysis :

Free board combustion as a percentage of heat input was computed for each of the test data. Tree
board combustion ranged from 6 - 9% for bituminous coal depending on the superficial
fluidisation velocity.  The proposed mathenratical model was used 1o predict the frec board
combustion under simulated condition of test runs.  Figure shows the predictions from the model
and the test values. 1t can be secn that the free board combustion computed from the test data
generally tallies with the prediction. The free board combustion values arc on the higher side
compared to the values obtained by rescarchers for Western coals. Recason can be attributed to
less fines and coal characteristics considered in the latters® experiments.

Also indicated are the variation of free board combustion with parameters like bed
temperature,fines, fluidisation velocity and cxcess air. Prediction of frec board combustion with
variations in operating fluidisation velocity, average bed temperature, percentage fines (<1 mm)
and cxcess air arc commensurate with the operating expericee in fluidised bed combustion boilers
over the ranges considered.

7.0 Conclusion :
A model has been developed to predict the free board combustion in fluidised bed boilers. This

model has been validated for application to high ash Indian coals . The proposed model can be
used for sizing the fiee board region of fluidised bed boilers in an optimum manner.
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9.0 Abbreviations :

E : Elutriation Rate Constant di : Size Fraction

Hy : Viscosity of gas ps . Solid Density

Pg . Density of gas 8 : Bubble Voidage

U, . Superficial Gas Velocity db . Bubble Dia

dp : Mecan Particle Dia Enr . Voidage at Minimum

Fluidisation Velocity
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BASIC MODEL FOR COMPUTING FREE BOARD COMBUSTION

INPUT PARAMETERS

COMPUTATION AND DISCRETISATION COMPUTATION OF VOLATILES
OF ELUTRIANTS (A) ENTERING FREEBOARD (C)

COMPUTATION OF UNBURNT CIIAR
IN ELUTRIANTS (B)

COMPUTATION OF IIEAT RELEASE COMPUTATION OF HEAT
DUE TO UNBURNT CIIARIN RELEASE DUE TO VOLATILE
ELUTRIANTS COMBUSTION

L

HEAT RELEASE DUE FREEBOARD COMBUSTION

[
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THE EFFECT OF CHLORIDE ON EMISSIONS FROM ATMOSPHERIC
FLUIDIZED BED COMBUSTORS
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Materials Characterization Center, Department of Chemistry
Western Kentucky University
Bowling Green, KY 42101
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ABSTRACT o

The ability to capture SO, is one of the most important advantages of fluidized bed combustion.
Also the capture of halogen species by limestone may help in the use of high chlorine coals. Inorder
to clarify the affects of chlorine in the absorption of SO, and other emissions, experiments involving
PVC addition have been carried out using the 12-inch laboratory AFBC system at Western Kentucky
University. From the emission studies, the experimental results showed that SO, concentration in
flue gases is dramatically reduced when PVC is fed into the combustor at a rate of 1% by weight of
the fuel, and then leveled off when PVC feeding is 3.3%. These results are explained in terms of the
interaction between SO, and HCI. Meanwhile, the addition of PVC resulted in decreases of CO ,and
increases in the O, level in the flue gas. This indicated that HCI, as a flame inhibitor inhibits CO
oxidation. A mechanism involving the interaction between HCI and SO, in AFBC systems is
proposed.

INTRODUCTION

1t is well known that the emission of SO, from coal-fired power plants is one of the main reasons for
acid rain, and SO, together with hydrogen chloride emitted from coal combustion may play roles in
the corrosion of boiler components. Collectively, such emissions cause some operational and
economic concerns.! In situ sulfur and halogen capture by limestone is a major advantage of
fluidized bed combustion (FBC). Experimental work on the retention of sulfur and halogen species
has been studied for decades. It has been found that sulfur and halogen capture by sorbents are
interrelated.??

Incineration is an important waste-to-energy technology used for the disposal of municipal solid
waste (MSW). However, it is necessary to reduce the possibility of the forming volatile organic
compounds (VOCS) during combustion before incineration can reach its full potential. In previous
work, the proposed mechanism for the formation of chlorinated organics and possibly
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDF) has been
proposed as follows:*

PVC - HCI (undergoes thermal decomposition) ()]
4HCI1 + O, - 2H,0 + 2Cl, (Deacon Reaction) )
CsH,OH + Cl, - chlorophenols 3)
Condensation of chlorophenols'~ PCDDs and PCDFs )

Chlorine gas is a key intermediate in the formation of chiorinated compounds. It is generally
thought that it is molecular chlorine, but not HCl, that reacts with aromatic compounds such as
phenols, to produce chlorinated aromatic compounds, such as chlorophenols and polychlorophenols,
which are precursors to PCDDs and PCDFs. On the other hand, it is also believed that molecular
chlorine, instead of HCI, that attacks metal in coal-fired combustion systems causing corrosion.

In previous studies, it was found that SO, emission decreases with an increase in the chlorine content
of coal used for combustion in an AFBC system. Also, the sulfur content in ash (both fly ash and
bed ash) increases in the same time. It was reported that the presence of halide species may help SO,
capture.?

The main objectives of the study reported in this paper are to study the chlorine-sulfur interactions
during coal combustion and to investigate new ways for using AFBC systems with high sulfur/high
chlorine coal co-fired with MSW to minimize SO, emission and the emission of chlorinated aromatic
compounds (such as PCDDs and PCDFs).

EXPERIMENTAL

All experimental work was conducted with the 0.3-meter (12-inch) laboratory AFBC system at
Western Kentucky University. A full description of the AFBC system has been previously reported,
so only a brief description is given in this paper. In this project, an under-bed continuous feed
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fuel/limestone system was installed in the AFBC system. This modification improved combustion
efficiency to around 95%. Six movable bed heat exchangers in the bed area were added to the AFBC
system. Typical operation involves setting the correct coal/limestone feed and air flows and then
using the movable tubes to adjust the bed temperature to the desired setting. Another sixty-six gas
heat exchanger tubes are in fixed position located approximately one meter from the top of the
combustor. The hot gases from the combustor are allowed to enter a wet cyclone where they are met
with a wall of water (which keeps the cyclone cool), which subsequently takes almost all solids to
the bottom of the cyclone into a holding tank. The combustor's operating parameters (air/water flow,
coal/limestone feed, fuel bunker weight, temperatures, and pressure) are controlled and logged to
file with a Zenith 150 MHz computer utilizing the LABTECH software version 3.0. During the
combustion runs any needed changes in the parameters can easily be entered into the computer, by
accessing the correct control screen and making the necessary corrections on line.

Two coals were used in this study, an Illinois # 6 coal (0.28% Cl and 2.4% S) and an eastemn Ky coal
(95010). Analytical data for the two coals and the limestone used in the study are presented in Table
1. The limestone came from Kentucky Stone in Princeton, KY. The coal and limestone both were
air dried before being crushed to -4 mesh (4.75 mm). The limestone also was used as the bed
material in the AFBC system. The PVC was mixed with coal as a 0.1% by weight and 0.33% by
weight. During combustion runs, limestone also was fed into the system at a constant rate dependent
upon the fuel used.

A full description of the flue gas sampling system and procedure, as well as the fly ash and bed ash
sampling procedures, has been presented elsewhere.*” During combustion runs the flue gases at the
gas heat exchanger region were analyzed continuously using on-line FTIR spectroscopy and gas
chromatography.

The major operating parameters for the experiments were as follows: excess air level -- around 1.3;
Ca/S ratio -- approximately 3; bed temperature was controlled between 1140 K and 1160 K.

RESULTS AND DISCUSSION

One of the objectives of this study was to illustrate that SO, emission decreases as the amount of
chloride in the fuel mixture used in the AFBC system increased. PVC is the principal source of
chloride in the fuels used in the study. Figure 1 shows that SO, emission decreascs as the amount
of PVC used in the fuel mixture increases. It can be clearly seen that the SO, emission decreases
dramatically when a mixture of 1% by weight of PYC with coal is fed into the combustor, and then
leveled off when the PVC content in the fuel mixture increases from 1% to 3.3%. The sulfur
contents in the fly ash and bed ash increase with an increase in the amount of PVC used in the fuel.
Figure 2 illustrates that the sulfur content in the fly ash increases as the PV C/fuel ratio increases.
Likewise, Figure 3 shows that the sulfur content of the bed ash increases with an increase in the
PVC/fuel ratio. One explanation of the increased capture of SO, by the limestone is that the transient
formation of liquid calcium halide phases can modify the surface of the partially sulfated sorbent
particles, leading to increased SO, capture.> However, a more complex mechanism includes the
possibility that the SO, from fuel sulfur combustion would undergo reaction with Cl, to form HCI
and SO;. Molecular chlorine is a key organic chlorinating agent and is replaced by HCI, which is
less likely to cause any chlorination of organic species. In the case of HCI emissions, both HC1
concentration in the flue gas and the chlorine contents in fly ash and bed ash increase with the
increase of amount of PVC in the fuel.

The results of the effect of limestone on the capture both SO, and HCI are shown in Tables 2 and
3. With the presence of limestone, there is a significant improvement in the sulfur capture from the
flue gas. Likewise, the sulfur contents in both fly ash and bed ash increase. In contrast, there is no
significant difference in the emission of HCI regardless of the amount of limestone used. These
results are in agreement with previous studies in our lab,® as well as Liang’s work,” in which it was
reported that chlorine is not effectively captured by limestone sorbent in both bubbling and
circulating fluidized bed combustors.

A possible mechanism for the interaction between SO, and HCI can be proposed from the
combination of results from previous reports® and those given in this paper. Thermodynamic data'®
shows the Deacon reaction (Reaction 2, as previously given)
4HCI + O, « 2H,0 + 2Cl, (Deacon Reaction) )

is favored over the range of temperatures from 300 K to 1500 K and is exothermic at 25°C (AH =
-114 KJ/mol, AG = -76 KJ/mol). An increase in temperature will cause the equilibrium to move
toward the reactants, which will lower the conversion of HCl to Cl,. Before the equilibrium is
reached, however, the reaction is predominantly kinetically-controlled. A rise in temperature will
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lead to more products. Yang'' reported that in the case where the reaction takes place in a steady
moving gas flow and no catalysts are present, the reaction is far from equilibrium. Consequently,
a higher temperature will lead to a higher reaction rate, meaning more Cl, will be produced. Also
it should be noted that the Le Chatelier principle indicates that the addition of oxygen to the system
to enhance the combustion process would tend to form more Cl,.

When SO, is present from coal sulfur combustion, a most interesting and important reaction is that
SO, may be attacked by Cl, to form SO, and HCI:

ClL, + SO, + H)O = 2HC1 + 80, )
During atmospheric fluidized bed combustion, SO, will be absorbed by limestone, according to the
reactions represented by the following equations:

CaCO, - Ca0 + CO, (calcination) ©)

CaO + S0, - CaSO, (sulfation) (@)

The use of limestone as the bed material and feeding coal and limestone mixtures in fluidized bed
combustion will keep excess CaO inthe combustor. It is believed that it is SO, not SO,, that reacts
with CaO to form CaSO,. Reaction 7, therefore, will be favored. Consequently, this will promote
SO, reacting with Cl, (reaction 5) to produce SQ and HCI to minimize both SQ and molecular
chlorine emissions.

It has been well established that halogenated species are good flame inhibitors.”? According to
Bulewicz,"” there is a phenomenon of halogen inhibition of oxidation of CO and other species in an
AFBC system. Thus, it might be expected that the concentration of SO, may increase due to its
incomplete combustion to SO, in the presence of chloride. Reaction 7, however, can promote the
oxidation of SO, to SO, in the different ways through the Deacon Reaction in the presence of
chloride and oxygen-rich conditions. These two effects compete with each other during coal
combustion. From our experimental results, it is clear that reaction 7 predominates over the presence
of chloride as the flame inhibitor.

CONCLUSIONS

From experimental investigations in an atmospheric fluidized bed combustor system of the influence
of chlorine on sulfur capture, it was shown that the presence of HC] will promote SO, capture. On
the other hand, the presence of sulfur will lead to the reduction of the formation of molecular
chlorine. As a result, a minimization of the formation of PCDDs and PCDFs results. However, the
optimum CU/S ratio for the mechanisms proposed above can not be decided from this study and
further studies are needed.
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Table 1. Analytical Data* for the Coals and Limestone Used in the Study.

Coal 95010 Coal 95031 KY Limestone
Moisture 2.32 8.32 0.19
Ash 7.22 10.78 57.93
Volatile Matter 39.97 37.21 18.90
Fixed Carbon 52.82 52.02 22.98
Carbon 79.38 72.16 11.18
Hydrogen 531 4.82 0.16
Nitrogen 1.63 1.54 0.00
Sulfur 0.67 2.38 0.00
Oxygen 5.69 757 30.73°
Chlorine (ppm) 1039 3070 36
BTU/pound 14077 12842

* Moisture is as-determined, all other values are reported on a dry basis.

Table 2. The Effect of Limestone on the Distribution of Sulfur.

Coal 95010 with 3.3% PVC Coal 95031 with 3.3% PVC
with limestone ne Jimestone with limestone po limestone
SO, emission in the flue gas (ppm) 0.126 3.125 0.202 28.274
Sulfur content in fly ash (%) 0.739 n/a 1.295 1.271
Sulfur content in bed ash (%) 4319 n/a 5.162 4.959

Table 3. The Effect of Limestone on the Distribution of Chlorine.

Coal 95010 with 3.3% PVC Coal 95031 with 3.3% PVC
with limestone no limestone with limestone no limestone

HCl emission in the flue gas (ppm)  168.58 160.39 174.72 169.26
Chloride content in fly ash (%) 0.347 0.343 0.384 0.382
Chloride content in bed ash (%) not determined not determined 0.83 1.00
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INTRODUCTION

This paper reports the ignition temperatures, measured directly using two-color pyrometry,
for three coals under various combinations of oxygen concentration and particle size. The
measurements show that a range of ignition temperatures is measured under nominally
identical experimental conditions, showing that particle-to-particle variations in size and
reactivity must be accounted for. Our Distributed Activation Energy Model of Ignition
(DAEMI), modified to account for these variations, is applied to the results to extract ignition
rate constants.

We present data from a laser-based experiment used to measure the ignitability of pulverized
coals in a room-temperature gas environment. The absence of hot furnace walls surrounding
the test section allowed for optical detection of the ignition process. The experimental
parameters studied include the coal type, oxygen concentration, particle size, and the
temperature to which particles are heated by the laser pulse. The results show clearly that
ignition reactivity is strongly dependent on coal type, and that the ignition rate constants
determined are consistent with published data for overall combustion reactivity. The data
also show convincingly that particle-to-particle variation in physical and/or chemical property
of the fuel must be accounted for in order to model the ignition data correctly, and to
accurately describe their ignition reactivity.

EXPERIMENT

The experiment is similar to one described in detail elsewhere,' so only a brief description is
given here. Figure 1 presents a schematic of the laser ignition experiment; the inset shows the
details around the test section. Sieve-sized particles were dropped through a tube into a
laminar, upward-flow wind tunnel with a quartz test section (5-cm square cross-section). The
gas was not preheated. The gas flow rate was set so that the particles emerged from the feeder
tube, fell approximately 5 cm, then turned and traveled upward out of the tunnel. This
ensured that the particles were moving slowly downward at the ignition point, chosen to be 2
cm below the feeder-tube exit. A single pulse from a Nd:YAG laser was focused through the
test section, then defocused after exiting the test section, and two addition prisms folded the
beam back through the ignition point. Heating the particles from two sides in this manner
achieved more spatial uniformity and allowed for higher energy input than a single laser pass.
For nearly every case, one to three particles were contained in the volume formed by the two
intersecting beams, as determined by previous observation with high-speed video.?

The laser operated at 10 Hz and emitted a nearly collimated beam (6-mm diameter) in the
near-infrared (1.06 pm wavelength). The laser pulse duration was “100 ps and the pulse
energy was fixed at 830 m] per pulse, with pulse-to-pulse energy fluctuations of less than 3%.
The laser pulse energy delivered to the test section was varied by a polarizer placed outside of
the laser head; variation from 150 to 750 m] was achieved by rotating the polarizer. Increases
in the laser pulse energy result in heating of the coal particles to higher temperatures. At the
ignition point the beam diameter normal to its propagation direction was "3 mm on each pass
of the beam. An air-piston-driven laser gate (see Fig. 1) permitted the passage of a single pulse
to the test section. The system allowed for control of the delay time between the firing of
feeder and the passage of the laser pulse. Finally, ignition or non-ignition was determined by
examining the signal generated by a high-speed silicon photodiode connected to a digital
oscilloscope. Figure 2 shows typical signal traces from the photodetector for both ignition
and non-ignition events. Features of the trace for the ignition case is similar to that described
previously.'
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Particle temperature was measured by two-wavelength pyrometry. A simple lens coupled to
an optical fiber bundle collected light emitted by the igniting particles. The output from the
fiber bundle is collimated and separated into two beams via a dichroic filter. Light of
wavelengths below 0.75 pm (the dichroic filter's cut-off wavelength) was passed through a
bandpass interference filtered centered at 0.7 pm with a optical bandwidth of 40 nm. The
remaining light was passed through an interference filter centered at 0.9 um with an optical
bandwidth of 10 nm. Separate high-speed silicon photodiodes detected each beam following
the optical filters. The pyrometer was calibrated using a 2-mm diameter blackbody source at
990°C. Figure 3 shows typical signals from the photodetectors for a representative run, and
the resulting temperatures measured.

We have examined the ignition behavior of three coals: one subbituminous, and rwo high-
volatile bituminous. All samples were obtained from the Penn State University Coal Sample
Bank, and the reported proximate and ultimate analyses are shown in Table 1. The coals were
sieve-sized using a Ro-Tap shaker, and dried at 70°C under vacuum for at least 12 hours prior
to each day’s experiment.

RESULTS

Each day’s experiment was conducted as follows: After choosing the coal and oxygen
concentration to examine, the coal was loaded into the batch-wise feeder. The delay time
between the triggering of the feeder and the appearance of the coal batch art the feeder tube
exit was measured by visual observation in conjunction with a stop watch; typical values were
23-29 s. The delay time was then programmed into the electronic trigger device that
triggered the laser gate. The gas flow rate needed to achieve a drop distance of "5 cm for the
coal batch was also determined by visual observation. Finally, a laser pulse energy was
chosen, and the experiment commenced. At each set of operating conditions (coal type and
size, oxygen concentration, and laser energy), 20 attempts at ignition were made in order to
measure the ignition frequency, or probability, which is the parameter sought from these
studies. Mapping this ignition frequency over a range of laser pulse energy produces an
ignition-frequency distribution.

Such a frequency distribution is shown in Fig. 4 for the Pittsburgh #8 coal. It can be seen that
at each oxygen concentration, ignition frequency increases monotonically over a range of laser
pulse energy. Below this range the ignition frequency is zero, and higher energies result in
100% ignition frequency. This behavior is due to the fact that, within any coal sample, there
exists a distribution of reactivity among the particles.® Thus, in this experiment, in which a
barch of perhaps several hundred particles of a sample is dropped into the test section but only
a few are heated by the laser pulse, there is an increasing probability (or frequency) as the laser
energy is increased that at least one of the heated particles is reactive enough to ignite under
the given conditions.

Figure 4 also shows the effect of oxygen concentration: As oxygen level is decreased from
100% to 50%, the frequency distribution shifts to higher laser energies or, equivalently, higher
particles temperatures, as expected. This is consistent with ignition theory since at decreased
oxygen levels, higher temperatures are necessary for heat generation by the particles (due to
chemical reactions) to exceed heat loss from the particles and lead to ignition. The shift in
distribution can be viewed in two ways: First, for a fixed laser pulse energy, a decrease in
oxygen level leads to a decrease in the ignition frequency, all else being the same; second, a
decrease in oxygen implies that a higher laser pulse energy is heeded, in order to achieve the
same ignition frequency.

The variation in temperatures measured for separate runs under identical conditions show the
existence of particle-to-particle variations in the sample. Ignition temperature variations of up
to 300 K is observed from run to run. This variation is due to the combination of reactivity
and/or particle size differences between runs.

DISCUSSION

Over the past three decades, many experiments have examined the ignition of pulverized coals
under conditions which simulate pulverized fuel-firing conditions.***”#* The common factor
among these studies is the assumption of a single, average, kinetic rate-constant in describing
the ignition reactivity of each coal. As we have shown previously,” it is necessary to account
for the variation in reactivity among the particles within a sample in order to model the
ignition distribution observed in this and nearly all previous ignition studies. Once such a
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model is implemented, the parameters may then be adjusted to fit the data and produce the
desired ignition rate constant and reaction order with respect to oxygen for each coal.

Our previous experience in modeling ignition distribution data® provides some insight to
explain the results described earlier. The model details will not be described here, but it is
sufficient to note that the model accounts for particle-to-particle variations in reactivity by
having a single preexponential factor and a Gaussian distribution of activation energies among
the particles within a sample. The distribution is characterized by two parameters, an average
activation energy (E_) and a standard deviation (o) in the activation energy.

In light of this model, the differences in the range of laser energies over which the various
coals achieved 100% ignition frequency is a direct result of the breadth of the distribution of
activation energies: A narrow distribution (small standard deviation) leads to a small laser-
energy range since most particles have similar activation energies and, thus, reactivities.
Indeed, in the limit that the standard deviation is zero (all particles have the same activation
energy), the ignition-frequency distribution would become a step function from 0 to 100%
ignition frequency. Conversely, a broad distribution of reactivities (large o) leads to a
relatively larger range of laser energy needed to achieve 100% frequency. The effect of
variations in the average value of the activation energy (E.) in the distribution is to shift the
ignition-frequency plot; higher E, means lower ignition reactivity for a particular coal, which
shifts the ignition distribution to higher laser energies.

Finally, with regard to the effect of oxygen concentration on the slope and shift of the
ignition-frequency distributions observed for the Plttsburgh #8 coal, the model interprets such
differences to be the result of the variation in the reaction order, n, with respect to oxygen
concentration.
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Coal Prox. Analy. {dry Ultimate Analysis (dry, ash-free wt%)
W[o/o)
Penn State Rank Vol. Ash C H N S O(diff.)
ID Matter
Wyodak  Subbituminous 449 7.59 69.8 5.65 0.94 16.1 -
(DECS 26) (0+9)
Pittsburgh  high-volatile A 39.4 9.44 820 563 149 427 666
#8 (DECS bituminous
23)

Illinois #6  high-volatile C 40.8 13.4 66.1 4.59 1.14 14.8 -
(DECS 24)  bituminous ©+9)

Table 1: Ultimate and proximate analyses of coals used in this study.

160




laser .
lnfvsmg ( quarz
lens test
prism " section
optical
et

/

0
amplifier

om, defocusing tens
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Fig. 2: Signal traces from photodetectors showing (a) non-ignition and (b) ignition events for
the Pittsburgh #8 bituminous coal. Particle size was 125-158 um, and oxygen
concentration was 100%.The short-lived spike in both traces result from laser heating
of the coal surface and subsequent cooling. Ignition and combustion of the coals causes
the long-lived emission of (b).
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ABSTRACT.

The 160 MW, FBC boiler owned and operated by TVA, has recently been co-fired with coal and
petroleum coke (up to 50%). However, it has suffered fouling problems. On examination of the
deposits it became clear that, only in a few cases, could the fouling be partially attributed to
alkali metals, and even in those cases the primarily limestone-derived materials were almost
quantitatively sulphated to a level which was sufficient to cause agglomeration by itself. In other
cases, it appeared that the fouling mechanism was carbonation of the free lime component of the
deposit followed by sulphation. Finally, there were a few deposits, which were less sulphated
than bed materials and fly ash, but where agglomeration appeared to have occurred by a
conversion of the free lime in the deposits to Ca (OH),, followed by carbonation.

INTRODUCTION

Petroleum coke is a fuel of very high heating value, which is becoming increasingly available on
the energy market in North America [1]. However, as fuel-grade petroleum coke contains
significant amounts of sulphur in the ash, it must be burned in such as way as to minimize SO
emissions. One method is to burmn it in a fluidized bed boiler (FBC) to take advantage of the
ability of FBCs to capture SO, in situ, using limestone. Owing to petroleum coke’s high heating
value (typically 32-34 MJ/kg), co-firing with fuels such as coal or biomass is an option.

To take advantage of this relatively cheap fuel, the Tennessee Valley Authority (TVA) examined
the co-firing of petroleum coke in their existing 160 MW, CFBC boiler. However, in order to
avoid re-permitting the unit, it was decided to keep the amounts of coke fired at or below 50%.
A number of operational challcnges had first to be resolved [2,3]. Despite their satisfactory
resolution, a new problem, significant fouling in several regions of the boiler, was discovered.

Initially, it was supposed that the fouling was due either to V, which can be present at relatively
high levels in petroleum coke ash, and/or to the alkali metal content of the coals used for co-
fiing. However, it appeared that fouling occurred over a wide temperature range, and
consequently it was felt that there was, almost certainly, a number of fouling mechanisms.
Hence, it was decided to carry out a detailed series of analyses to identify the most probable
mechanisms for fouling and, in particular, to determine whether the V in the petroleum coke, or
Na, K and Cl in the coal played a part.

EXPERIMENTAL

Five deposit samples were initially supplied by TVA (see Table 1), along with two coals,
Warrior and Freeman, and one petroleum coke, Pine Bend, analyses of which are supplied in
Table 2. These are the fuels used during the period preceding the collection of the deposits on
shutdown of the boiler. The TVA limestone used for sulphur capture was 91.5% CaCOj, with
the bulk of the balance comprised of SiO; and Al,O3.

Subsequently, a number of other deposits were obtained from lower temperature regions of the
boiler. These included samples from the water wall tubes, and a deposit from the multiclones,
which are known to operate at about 370°C. These deposits were also examined using the same
techniques described below.

The major components were analyzed by X-ray fluorescence (XRF), sulphur by Leco analysis
and infrared determination, and sulphate determinations using wet chemistry. Elemental carbon
was determined by Leco analysis and infrared absorption, while direct determination of
carbonate content was by coulometry. All trace analyses were carried out by induced coupled
plasma spectrometry, and as the total CaO content was considered a parameter of special
importance, this was also checked by neutron activation, as was the V concentration.

In addition to the above, the total alkalinity (TA), and free lime (FL) wére determined by wet
chemical methods [4]. Some samples were subjected to phase analysis (i.e., density separation
and analysis by X-ray diffraction) using special methods developed by the authors [5]. In this
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way it was possible to build a complete description of the samples in terms of their constituent
components. These analyses, together with those for the bed ash (BA) and fly ash (FA),' are
presented, along with the Ni and V data from the minor constituents, in Table 3. For comparison
it should be noted that the Ni levels in the two coals are about 17 and 25 ppm, while the Ni and
V levels in the Pine Bend coke are 306 and 870 ppm respectively.

RESULTS

Data from the various analyses can be used to develop the phase analysis for the deposits and
this appears in Table 4. The difference (SUM-100%) in this Table is due to SiO,, Al;O3, Fe;0s,
and other calcium compounds (OCC) formed by reaction with the SiO, and Fe;0s, e.g., larnite
and calcium ferrite, whose presence was confirmed by XRD.

Table 5 gives the composition of a number of samples from lower-temperature regions of the
boiler. Finally, Table 6 gives the composition of two samples taken from very-low-temperature
regions of the boiler (i.e., < 400°C). Unlike all other deposits examined, these were not highly
sulphated. On examination with Thermogravimetric Analysis (TGA), it was shown that these
deposits had substantial amounts of Ca(OH) .

DISCUSSION

The samples have been analyzed to determine the main constituent phases. As seen in Table 4,
they are mainly (80%+) composed of Ca-based compounds. What is remarkable about these
samples is that, with the exception of sample AD, all CaO in the deposits has been converted to
CaSO4. This is analogous to deposits, examined by the authors, from a Korean CFBC boiler
firing 100% petroleum coke, which were almost entirely composed of CaSQO, from the sorbent,
with little or no CaO [6). For comparison, it should be noted that the bed and fly ash are about
35 and 26% converted to CaSO,, and contain 31 and 39% CaO respectively. Only in three cases
are there significant amounts of carbonates; i.e., samples AD, NW and NNW, collected near
access doors, presumably below 800°C, since CaCO; is unstable above that temperature under
atmospheric FBC conditions. In the case of sample AD, the combination of CaSO, and CaCOs
is probably sufficient to agglomerate the deposits, as they contain relatively low concentrations
of alkali metals or V (see Table 3). It has also been shown in separate laboratory studies that
carbonation is an even more effective method of agglomerating limestone-derived FBC materials
than sulphation [7].

In samples NW and NNW, the conversion to CaSO, is well over 60%. This has been shown to
be sufficient to agglomerate the TVA bed material by itself, when exposed to sulphating
conditions in a laboratory oven [8]. It also corresponds to a situation in which limestone-derived
particles must expand to allow the additional conversion, because the total pore volume produced
by calcination is exceeded by this degree of sulphation [9]. A possible contribution by Na and K
to the agglomeration on tubes TT and TB cannot be ruled out, but the levels of alkali metals are
quite moderate compared with agglomerates formed when firing biomass, for example [10].

In the case of the samples described in Table 5, although these are more highly converted to
CaSO, (varying from 45 1o 66%), the presence of extremely elevated CaCOs levels is most likely
the cause of the agglomeration, presumably initiated by carbonate formation with subsequent
sulphation [6].

Some samples, although only slightly sulphated, were also agglomerated (see Table 6). In those
samples, carbonation was clearly extremely high, and the agglomeration could be attributed to it.
However, in the case of the multiclones, which were known to operate at about 370°C, it was
initially difficult to explain the agglomeration, as our previous work had shown that carbonation
effectively ceases below about 400°C [11]. On more careful examination it was found that
significant amounts of Ca(OH), were present in the samples, and in those from the multiclones,
no CaO at all. Given that previous work showed carbonation was relatively fast down to
ambient conditions if FBC ashes are first converted to Ca(OH); (which is stable at FBC
conditions up to about 450°C), it appears the free lime in the deposits is first converted to the
hydroxide and then agglomerated by carbonation formation.

CONCLUSIONS

A number of deposit samples have been examined from the TVA boiler, co-firing coal and
petroleum coke. All the deposits examined are primarily limestone derived, and those from
higher-temperature areas of the boiler are almost quantitatively sulphated. This high degree of
sulphation is sufficient to cause agglomeration, although Na and K are present in concentrations
of a few percent, which may contribute to agglomeration. At boiler temperatures below 800°C,
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deposits are found which, although more highly sulphated than the bed materials or fly ash, are
also strongly carbonated; here the most probable cause of agglomeration is fast carbonation,
followed by a slower sulphation process. Finally, some agglomerates have been found which are
formed below 450°C, substantiated by the fact that any free lime in them is present as Ca(OH),,
which is unstable at FBC conditions above that temperature. These samples are less sulphated
than the bed material and fly ash, but are strongly carbonated. Here agglomeration is attributed
to a two-step process, which involves conversion of the free lime in the sample to hydroxide
followed by carbonation. To the authors’ knowledge, this is the first instance of this type of
agglomeration being reported in a FBC.
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Table 1: Sample Descriptions

Sample Location and Description Date Collected

AD - “B” COMPT | Access Door (Large pieces, light brown, and 4/26/95

white. Shortly after being in contact with air and
humidity, the pieces began to disintegrate into
smaller pieces).

Unground Piece of TVA-SH2, Top Tubes
(Pieces of hard deposits with colored layers, dark
brown, beige, reddish, which kept their form and
shape).

TTB SH1, Near Tube Bends, Top Tubes (A dark 4/24/95

brown powder).

NwW Convective Pass, SH-NW Door (A pinkish 4/26/95

powder with some solid pieces).

NNW Convective Pass, SH, Near NW Door (A pinkish | 4/26/95

powder).
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Table 2: Fuel Analysis

Fuels Warrior coal Freeman coal Pine Bend coke
Proximate analysis, wt %

Moisture 6.56 10.03 0.63

Ash 11.00 10.17 0.48
Volatiles 31.65 33.93 10.17

Fixed carbon 50.79 45.87 88.72.
Ultimate analysis, wt %

Carbon 65.28 63.09 86.84
Hydrogen 4.57 4.36 3.42
Nitrogen 1.44 1.19 1.48

Sulphur 2.88 3.95 5.57

Oxygen (by difference) 8.27 7.21 1.58

Heating value (MJ/kg) 26.71 26.22 -

Table 3: Major Components (wt %)

Components | BA FA AD TT TTB NW NNW
Si0, 3.27 4.44 3.20 8.39 4.99 7.74 8.74
ALO; 0.61 1.13 0.75 4.29 2.58 2.47 2.37
Fe,03 0.82 1.85 0.91 2.98 1.86 4.01 435
Ca0 60.3 63.5 59.5 34.6 34.1 323 31.8
MgO 3.5 1.92 3.48 1.67 1.20 2.03 2.02
Na,O 0.02 0.08 0.41 1.54 1.98 0.18 0.15
K0 <0.01 0.1 <0.01 1.02 1.04 0.34 033
TiO, 0042 [0.048 1005 0.37 0.28 0.13 0.12
MnO 0.01 0.02 0.01 0.03 0.02 0.02 0.02
Cr0; <0.01 |[<0.01 |<0.01 0,02 0,03 <0.01 <0.01
P,0s 0.05 0.04 0.03 0.15 0.07 0.04 0.03
SO; 30.70 | 23.5 28.3 46.5 49.3 46.3 46.5
LOI 1.05 4.62 4.6 -0.30 1.05 33 3.1
SUM 100.37 1101.25 {101.2 101.3 985 98.9 99.6
Ni (ppm) 69 30 - - 831 155 119
V (ppm) 329 127 447 3034 3008 533 367
Table 4: Phase Composition of Deposits (wt %)

Component | AD TT TTB NW NNW
CaSO4 48.0 79.0 80.3 75.6 75.2
Ca0 28.5 0.8 0.2 0.1 0.0
CaCOs 5.9 0.3 0.5 58 5.3
SUM 82.4 80.1 81.0 81.5 80.5

R 33 94 97 96 97

1. R is the degree of conversion of Ca compounds to CaSO4 on a % molar basis

Table 5: Phase Composition of Lower-temperature Deposits (wt%)

Sample/Component CaSO, CaO' CaCO3 A*

White coating on sloped walls | 49.9 4.7 12.0 23.7
Light coat on waterwall tubes | 40.9 9.9 19.0 2217

Near Manway G on compt. 51.4 9.7 25.7 9.4
waterwalls, 8 ft. from feed

1. Includes both CaO and OCC

2. A represents non-Ca-based components

Table 6: Phase Composition of Very-low-temperature Deposits (wt%)
Sample/Component CaSO, | OCC' [Ca(OH), [CaO [CaCO; [A?
Tenacious coat starting in | 23.6 10.6 6.2 4.9 453 11.7
compartment 8 ft. above

feed

Multiclone deposits 14.5 16.3 16.3 0 329 18.5

1. OCC are expressed as CaO
2. A represents non-Ca-based components
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INTRODUCTION

The reduction of the greenhouse gas CO, is the topic of many discussions in Europe. The
substitution of CO, neutral fuels like biomass for coal in energy production could help to reach
this aim. A fast attainable way for the use of biomass is to direct replace part of the coal in
power plants. First, demolition and waste wood as well as wood residues from the forest and
residual straw from agriculture should be used for co-combustion. In a second step specially
cultivated energy plants like salix, poplar and also energy cereals should be taken into account.
For the cultivation of salix and poplar farmers have only littte experience. Cereal cultivation,
however, is state of the art. Therefore the use of cereals as energy crops for co-combustion seems
to be a promising technique.

BIOMASS ANALYSIS

In Germany, analyzing biomass for thermal use is subject to the problem that there are no
generally valid guidelines for the method way of carrying out the analysis. Therefore the usual,
and also reasonable, methods applied are the same as in solid fuel analysis. To a large extent, this
way seems to be justifiable, yet might also arise difficulties. This problem shall be demonstrated
by taking the determination of the ash content as an example.

That is, the incineration temperatures for wood fuels, according to the standards (Table 1), vary
between 550 and 815°C. For strawlike fuels, there are no regulations at present. The dependence
on the incineration temperature of the measured ash content in various fuels is presented in
Figure 1. It can be seen that the ash content of all the examined biomass types decreases with
rising incineration temperatures. This decrease, however, is particularly clear in the case of straw.
The ash content at low temperatures most likely corresponds to content of mineral matter. The
part of mineral matter in coal is usually 10% above the ash content. The “content of ash” of the
straw sample incinerated at 500°C is 22% above its content at 800°C, the wood sample even
shows a difference of 50%.

To find out the inert parts that escape from the ashes at the higher incineration temperature, the
main ash components of the incinerated sample were analyzed.

Figure 2 exemplifies the concentrations of ash components, referring to the fuel, of samples of
different incineration temperatures. It is evident in particular that the concentrations of calcium,
potassium, and magnesium decrease with rising incineration temperatures.

In the case of potassium, a remarkable minimum can be noted in the temperature range of 700°C,
both with straw and with wood, which means that the potassium escapes. At higher incineration
temperatures, the 700°C range is passed quickly, hence, less potassium escapes because it can be
bound to other ash components.

The decreasing ash contents with rising temperatures are of major importance for both pure
biomass combustion and co-combustion of biomass in pulverized fuel firing at flame
temperatures of 1300 to 1400°C and more, since the escaping substances may substantially
contribute to slagging and corrosion. Furthermore, for the ash balance, the consequence arises
therefore that the high volatile components have low recovery rates. For instance, by the ash
balance of a pure straw flame only 50 per cent of the potassium could be recovered, yet almost
90 per cent of the less volatile sodium. Once the substance has volatilized, it not necessarily
deposits again on ash particles when the condensation temperature is reached but on all the
available surfaces and thus is lost for the balance, but contributes to slagging and corrosion.

Biomass Heating Value and its Components

For the investigation of natural biomasses, more than hundred different biomass types were
analyzed with regard to their contents of carbon, hydrogen, nitrogen, sulfur and chlorine, and to
get their heating value. In addition, analyses analogous to the proximate analysis of coal, were
carried out on the biomasses to find out the contents of volatiles, fixed carbon and ash. The fuels
investigated were various sorts of straw, wood, whole plants and grains. The volatiles content of
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all the biomasses typically range from 76 to 82 per cent. Their fixed carbon content is between
15.5 and 19 per cent. The average carbon content reaches from 47.5 per cent in whole plants and
grains over 49.2 in miscanthus to about 51 per cent in wood. Like the carbon content, the average
heating value of the biomasses, too, rises from whole plants to wood, i.e. from about 17.6 Ml/kg
of annual whole plants over miscanthus with 18 MJ/kg to 18.7 MJ/kg of wood. The mean values,
referring to dry, of the investigated biomass components are summarized in Table 2.

The heating value can on the one hand be measured with a calorimeter or on the other be
calculated with empirical formulae by elementary analysis. Boie has developed a formula for
young fuels (younger than hard coal), which was tested to find out whether it would be
applicable also to the youngest fuel, biomass. As a first step though, the expected standard
deviations of the two determining methods were compared. To this end repeated determinations
of the upper heating value (UHV) of different coals and biomasses were carried out with a
calorimeter. The same was done to determine in addition the content of carbon, hydrogen,
nitrogen and sulfur as well as the moisture and the ash content. The standard deviation with
calorimeter determination method is 150 kl/kg. From the element contents, the LHV can be
evaluated with Boie's formula. With this method of heating value determination, the mean
standard deviation was 200 kJ/kg. Thus, in the case of biomasses with their usual heating values
between 16,000 and 20,000 kJ/kg, the deviation is about 1 per cent of the full-scale value for both
determination methods. These deviations are the limits of accuracy of the analysis systems, and,
first of all, they are independent of the fact whether Boie's equation holds or not.

In Figure 3, the lower heating values evaluated according to Boie are outlined above the measured
values. The mean values are in the range given by Boie of +/- 420 ki/kg. Wood, in this case, is
rather found at the upper margin whereas the values of gramineous biomass such as straw, whole
plants and cereals lie at the lower margin of this range, i.e. Boie's formula calculates the heating
value of these fuels by 2.5 per cent too low. This corresponds to the experiences by
STULPNAGEL ET AL. who obtained values of annual crops which were too low by 3.3 per cent.
The scatter around the mean values is clearly lower with the homogeneous biomasses wood and
miscanthus than with whole plants, grains, and straw. The conclusion to be drawn from this is
that in establishing the heating value by ultimate analysis and Boie's formula, on average,
sufficiently precise values will result but by single analyses greater deviations have to be taken
into account.

Preparation of Whole Plants for Co-Combustion in Pulverized Fuel Firings

Whole cereal plants consist of a straw and a grain part. The weight percentage of these two
component parts are more or less equal, and the same holds for their weight-related heating value.
The density, however, of the two elements differ considerably. The grain's density is distinctly
higher than that of straw, which entails a higher energy density of the grain. The measurement of
the density is based on gas displacement. In this method, an empty reference sample vessel and
another vessel filled with a weighed sample are filled at liquid-nitrogen temperature (-196°C) with
the same amount of gas. The displaced volume is then evaluated by the pressure difference
developing this way. Consequently, the weight data of the probe being given, the particle density
can be calculated.

The particle density of straw, and of wood, too, depends on the grain size. Through the
increasing size reduction by milling, inclusions of air in the cells and capillaries are opened and
accessible for gases. In the coarse state, these inclusions are part of the solid volume. For particle
sizes smaller than 300 pm, this means higher densities. Grains are denser in the state of rawness
than straw. Their density, 100, increases with smaller grain sizes.

The size reduction of straw and wood is done principally by cutting along the grain, i.e. elongated
fibrous particles are produced. Grain milling results in rather compact spherical particles.
Decisively important for the ignition and combustion of particles in a pulverized fuel firing is the
proportion of surface to volume which, in turn, depends on the particle size.

Figure 3 demonstrates the dependence of surface on volume for different particle forms. The
spherical form appears to be the most unfavorable whereas elongated particles show a better
surface-to-volume proportion. This makes obvious that grains, in order to complete combustion
within the given residence time in a pf firing, have to be ground to a finer size than straw. This
could also be demonstrated by combustion experiments.

Combustion Experiments
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For combustion experiments to compare straw and whole plants, straw was milled in a cutting
mill with a 6 mm insert sieve, for the whole plants was used a 1.5 mm insert sieve. The obtained
mean particle size was about 1 mm with straw, and 500 um with whole plants. In order to obtain
a yet finer grinding, one whole plant was milled several times which brought about a mean
particle size of 110 um. These fuels were combusted in varying thermal shares combined with
hard coal in the IVD experimental pf firing facility and analyzed with regard to their burnout. In
the case of a decreasing share of the coarsely milled whole plant in co-combustion, a drop in the
burnout degree can be recognized whereas with straw and the very finely ground whole plant, the
burnout degree stays constantly high. This means that straw in whole-plant preparation has to be
ground much too finely in order to have the grain part burned out completely, too.

A complete burnout is the precondition for subsequent pollutant-reducing measures. Because of
the high fuel nitrogen content of whole plants, increased NO, emissions from combustion will
have to be reckoned on. For this reason, primary NO,-reducing measures in whole-plant
utilization are especially important.

Primary measures for NO, reduction should be interpreted as interventions in the combustion
course in order to prevent formation of nitrogen oxides from the outset. This can be done either
by staged air injection and reburning, respectively, or by an adequate injection of the fuels
through the burner. Fig. 5 shows the different ways of fuel injection with a multi-fuel burner. In
the case of the configuration "preblended", the fuels are blown in together via the annular orifice,
each with 50 m3/h carrier air, and with "preblended central” both fuels are injected central. The
configurations "coal central” and "biomass central” mean that one of the fuels is injected by the
central orifice and the other one by the annular orifice. The effects of the different burner
configurations on NO, emissions with various shares of whole plants are represented in Fig. 6.

Cereal and Coal Preblended via Annular Orifice

In case of the annular-orifice injection, the fuel has already been well mixed with the swirled
secondary air when entering the first reaction phase. This results in an increased oxidation of the
fuel nitrogen into nitrogen oxide. If biomass and coal are injected through the annular orifice, the
NO, emissions slightly decrease with an increasing share of biomass despite the higher nitrogen
input. The reason for this are the different ways nitrogen is captured in the two fuels and the
lower tendency of the biomass nitrogen to convert into NO,.

Cereal via Centre, Coal via Annular Orifice

In this configuration, the primary air is split into two even fractions: one injected through the
annulus as coal transport air, the second injected through the centre to transport the biomass. The
two fractions are the same for all the coal/biomass ratios. As a result, when a pure coal flame is
fired, the coal enters the combustion chamber already mixed with only the half of the total
primary air. This is the reason why for this flame the NO, emissions are somehow lower with
this configuration then with the previous one.

Then, taking small whole-plant shares, the NO, emissions slowly rise until the biomass amount
has consumed all its available primary air quantity. From a biomass share of 20% of the thermal
input on, the NO, emissions drop distinctly because the fuel is injected into the
substoichiometric, inner recirculation zone and part of the fuel nitrogen becomes reduced to
elementary nitrogen.

Cereal via Annular Orifice, Coal via Centre

The pure coal flame here emits the smallest amount of NO, since the whole fuel nitrogen reaches
the substoichiometric, inner recirculation zone. With larger shares of biomass, the NO, emissions
increase though this rise is less distinct than the drop of the curve in the above case. With a 35%
share of biomass the input of nitrogen by biomass and by coal is the same amount each.
Consequently, the curves of this configuration are supposed to cut those of the previous
configuration in this area. Yet they only do so with a biomass share between 40 and 50%. The
reason for this is again the lower tendency of the biomass nitrogen to oxidize into NO,, even if
there is enough oxygen available in the area of the biomass injection.

Cereal and Coal Preblended via Centre

In the fourth configuration, the fuel mixture of cereal and coal, and thus the entire fuel nitrogen, is
centrally fed to the inner recirculation zone. The NO, emissions, for biomass shares up to 40%,
show the same behavior as in the previous configuration "cereal via annular orifice, coal via
centre". However, with more than 40% of biomass, the NO, emissions decrease. The reason for
this is that more fuel nitrogen is entered by the biomass than by the remaining coal share. With
this burner configuration, the lowest NO,-emission level of the whole sequence of experiments is
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achieved with a 100%-cereal flame. The fuel (with these flames) is injected into the inner
recirculation zone with two times the primary air amount, i.e. with a high impulse. Due to the
lacking oxygen in this zone, only little fuel nitrogen is oxidized into NO,.

CONCLUSIONS

¢ Establishing the heating value of biomass by ultimate analysis and Boie's formula, on average,
sufficiently precise values will result but by single analyses greater deviations have to be taken
into account.

o Because of the different grinding character and particle structure of straw and grain the grain
have to be ground finer than the straw to reach sufficient burnout.

o Ifin an existing swirl burner premixing of fuel is not possible or not desired because of other
disadvantages, the fuel with the higher nitrogen contend should be injected through the centre
into the inner recirculation zone.

o The fuel-N of biomass has a lower tendency to convert into NO, than the fuel-N of coal.
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TABLE 1: Incineration temperatures of different standarts

application incineration temperature
ASTM D 3174 | Coal, Coke 700 - 750 °C
ASTM E 830 RDF 750 +25°C
ASTM D1102 | Wood 580 - 600 °C
DIN 51 719 Coal, Peat, 815+ 15°C
DIN St 749 charcoal 710 + 15 °C
DIN 52 182 wood pellets | 550 °C
0O-Norm 1074 | wood 815 °C
TABLE 2: Analysisdata of biomass, dry basis
volatiles | fixed C C H N S Cl LHV
wt % wt % wt% | wt% [ wt% | wt% | wt% kkg
cereals 79,5 16,0 47,6 53 1,13 1 0,13 0,41 17,6
grain 80,5 17,2 47,5 5.4 1,86 | 0,11 0,26 17,8
straw 79,5 14,5 46,8 5.4 1,0 0,1 0,5 17,4
Miscanthus 81,0 16,1 49,2 5,8 0,24 | 0,08 18,0
wood 80,5 17,4 50,9 5,7 0,5 0,09.] 0,1 18,7
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170




straw wood
=0
T
—a—Na | 10 - —a—Na
2w —e—K /10 | —.—K
4] - —
—4—Ca | \ —a—Ca
bt N —Mg - T4 ——
\ < —»-Fe || 4 —e—Fe
jo 1] s
— —f—— @
; = X <
- - 4 = \ Y
: R\ B B
mifg-firet & g
o o
wb . E o E- 0l 0 3 ot o 100
incineration temperature incineration temperature

Fig. 2: Concentration of the ash components at different incineration temperatures

21006
T T T T -
205004 ®  wood = =
2o0004] A grain 2 4
| ® cereals ,‘- -
19500H v Mi hus = ¥ -1
19600-— ©  straw v
. Il O mean value: A rh _.’
TS " =
1 [V ¥ b
{.r-5 1
17500- v S
& ¥ cereals and grain.
{ A a.
pa ', >,
16500- p5d ol
! P - . hd
LH IR >
, * o [
1 z 7 ¢ A
15000 —
15000 16000 17000 18000 19000 20000 21

LHV measured

Fig. 3: LHV measured compared with LHV calculated

//

vV o
surfacq are; /

Volume

Fig. 4: Dependence of surface on volume

Gpe—= TR TR
TRy

Fig. 5: Burner configurations

171




TRIGESES.0RG
T

900 - T .
800
700
)2
&0
50
400
Ppm a
0 ceresi contra-coe! annuidf
NO i
=@=cereel annularcoal centrfl ™+~ -1
= v centre
“““ =~ coal annutar—cosl cantre fi+= == 1=+ -
100 . -
’ ® ° & ® 10

biomass portion % thermal
Fig, 6: NO, emissions with different burner configurations

172




Materials Characterization Center, Department of Chemistry
Western Kentucky University
Bowling Green, KY 42101

Keywords: Co-firing MSW, chlorinated organics, combustion mechanisms

ABSTRACT

of molccular chlorine and subsequently chlorinated organics.

Q INTRODUCTION

STUDIES OF THE MECHANISM FOR THE FORMATION OF CHLORINATED
ORGANICS DURING THE COMBUSTION OF MSW AND COAL

Jianghu Xu, Ying Xie, Jeremy Bowles, Wei-Ping Pan and John T. Riley

Several kinds of coals and the major combustible components in MSW, such PVC and cellulose,
were tested in this project. TGA/MS/FTIR analyses were performed on the raw materials and their
blends, and the combustion profiles collected indicated various types of thermal behavior. The
results indicated greater possibilities for the formation of organic compounds during co-firing at fast
heating rates than at slow heating rates. Experiments in a tube furnace showed that molecular
V chlorine is a key intermediate for the formation of chlorinated organics during the combustion of
MSW. A mechanism proposed for the formation of chlorinated organics includes the Deacon
Reaction. Experiments conducted using pure organic compounds verified this reaction as a possible
pathway. The effect of sulfur dioxide on the formation of molecular chlorine during combustion
processes was examined. The results indicate the introduction of SO, does minimize the formation

The amount of municipal solid waste produced in the United States each year has risen to more than
b 200 million tons. According to a prediction by the Environmental Protection Agency (EPA) this
amount will rise to 216 million tons by the year 2000." Landfilling, which is the traditional way to
deal with this waste, is becoming more and more impractical owing to the rapidly declining
availability of landfill space and stricter environmental regulations. Incineration of the MSW is one
of the alternative waste management technologies that has some advantages over the conventional
methods. However, due to the concern over emissions of hazardous chlorinated organics, especially

E the harmful polychlorinated dibenzodioxins (PCDDs) and dibenzofurans (PCDFs), the development

of technology for the incineration of MSW has slowed significantly.

Despite reports of significant amounts of PCDDs and PCDFs being found in the emissions of

4 municipal waste combustors, they were not detected in the effluents from a combined coal/municipal
waste plant, nor were noteworthy amounts found in the fly ash.? Several mechanisms have been

Y proposed to explain the formation of PCDD or PCDFs during the combustion of MSW, and

molecular chlorine has been recognized as a key intermediate. One of the possible pathways for the
formation of PCDDs and PCDFs is associated with de novo synthesis from compounds within the
flue gas and fly ash.®> This synthesis involves the Deacon Reaction and is represented by the

following steps:

PVC - HCl (thermal decomposition) n
4HCI + O, ~ 2H,0 + 2Cl, (Deacon Reaction) )
C¢H,OH + Cl, — chlorophenols 3)
Condensation of chlorophenols -+ PCDDs and PCDFs “)

From the Deacon reaction, molecular chlorine is produced and subsequently chlorinates aromatic

compounds through substitution reactions. In our study, the source of HCI has been confirmed as
) the thermal decomposition of chlorine-containing plastics. Chlorine gas may be generated in-situ

from HCI and oxygen in the combustion gases of MSW incinerators via the Deacon Reaction.

The use of coal as a co-firing energy source for municipal wastes may inhibit the formation of
chlorine-containing organic compounds. Some conclusions have suggested an inhibitory effect of
increased SO, concentration with regard to PCDD/PCDFs formation. Scheidle and co-workers
demonstrated that adding lignite coal as an auxiliary fuel to paper recycling residues decreased the
levels of dioxins in fluidized-bed incinerator emissions.* Based on the thermodynamic evaluation
and published test data, Griffin proposed that as long as the CU'S ratio is high, chlorine formation for
the elevated production of chlorinated aromatics and PCDD/Fs is prevalent, but in the presence of
substantial amounts of sulfur, chlorine production and consequently, PCDD/Fs formation is
suppressed.® Gullett and co-workers reported that high concentrations of a sulfur species (sulfur
dioxide) are responsible for the apparent lack of PCDDs and PCDFs in the emissions from coal-fired
combustors.® Lindbaurer showed that co-firing MSW with 60% coal drastically reduced the
formation of PCDD/PCDF.” Co-firing coal and MSW seems to have the dual advantage of being
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a source of energy and having the potential of reducing the formation of chlorinated species in
combustor emissions.

There are several different mechanisms involving sulfur species proposed for limiting PCDD
production, one of which suggested that in coal combustion, the role of sulfur interference with the
chlorination step (and hence the formation of PCDDs) is critical. When sulfur is present in excess
over chlorine, in any system, the forward reaction predominates:

SO, +Cl, + H,O = SO, + 2HCI
Thus the chlorinating agent, chlorine, is converted into HCI, which is very unlikely to undergo
aromatic substitution reactions to form PCDD and PCDF precursors. In the project reported in this
paper, this reaction was examined in a tube furnace. The results indicated an apparent inhibiting
effect of sulfur on the Deacon reaction.

Municipal solid waste (MSW) varies considerably in composition. The noncombustibles of MSW,
such as metals and glasses, were excluded from this study. Refused-derived fuels (RDF) are made
from the combustible components of MSW. The combustion and thermal decomposition process
of these individual materials and their blends were examined in this study using TGA/FTIR/MS and
GC/MS techniques. The combination of TGA/FTIR and TGA/MS offers complementary techniques
for detection and identification of the evolved gases. This kind of on-line analysis has advantages
in providing the relationship between the combustion products and time/temperature.

EXPERIMENTAL
1. TGA/FTIR/MS System
Small amounts of tested materials were placed in the TGA and heated to 1000°C at different heating
rates in a dynamic air atmosphere. The spectra and profiles of gas species flowing out of the TGA
were recorded and analyzed by the TGA/FTIR/MS analytical system. The three key components
of this system are as follows:

o Model 951 Thermogravimetric Analyzer (Dupont Instruments)

o Model 1650 Fourier Transform Infrared Spectrophotometer (Perkin Elmer)

¢ VG Thermalab Gas Analysis System (Fisons Instruments)
The TGA is interfaced to the FTIR using an insulated teflon tube heated to a temperature of 150°C
by a Powerstat variable autotransformer. The 25 mm x 10 cm gas cell with KBr windows used with
the FTIR is heated using a Barnant thermocouple controller. The tube and gas cell are heated to
prevent possible condensation of the gaseous products. The TGA is also interfaced to the mass
spectrometer using a fused silica capillary sampling inlet that is heated to approximately 170°C.

2.

To simulate the conditions used in the AFBC system, tests were performed in a concentric tube,
quartz reactor inserted into the horizontally mounted electric Lindberg furnace. To study the
combustion performance of the materials of interest, the furnace was preheated to the desired
temperature before the sample was introduced. The composition of the process gases can be adjusted
by the calibrated teflon flow meters before being introduced into the reaction system.

The reaction products were swept into a cold trap containing a chosen absorbent. After the reaction
was completed, the solvent was concentrated, and the sample analyzed using the GC/MS system.
A Shimadzu QP 5000 system with a NIST/EPA/NIH 62,000 compound database was used for
GC/MS analysis. The identification of compounds was accomplished by using a computerized
library search and by comparison with literature mass spectra. Moreover, comparing to the GC
retention time of the pure compounds helped confirm the identification of the unknowns. Standard
materials were tested to establish the detection limits of the experimental set-up.

3. Laboratory Fluidized Bed Combustion Tests

The laboratory scale (12-inch) atmospheric fluidized bed combustor at Western Kentucky University
was used in this study. The active bed areais 125 in%. The freeboard zone of the combustor is 10
feet high, providing adequate residence time for the combustion of fine fuel particles which may be
entrained in the gases leaving the bed. The fuel is injected into the fluidized bed by using pneumatic
injectors. The injectors used for these tests are located about 9 in above the air distributor of the
combustor. The bed temperature is controlled by the fuel feed rate adjustment.

Evolved gases from the combustor were analyzed by gas chromatography and FTIR spectroscopy.
To determine if any chlorinated organic compounds were formed during the cornbustion reactions,
the combustion gases were collected in Tenax adsorption tubes. The collected samples were
extracted separately with hexane (99.9%) for 24 hours using a soxhlet extraction apparatus. The
samples were then analyzed using a GC/MS system,
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a source of energy and having the potential of reducing the formation of chlorinated species in
combustor emissions.

There are several different mechanisms involving sulfur species proposed for limiting PCDD
production, one of which suggested that in coal combustion, the role of sulfur interference with the
chlorination step (and hence the formation of PCDDs) is critical. When sulfur is present in excess
over chlorine, in any system, the forward reaction predominates:

SO, + Cl, + H,0 = SO, + 2HCI
Thus the chlorinating agent, chlorine, is converted into HCl, which is very unlikely to undergo
aromatic substitution reactions to form PCDD and PCDF precursors. In the project reported in this
paper, this reaction was examined in a tube furnace. The results indicated an apparent inhibiting
effect of sulfur on the Deacon reaction.

Municipal solid waste (MSW) varies considerably in composition. The noncombustibles of MSW,
such as metals and glasses, were excluded from this study. Refused-derived fuels (RDF) are made
from the combustible components of MSW. The combustion and thermal decomposition process
of these individual materials and their blends were examined in this study using TGA/FTIR/MS and
GC/MS techniques. The combination of TGA/FTIR and TGA/MS offers complementary techniques
for detection and identification of the evolved gases. This kind of on-line analysis has advantages
in providing the relationship between the combustion products and time/temperature.

EXPERIMENTAL
1. TGA/FTIR/MS System
Smali amounts of tested materials were placed in the TGA and heated to 1000°C at different heating
rates in a dynamic air atmosphere. The spectra and profiles of gas species flowing out of the TGA
were recorded and analyzed by the TGA/FTIR/MS analytical system. The three key components
of this system are as follows:

e Model 951 Thermogravimetric Analyzer (Dupont Instruments)

*  Model 1650 Fourier Transform Infrared Spectrophotometer (Perkin Elmer)

* VG Thermalab Gas Analysis System (Fisons Instruments)
The TGA is interfaced to the FTIR using an insulated teflon tube heated to a temperature of 150°C
by a Powerstat variable autotransformer. The 25 mm x 10 cm gas cell with KBr windows used with
the FTIR is heated using a Barnant thermocouple controller. The tube and gas cell are heated to
prevent possible condensation of the gaseous products. The TGA is also interfaced to the mass
spectrometer using a fused silica capillary sampling inlet that is heated to approximately 170°C.

2. Studies with the Tube Furnace

To simulate the conditions used in the AFBC system, tests were performed in a concentric tube,
quartz reactor inserted into the horizontally mounted electric Lindberg furnace. To study the
combustion performance of the materials of interest, the furnace was preheated to the desired
temperature before the sample was introduced. The composition of the process gases can be adjusted
by the calibrated teflon flow meters before being introduced into the reaction system.

The reaction products were swept into a cold trap containing a chosen absorbent. After the reaction
was completed, the solvent was concentrated, and the sample analyzed using the GC/MS system.
A Shimadzu QP 5000 system with a NIST/EPA/NIH 62,000 compound database was used for
GC/MS analysis. The identification of compounds was accomplished by using a computerized
library search and by comparison with literature mass spectra. Moreover, comparing to the GC
retention time of the pure compounds helped confirm the identification of the unknowns. Standard
materials were tested to establish the detection limits of the experimental set-up.

uidized Bed C
The laboratory scale (12-inch) atmospheric fluidized bed combustor at Westem Kentucky University
was used in this study. The active bed area is 125 in>. The freeboard zone of the combustor is 10
feet high, providing adequate residence time for the combustion of fine fuel particles which may be
entrained in the gases leaving the bed. The fuel is injected into the fluidized bed by using pneumatic
injectors. The injectors used for these tests are located about 9 in above the air distributor of the
combustor. The bed temperature is controlled by the fuel feed rate adjustment.

Evolved gases from the combustor were analyzed by gas chromatography and FTIR spectroscopy.
To determine if any chlorinated organic compounds were formed during the combustion reactions,
the combustion gases were collected in Tenax adsorption tubes. The collected samples were
extracted separately with hexane (99.9%) for 24 hours using a soxhlet extraction apparatus. The
samples were then analyzed using a GC/MS system.

175




RESULTS AND DISCUSSION

acterizati aw Materials a
The thermal behavior of the raw materials of interest were investigated at a heating rate of 10°C/min.
The purpose of these experiments was to understand the processes and mechanisms of thermal
decomposition of different raw materials. To help accomplish this task, profiles for the evolution
of different gaseous products were obtained and used to assess the relative thermal
stability and temperature relationships of the materials. These results are important to the analysis
of materials and control of the performance of an AFBC.

As observed from the FTIR and MS analyses, a common decomposition product from newspaper
and cellulose was furfural. Upon interpretation of the MS spectrum obtained from the combustion
of PVC one finds a very notable result. As shown in Figure 1, it appears that the production of
molecular chlorine accompanies the release of a large amount of HCI during the combustion of PVC.
Materials with masses 36 and 38 are formed at the same time, and strongly suggest the presence of
isotopes of H**Cl and H*’Cl. The integrated ratio is close to the chlorine isotopic ratio. Furthermore,
three additional m/z peaks appear at exactly the same point, with apparent masses of 70, 72, and 74
corresponding to **Cl,, *CI’’Cl, and *’Cl,. This is strong evidence suggesting that some fraction of
the abundant HCI may be undergoing a thermal Deacon Reaction to produce molecular chlorine.
Following the in-situ generation of Cl,, the aromatic compounds can be readily attacked to form
chlorinated organics such as chlorobenzene, which correspond to masses of 112 and 114. ltisa
plausible starting point for the formation of chlorinated organics from the combustion of chlorine-
rich fuel mixtures. When changing the atmosphere from air to nitrogen, chlorine is not identified
in the products from the thermal decomposition of PVC. This can be attributed to the absence of
oxygen, a necessary reactant in the Deacon Reaction. However, although there is no Cl, formed,
HCl is still the major product from the combustion of PVC, even in air.

In order to study combustion performances under conditions similar to those for AFBC systems, a
series of experiments were carried out at a heating rate of 100°C/min. The decomposition reactions
of fuels occur at a much faster rate and at higher temperatures as the heating rate increases. As
shown in the TGA/FTIR data, the chlorine and hydrocarbon species formed during the combustion
of blends are released at the same time for the higher heating rate, whereas they evolved at different
times for the slow heating rate. Also, more hydrocarbons are produced at the higher heating rate.
In fact, the heating rate in an AFBC system is much higher than 100°C/min, whereby one can expect
there are greater possibilities for yielding chlorinated organic compounds during co-firing coals with
RDF in an AFBC system.

udjie: echanjsm for the ati CD ing the
The purpose of this series of experiments was to examine the proposed mechanism for the formation
of PCDD/Fs during the combustion of MSW. Before the following study was conducted, a series
of experiments was completed to obtain the optimum conditions for the operation of the furnace and
establish the detection limits for GC/MS analysis.

Four gram samples of different raw materials were burned in air in a tube furnace. The furnace was
preheated to a temperature of 850°C before the sample was introduced. The gaseous products were
trapped in chilled CH,Cl, and analyzed by GC/MS. As a summary of the results of replicated
analyses, phenol is one of the major products that evolved during the combustion of coal, newspaper,
cellulose, and RDF. One of the major products of PVC combustion is HCI. This is in accordance
with the TGA/MS results and the proposed mechanism for the formation of polychlorinated phenols.
It was shown in the GC/MS data that chlorophenol is a major product when blends are burned.

To examine the possibility of producing molecular chlorine via the Deacon Reaction over a
temperature range of 400-800°C, a mixture of air and 10% HCl in nitrogen (air: HCI volume ratio
of 2:1) was introduced into the quartz tube preheated to different temperatures in the furnace. The
product gases were trapped in a phenol-methylene chloride solution and the solution analyzed for
chlorophenols by GC/MS. Phenol has proven to be an effective absorbent for chlorine gas,
therefore, the production of molecular chlorine through the Deacon Reaction can be monitored by
the production of chlorinated phenol in the trapped solution. The results showed that the production
of chlorophenols is enhanced as the temperature increases. This indicates that the Deacon Reaction
is favored at higher temperatures.

The Deacon Reaction readily occurs, even at the room temperature, in the presence of a catalyst such
as Cucompounds. Cu is one of the more abundant elements in MSW, consequently, under the co-

firing conditions the Deacon Reaction may take place much more readily than under our test
conditions.
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To examine the gas phase chlorination of phenol, as expressed in the equation (2), 100 mg portions
of phenol were place in a heated tube and evaporated in the presence of a constant flow of 0.5% Cl,
in nitrogen. The products were cooled by liquid nitrogen and condensed upon exiting from the
combustion tube, carefully washed by methylene chloride, and analyzed using the GC/MS system.
The chlorination of phenol began at temperatures around 250°C and produced 2-chlorophenol, 4-
chlorophenol and 2,4-chlorophenol. At higher temperatures, dibenzofuran was produced.

The combustion of chlorinated phenols, which may lead to the reaction illustrated in equation (3),
was examined by heating 100 mg portions of 2,4-chlorophenol in the presence of air in the tube
furnace. The GC/MS results shows that the condensation products from the

combustion of 2,4-dichlorophenol include 2,4,6-trichlorophenol, tetrachlorodibenzofuran, and
dichlorodibenzodioxin. The latter two compounds began to be formed below 400°C.

Based on the above information, the proposed mechanism seems to be a possible chemical pathway
for the production of PCDD/Fs during the combustion of MSW under the specific temperature
ranges studied.

3. The Effect of Sulfur Species on the Deacon Reaction

The following tests were designed to explore the negative effect of SO, upon the chlorine formation
through the Deacon Reaction, subsequently, minimizing possible PCDD formation. In the previous
studies, it was found that combustion of the chlorine-containing polymer PVC may produce
chlorinated organic compounds. The most important of these compounds were chlorinated benzenes
(the major products), naphtahalenes, styrenes, and biphenyls.

Tests conducted by Gullet and coworkers showed that the homogeneous reaction of Cl, with SO,
to form HCl (a less likely chlorinating agent than Cl,) is not measurable below 800°C.® This is not
apparent from thermodynamic calculations of the free energy change. Although equilibrium
calculations suggest that the reaction is favored over the full range of temperatures tested, the
kinetics of reaction may prevent observation of measurable product until the higher temperatures are
reached.

Therefore, the possible effect of SO, upon the formation of Cl, through the Deacon Reaction was
examined at 800°C. The quartz tube reactor was preheated to the desired temperature before the gas
was introduced. The flow rate of HCI (1% in nitrogen), SO, (4.86% in nitrogen) and air were
adjusted by the calibrated teflon flowmeters. The evolved gas was trapped by a carefully chosen
absorbent, which was prepared by dissolving 50 mg phenol in 25 mL methylene chloride. The
amount of phenol in the trapping solution was accurately controlled to within +/-0.0001g. Then the
trapped solution were concentrated to 1 mL and injected into the GC/MS system for analysis. In the
quantitative study, the concentration of HCI and O, in the gaseous mixtures was fixed, and only
changed the fraction of SO,. At each condition, the results presented were based on at least three
runs. It was shown that once SO, was introduced the production of chlorophenol decreased. The
relationship between the S/Cl ratio and the production of chlorophenol is shown in Figure 2.

Griffin, in a study of co-incineration of coal and municipal solid wastes, postulated that
dibenzodioxins would not form when the S/Cl ratio was greater than 10, and proposed increasing
the sulfur of the wastes in co-combustion with coal in order to decrease dioxin formation.” However,
in our experiments in which the S/Cl was less than 2.5/1, dramatic decreases in the major chlorine-
containing products of combustion were observed. This could indicate that quenching effects of
sulfur are even greater than those calculated by Griffin.

4. Co-combustion of PVC with coal in the AFBC system

The objective of this set of experiments was to evaluate the combustion performance when co-firing
coal with MSW. PVC was selected for this study, since it is the major source of chlorine during the
MSW incineration. The objective was to determine the emission of inorganic acid gases (HCI and
S0O,), the extent of chlorinated organic compound formation, as well as to examine the effect of
using coal as a co-combustion energy source with MSW.

The fuel used in this test was switched from coal alone to the mixture of coal, PVC and wood pellets.
The experimental conditions were as follows:
Fuel compositions: (1) 100% coal
(2) 89% coal, 1% PVC and 10% wood pellets
(3) 86.7% coal, 3.3% PVC and 10% wood pellets
Fuel feed rates: ~17.5 Ib/hr
Limestone feed rates: ~1.26 Ib/hr for coal 95010, ~4.48 Ib/hr for coal 95031
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Ca/$ ratio: ~3.0
Air flow rate: ~3.25 Ib/hr

Analytical data for the raw materials used in this study are shown in Table 1. The IC data showed
that with the increase of PVC in the fuel mixture, the HG! emission increased and the SO, emission
decreased. Compared with the results from the combustion runs of 100% coal, no chlorinated
organics and PAHs were detected under our experimental conditions.

CONCLUSIONS
From the results of the study reported in this paper, the following statements and observations can
be made:

The major combustion product of PVC is HCl. With the release of large amounts of HCI,
molecular chlorine can be generated through the thermal Deacon Reaction.

The TGA/FTIR/MS results indicate that under high heating rates, there are more
hydrocarbons released from the combustion of coal and other raw materials. Moreover, the
concurrent evolution of HCI and the large amount of hydrocarbons may facilitate the
formation of chlorinated organics.

The proposed four-step mechanism involving the Deacon Reaction appears to be a possible
chemical pathway for the formation of PCDD/Fs during the co-combustion process within
specific temperature ranges.

SO, is an effective inhibitor for the formation of molecular chlorine through the Deacon
Reaction.

No PAHs and chlorinated organics were detected in the fly ash and flue gas when co-firing
PVC with coal in the WKU AFBC system.
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Table 1. Analytical Data for Raw Materials

Parameter 95010 95031 BVC
Coal Seam Blend IL#6

Rank of Coals A B

% Moisture* 232 8.32 0.00
% Ash 7.22 10.78 0.36
% Vol. Matter 39.97 37.21 99.64
% Fixed Carbon 52.82 52.02 0.00
% Carbon 79.38 72.61 38.71
% Hydrogen 5.31 4.82 4.2
% Nitrogen 1.63 1.54 0.07
% Sulfur 0.67 2.38 0.22
% Oxygen 5.69 7.57 0
Chlorine, ppm 1,039 3,065 56.45**
Cal.Value (Btwib) 14,077 12,842 8,556

* Moisture is as-determined. All other analyses are reported on a dry basis. The rank of each
coal is high volatile A, B or C bituminous
** The unit for chlorine in PVC is percent.
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MODELLING AND SIMULATION OF TRANSIENT COAL COMBUSTION
PROCESSES IN FIXED AND MOVING GRATES
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Abstract—A time dependent mathematical model and a computer program have been
developed to simulate coal bustion on moving and fixed grates. The physical models for both,
the combustion of a single coal particie and the combustion of continuos bed of coal, have
allowed a better approach to reality. The partial differential equations of the model are solved
using implicit collocation and relaxation techniques, with finite differences for time advance.
The program MTCC can predict several important parameters that describe the coal combustion
processes in fixed and moving grates, such as composition, heat of reaction and temperature
profiles for gaseous and solid phases, in the bed and the particle’s interior. In addition, the
program can simulate non-isothermal particles with the exposed core and non-reactive core
models. The basic structure of the model includes a system of six differential equations which
represent the mass and energy balances for all phases at any point along the bed.

Keywords: Char, grate firing, heat transfer, mathematical model.

INTRODUCTION

Most of the commonly used models for coal combustion are stationary, isothermal in each particle,">” and they
also emphasize more on the reaction kinetics than on the heat transfer mechanism itself. The works published
so far do not cover many important aspects and phenomena of the process like the thermal effects on the
interphase between the unreacted coal core and the ash layer in the particies, and this fact justifies our work.
This model considers simultaneously the devolatilization, drying and combustion rates in the bed,** as well as
the gas production due to chemical reactions in the gaseous phase. The whole set of balances of the model can
be used to assess an optimal grate velocity in the combustion equipment in order to achieve considerable energy
savings. Another important fact to consider is the particle size distribution and how it evolves with time, since
the heat conduction through the bed depends strongly on the particle’s diameter at each point.

MATHEMATICAL MODEL FOR COAL COMBUSTION ON GRATE

A system of several chemical reactions for a wide set of carbonaceous material-gas reactions was taken into
account in the solid phase as in gases. The mathematical model was built for both, a single particle and also for
a continuos system formed by the solid and gas passing through the column.

Basic equations

The mass and energy balance equations consider the moisture, volatil material, oxygen and heat exchange
inside a single coal and also, between the bed and the gases passing through it. It also expresses that the heat
released during the reaction is dissipated by convection to the gas and by conduction to the particles around.
The mass balance equations for the solid and gases are

a4
dm, = R,k de W
A g M g A @

dE ./ df . dE
respectively. Concerning the energy balance, the equations are,
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Additionally, along the bed the conservation equations for every particle must be solved. The energy
equation for r < ry is stated as:

L,i(r’ ae,] LT AR, pC.2, ©
Ta\" a7 (r, -1, A9

But for the case ry <r <r, we must not consider the generation term. Finally, the mass equation within the

particles is written as,

R
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Boundary conditions

The gas temperature at the reactor’s entrance does not vary with time and the coal temperature at the same
point will be constant as well, when the coal feeding is continuous. Coal temperature at the reactor entrance
will depend on time when it is a batch process. On the other hand coal temperature on the top of the bed is
subjected to radiation conditions and the length of the coal bed depends upon the coal consumption rate. The
boundary conditions for chemical species are known at the entrance of the reactor for air and they are also
initial conditions for Carbon.

The computer program MTCC was developed for modeling both, reactive and non-reactive core particles.
For the non-reactive model we have to apply a continuity condition between the core and the ash layer, however
this is y for the exposed-core model. In addition, for both models we need to apply symmetry at the
center and a Dirichlet condition on the surface to assess convection effects. Most physical properties were
calculated using the Chilton-Colburn analogy,’ while some expressions as the diffusion coefficient and specific
area can be found in references 3,6,7,8.

Reaction kinetics

The model includes the set of chemical reactions from the references 8 and 9. Models for gas-solid reactions:
These models deal with drying and devolatilization and in this work we modified and used them in transient
stages of combustion including in the analysis the growth rate of the ash layers.

Drying and devolatilization processes: The non-reactive core model is analysed. For the devolatilization case
it was necessary to perform a mass balance with the different gases being generated in this stage and the
remaining mass in the coal bed.

Mass and heat transfer: There are many useful analogies that considers the effects of solid-fluid heat and
mass transfer coeffients in the process, as presented by Bird, Stewart, Lightfoot, and others.'®'"'? In the
simulation program alt these coefficients depend on the temperature, composition and flows along the solid
bed, and therefore they are constantly changing with position and time.

DESCRIPTION OF THE SIMULATION PROGRAM

The basic necessary input data for the program are: Complete physical and chemical characterization of the
fed coal, composition and temperature of the primary air at the entrance, basic geometry and dimensions, i.e.
reactor diameter, bed length, flow parameters as bed porosity, pressure head and other physical properties.

The numerical method was a combination of collocation'® and relaxation. In the collocation method, each
variable is written as linear combination of a set of non-linear interpolating functions, which depend on the
spatial coordinates. For example, in the present work the equations have the general form,

T _427, 39 ¢ 1)
a &’ &
where A4, B, and C are functions of temperature , composition and time and with the variable f assumed to be,

181




~
= Za,l’;} ®)

inf

where f; states for the variable f at node j, and N is the number of collocation points. The method has the
advantages that the collocation points can be generated anywhere in the integration domain and a symmetric
and well posed coefficient matrix is generated and easily inverted. The collocation method uses radial local
functions between the collocation point and the other point in the domain.

Equation (8) is substituted into differential equation (7), and in this manner a set of N equations with N
unknowns is obtained, where N is the number of nodes and the unknowns are the coefficients of the linear
combination (8). On the other hand, the time term is discretized in finite differences using upwinding schemes.

The initial step is to transform the differential equations into a equivalent set of differential equations of first
order by an adequate change of variable'“'*. Thus the aspect of the final equations to be solved is,

={a)¥ = G(Y) ©)

where {a} is the coeflicient matrix and ¥, is the vector of temperatures and heat fluxes at node i. Next, the first
order derivatives are discretized in finite differences, and the resulting truncation error expands in Taylor
series,

(F+an)=E (s 3P, +3 a0
E, (Y +AV)=E,(F)+) ——2-4Y,, , + AY,

' ' =) ayl,l—l o ;5}'“

E, is the truncation error at the same node. By means of an iterative algorithm, the error is minimised based not
only on the values of the position along the bed but also on the values of temperatures T, and T, and

concentrations at each node.

RESULTS

In transient state, temperature rises due to energy transfer within the solid and gases plus the thermal
energy generation by chemical reactions as shown in figures 1,2 and 3.
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Figure 1. Temperature of the solid as function of time and position. Time step =200 s

On the other hand, the composition of the gaseous mixture changes strongly with time. The oxygen O,
decreases for the oxidation of Carbon to produce CO; and then it increases again because the air flow is
constant while the Coal is consumed (figures 4,5).

In figure 6 the amount of water in bustion gases is depicted. Water and Oxygen play an important role
influencing how much CO (figure 7) is obtained during combustion, however as a general rule the evolution of
CO and CO, are alike.

Finally, during the entire process growing amounts of NO, and SO, coming form the Coal were observed
(Figures 8-9).
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CONCLUSIONS

The computational model will allow us to predict the combustion stages and eventuaily the production of
unburned material due to oxygen deficiency. The cases analysed here correspond to enough oxygen such that
there is not unburned material
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NOMENCLATURE

[02]; = Oxygen concentration in gas stream

AHp = Carbon combustion enthalpy
[02} = Oxygen concentration
[Oz]. = Oxygen concentration inside coal
a = Coal bed specific area
Ap=Particle area
Cpy = Gas specific heat
Doz = Oxygen diffusion coefficient
f= Remaining coal fraction in the bed
Fg= Gas flow
Gy= Air flow mass
h = Convective heat transfer coefficient
Kor= Coal thermal conductivity
Km = Mass transfer coefficient
Kr = Reaction rate
M.= Mass per unit volume of the coal particle
Mg = Carban molecular weight
M, = Initial mass per unit volume of the coal
particle
Moz = Oxygen molecular weight.
Np=Number of particles per unit volume
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r = Radius of the non reactive particle nuclcus 4

Rg = Gas-gas reaction rate
Reg= Solid-gas reaction rate

T. = Solid temperature
Teo= Initial solid temperature

Ty = Gas temperature
Tye= Gas temperature at the entrance

V= Gas volume

Z = Axial bed distance

Z,= Initial bed height

Greek letters
p 5 = Gas density
€ p= Coal porosity
a = Thermal diffusivity
& = Dimensionless axial coordinate
p = Dimensionless radius
6c= Dimensionless coal temperature
Acz= Ash thermal conductivity
94= Dimensionless gas temperature



PYROLYSIS KINETICS OF THE WASTE-TIRE CONSTITUENTS: EXTENDER
OIL, NATURAL RUBBER, AND STYRENE-BUTADIENE RUBBER
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ABSTRACT

In order to design tire pyrolysis and combustion processes, it is helpful to know the kinetics of
thermal decomposition of tires. In this study, pyrolysis kinetics of tire constituents are reported.
A thermogravimetric analyzer, coupled with a Fourier-Transform Infrared spectrometer for gas-
product analysis, was used in a series of non-isothermal pyrolysis experiments. The heating rates
were | K/min, 3 K/min, 30 K/min, and 100 K/min. The results are discussed in terms of single
and distributed activation energy kinetics, and a comparison with the available literature data is
made.

INTRODUCTION

It has been demonstrated by several studies that, to some degree, the decomposition of the organic
part of tires can be related to the decomposition of its separate components, i.e., extender oil,
natural rubber (NR), butadiene rubber (BR), and styrene-butadiene rubber (SBR) [1-3]). There
exists, however, appreciable uncertainty about the value of the activation energy (E) corresponding
to each decomposition process; a wide variation in the observed values of activation energies has
been reported by several investigators [2-5]. Whether the differences between the results of
various studies arise from differences in tire material components, experimental set-ups used, or
methods of activation-energy determination is unclear, and we shall try to shed some light on this
issue in this study.

In general, previous investigators used single activation energies which, in some cases, were
found to vary with the heating rate [3,4].

KINETIC ANALYSIS

In what follows, it is implicitly assumed that the reaction rates to be determined follow first-order
kinetics, which is a reasonable starting assumption for the polymers used in tires. While
isothermal techniques are useful to determine kinetic parameters, their implementation is time-
consuming. Non-isothermal techniques provide faster means to obtaining this kinetic information.
The most common non-isothermal technique is the so-called Friedman method [6], in which the
logarithm of the rate constant, &, is plotted at each point as a function of the inverse temperature.
The rate constant, &, is calculated from the equation: dw/dr = k (w/ - w), where w is the sample
weight at time £, and w;is the final sample weight. Since k is equal'to A exp(E/RT), (A is the pre-
exponential factor, E is the activation energy, T is temperature in degrees Kelvin), the parameters 4
and E can be determined from the linear region(s) of the plot of In(k) versus I/T. A drawback of
this method is the fact that it introduces a bias in the values of A and E when the reaction has a
distribution of activation energies [7]. In such a case, the Friedman method is unable to
differentiate between the effect of the distribution and the effect of the magnitude of the mean
activation energy, and gives an erroneous value for the mean value of E. This value is usually
lower than the “true” value [7].

Another non-isothermal method of determining the kinetic parameters involves the measurement of
the temperature at which the rate of volatile evolution is maximum, T, [5,8]. This technique was
used in this study. The method has been shown to be applicable to the determination of £ and an
approximate value of A for wide distributions of activation energies [7]. In a typical sequence of
experiments, thermal-decomposition rates are measured at different heating rates. The relationship
between the heating rate, M, and the value of 7,_,, is given by the following equation

In(M/T°,,,,) = In(AR/E) — E/(RT,,,),

from which the kinetic parameters A and E can determined [8]. While the value of E is accurately
determined even for wide distributions, the value of A usually requires a slight adjustment

(typically within a factor of two) [7]). The width of the distribution, o, can then be determined
from the width of the peak representing the rate of weight loss. In the T method, some
difficulties can be encountered when peaks are not well resolved; in such cases, substantial shifts
in T, can occur. However, the same problem arises when using the Friedman method, unless
deconvolution of the peaks is attempted [4]. Another limitation is associated with the presence of
small, multiple maxima superimposed on a broader peak, i.e., when the assumption of the first-
order kinetics is not fully supported. In this case, again, the applicability of both the 7, and
Friedman methods is limited. The exact value of T, may also be difficult to determine for large,
broad peaks.

In the present study, the T, , method was employed, and an attempt was made to reduce the
limitations of the 7,,,, method by using: 1) a large number of heating rates; 2) very low heating
rates for the improved peak resolution; and 3) in the case of noisy data, the measurement of 7.
was made at the mid-point of the peak width in order to minimize the effect of noiseon T,
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MATERIALS AND EXPERIMENTAL

Samples of extender oil, natural rubber, polybutadiene rubber and poly-styrene-butadiene rubber
were obtained from Pirelli-Armstrong, New Haven, Connecticut, and a sample of scrap-tire
material was provided by Oxford Tire, Plainfield, Connecticut.

The weight loss and volatile-species evolution were monitored throughout the thermal
decomposition of the sample using the TG-FTIR apparatus and technique described previously (a
thermogravimetric analyzer coupled with a Fourier-transform infrared spectrometer for volatile-
species analysis; see references [9,10]). Sample sizes used varied between 10 and 20 mg. The

tire particles were sieved to 20 x 40 mesh. The following heating rates were used in the TG-FTIR
experiments: 1, 3, 10, 30, 100 and 200 *C/min. In other thermogravimetric studies of tire
pyrolysis, the heating rates were varied only by a factor of 6~50, with the data often reported for
just one tire component. Thus, with regard to the range of the heating-rate variation and the
number of tire components studied, our work seems to be most comprehensive to date.

RESULTS AND DISCUSSION

In general, TG-FTIR experiments showed that at least 90% of the weight loss was attributable to
tar, the remaining 10% being H,0, CO, CH, and CO,. It was found that the gases evolved
approximately in the same temperature range as the tar did, which is in agreement with our
previous work [5]. In view of this result, it was decided that a comprehensive analysis of the gas-
species evolution was unnecessary, and the value of T, was determined from the weight-loss
data. The rate of weight loss as a function of temperature is shown in Figure 1 for oil, NR, BR,
and SBR heated in helium at 30 °C/min.

The T, method was applied to the TG data for extender oil, NR, BR and SBR, as shown in
Figure 2, where In(M/T,,’) is plotted as a function of I/T, .. Wherever possible, the available
literature data have been expressed in terms of In(M/T,?) and I/T,,,, and they are included in the
plot. It can be seen that the 7, method applies reasonably well to the experimental data, and fairly
linear trends are obtained. It can be concluded that the activation energy, as determined using the
T, .. method, appears to be constant over the range of heating rates used. This result is in contrast
with the study by Williams and Besler [3], in which the variation in the activation energy with the
heating rate was reported when the Friedman method was employed.

It should be noted that only limited accuracy in the values of T, reported in the literature is
expected as 7, was not meant to provide kinetic information there, but was merely used as an
approximate index of reactivity. In most studies, the Friedman method was utilized to determine
the pyrolysis kinetics. The slight differences observed in Figure 2 between the data of this study
and the literature data may be caused by several factors, including the use of somewhat different
materials, differences in the temperature measurement, and differences in the way T, was
determined. A summary of the kinetic data obtained in this study is shown in Table {.

Interpretation of the data for the extender oil presents an inherent difficuity associated with the
accurate determination of T, because the decomposition covers a wide range of temperatures.

However, even with a significant uncertainty for 7, of + 7K, i.e,, I/T, ~%0.015x 107 K",
the kinetics of this process can be estimated (see Figure 2a and Table 1). It seems particularly
appropriate to use the 7, method to determine the pyrolysis kinetics for this material as a
distribution of activation energies is likely to occur in the case of oil components having different
molecular weights. If applied, the Friedman method would grossly underestimate the value of E,
and the determined kinetics would apply only to a narrow range of heating rates. In fact, the
literature values of the activation energy have been reported much lower than the value determined

in this study (e.g., E/R = 5.9 X 10" K reported by Yang et al. {2] versus E/R = 10 x 10* K found

in this study). Using the activation energy determined by the 7,,, method, the value of o (the
~ width of the distribution) was found by fitting the Gaussian-distribution model to the experimental
data. The width of the Gaussian distribution function is reported in Table 1.

In Figure 3, the predicted and experimental oil-decomposition patterns are shown for two different
heating rates. Predictions were made using both single- and distributed-activation-energy models.

In the single-activation-energy model, a value of E/R = 5.9 x 10° K was used, as reported in

reference [2]. The pre-exponential factor was adjusted to provide the best fit for the low-heating-

rate data (Figure 3a). It can be observed that the distributed-activation-energy kinetics fit the data at

ggth heating rates, whereas the single-activation-energy model fails at the high heating rate (Figure
)

The activation energy found for natural-rubber decomposition (Table 1) appears consistent with
literature data [2,3, t1-14]. Also, 7, values from the literature data are relatively similar (Figure
2b). From the shape of the decomposition peak (in particular the width of the peak) as a function
of temperature, it was found that a single activation energy would fit the data fairly well.

The uncertainty in T, for the NR has been estimated tobe £ 3 K, i.e., T, ~+0007 10° K.
In Figure 4, thermal-decomposition data are shown for two heating rates, as well as model
predictions made using the kinetics derived from the T analysis. Good agreement between the
data and model predictions can be seen. Data in Figure 4 also imply a change in the reaction
mechanism that occurs between the low heating rate and the high heating rate. At the low heating
rate (Figure 4a), a shoulder is observed at high temperatures, which is not present in the high-
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heating-rate data (Figure 4b). This most likely represents the presence of a residue which forms
only at the low heating rate, and which is more stable than the original rubber material. The
residue readily decomposes at higher temperatures.

Previous studies showed that the decomposition of BR occurs in a two-step process: (1)
depolymerization; followed by (2) the decomposition of the residue [15]. This behavior can also
be observed in this study, since two weight-loss peaks were observed, as shown in Figure 5. Tt
can also be seen in Figure 5 that the decomposition behavior changes with the heating rate: at the
low heating rate, the low-temperature peak (related to depolymerization) is insignificant compared
to the high-temperature peak (the residue-decomposition peak). At high heating rates, however,
the low-temperature peak (depolymerization) becomes larger, and can account for as much as 50%
of the weight loss. This change of mechanism occurs over a relatively narrow range of heating
rates (1 to 100 °C/min), and illustrates the difficulty in the kinetic analysis applied within a range of
process conditions. In previous studies [15, 16], the activation energy for the depolymerization
process was reported, while this work provides values for the process of residue decomposition.
The T, data for the butadiene rubber (the residue-decomposition peak) appear in Figure 2c, and
they show a fair agreement with the studies carried out under similar conditions. In particular, the
three high-temperature points from the work by Williams ef al. [3] lead to an activation energy
similar to the one found in the present study. The difference observed with the low-temperature
point may result from the fact that, in the present study, the 7T, was measured at the mid-point of
the peak width, slightly below the peak maximum, while it is not known how it was measured by
Williams ef al. This detail is particularly important because the BR peak is not completely
“smooth,” and exhibits some shoulders that were neglected here in order to provide more reliable
kinetics. In addition, differences between various types of BR may account for the observed
discrepancy.

As seen in Figure [, the SBR decomposition occurs over a wide temperature range, with
“shoulders”, and is probably not accurately represented by a single activation energy. It is then
expected that the T, method (as well as any method based on the assumption of a single activation
energy reaction) provides only approximate values for the kinetic parameters. As seen in Figure
2d, two values of T__are reported, the main one referring to the center of the main peak, and the
other to the shoulder observed in the weight-loss derivative curve, prior to the main peak. It can be
seen in Figure 2d that the literature data fall along either one of the two curves. This result
suggests that different types of SBR may have been used, which decompose differently
depending, for example, on the methods used in rubber synthesis or on the co-polymer
composition. The data from Figure 2d were used to determine activation energies that are shown
in Table 1. Similar values of E/R were obtained by applying the T, approach to our data and to

the data of other investigators (E/R = 3540 x 10® K). These values are found to be high
compared to the literature values determined using the Friedman method with the assumption of a

single activation energy (E/R = 17-25 x 10* K). Clearly, the assumption.of a single activation
energy is in this case inadequate. The thermal decomposition of SBR appears to involve a number
of chemical reactions, i.e., a model with distributed activation energies is more appropriate. The
T, method may then be more accurate since it does not make any assumption about the width of

the distribution. However, the large uncertainty in the value of 7,,, (+ 7K, ie., I/T ~1 0.015 x
107 K™'), which is due to the wide and complex decomposition peak, leads to a large uncertainty in
the activation energy.

CONCLUSIONS

The activation energy for the decomposition of oils, NR and BR was found to be independent of
the heating rate. This result is in contrast to the results of some studies which found a variation of
the activation energy with the heating rate. It is believed that this discrepancy is a result of the
different kinetic analyses performed (the 7, method versus the Friedman method). It appears that
a widening of the peak may occur at high heating rates, which would result in a lower activation
energy determined by the Friedman method, whereas the value obtained from the 7, method
would be unaffected.

A distributed activation energy was found to be more appropriate for the description of oil
decomposition as compared with a single-activation-energy model.

A single-activation-energy model adequately describes the decomposition of NR and the BR
residue. However, SBR decomposition cannot be easily represented by a single-activation-energy
process. The SBR decomposition peak seems to consist of three components, and further work on
the kinetic analysis of this peak is needed.

Changes in thermal-decomposition mechanisms have been identified for BR and NR pyrolysis.
Caution is advised in extrapolating the kinetics to the heating rates appreciably different from the
ones used in kinetic experiments.

The kinetics of waste-tire pyrolysis and its relationship with the kinetics of individual tire
components will be a subject of a separate paper.
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Table 1 The kinetic parameters for the thermal decomposition of tire components: extender oil,
natural rubber (NR), butadiene rubber (BR) and styrene-butadiene rubber (SBR). E is the

activation energy, R is gas constant, A is the pre-exponential factor and & is the width of the

Gaussian distribution function.

Material/Peak | E/R x 107 (K) A | oRx 107 (K)

extender oil 10 5.2x10° 0.5

NR 25.6 8.2 x 10" 0

BR: Ist peak 23 =576

2nd peak 314.4 1.15 x 10'® 0
SBR: main peak 35.1
shoulder 40.1
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Figure 1 Rate of weight loss from the TGA experiment for extender oil, natural rubber,
butadiene rubber and styrene-butadiene rubber.
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Figure 2 Determination of kinetics using the T__, method for a) extender oil, b) natural rubber,
c) butadiene rubber, and d) styrene-butadiene rubber. The figure includes data from this study as
well as literature data [2,3].
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Figure 3 The comparison of data and model predictions for the decomposition of oils at a)
3 °C/min; and b) 100 “C/min. The solid lines represent predictions made by using a distribution
of activation energies. The value of the mean activation energy was taken from Table 1, and the
width of the distribution was fitted to match the data. The dotted lines represent predictions made
by using a.single activation energy and the pre-exponential factor that was adjusted to fit the
3 °C/min data.
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Figure 4 The comparison of data and model predictions for the decomposition of natural rubber
at ) 3 "C/min; and b) 100 °C/min. The solid lines represent predictions using a single activation
energy, the value of which was taken from Table 1.
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Figure 5§ The comparison of data and model predictions for the decomposition of butadiene
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predictions made by using a single activation energy, the value of which was taken from Table 1.
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A STUDY ON THE INFLUENCE OF FUEL PROPERTIES ON NO,
EMISSION BEHAVIOR
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INTRODUCTION N

Coal combustion in the recent past has been a challenge not from the burning point of view
but from meeting emission standards point of view. Coal cleaning is used as a method to
reduce sulfur and to some extent even hazardous air pollutants such as heavy metals.
Mineral matter in coals can also be reduced by coal cleaning. Sulfur dioxide emissions
have been correlated with the sulfur content of the coals. It is also known that there are no
practical methods to reduce nitrogen by cleaning. Coals with very similar nitrogen content
can vary widely in the NO, emissions. A lot of attention was paid in understanding the
effect of design and operating conditions of the combustor on the NO, emissions.
However, there seems to be a lack of clear understanding on the influence of fuel properties
on the NO, emission behavior. Although fuel switching is a solution to reduce SO,
emissions, it is not a viable option for NO, emissions. Cleaning changes the composition
of coals (usually reduces the mineral matter, increases the heating value and alters the
volatile matter). Volatile matter content has shown to influence the NO, emissions. Higher
volatile matter is reported to lower the NO, emissions.

OBJECTIVE

The objective of this paper is to examine the influence of volatile matter and coal cleaning
on the NO, emission behavior. Tests were conducted to evaluate the NO, emission
characteristics of blends of an Indonesian coal (low ash, low sulfur, high moisture
content), a Powder River Basin (PRB) coal and a Colorado (CO) subbituminous coal with
a non-compliance coal from Pennsylvania in various proportions in a 1000 lb/h (steam)
Research Boiler. The effect of coal cleaning was examined in a 0.5 MMBtwh Down- Fired
Combustor (DFC). Coal from the Upper Freeport seam was cleaned by CQ Inc., PA for
evaluation of the effect of coal cleaning on hazardous air pollutants emissions.

EXPERIMENTAL
Sample Preparation for the Research Boiler Tests

Two tons of each coal were received in 55 gallon drums for the study. The as received
samples (2 x 0") were mixed gravimetrically in the required proportion for each test. The
mixtures were crushed and ground to approximately 70% passing though a 200 mesh
screen, with no more than 0.5% retained on a 50 mesh screen. The particle size
distributions of the pulverized coals was determined using a Malvern Particle Size Analyzer
(Series 2600). The compositional analysis of the as-fired coal was determined using Leco
proximate and ultimate analyzers. Calorific values of the fuels were determined using a
Parr Adiabatic Calorimeter.

Description of the Equipment Used

The combustion tests were conducted in a 1,000 Ib steam /h water tube research boiler with
amaximum thermal input of 2 million Bawh. The boiler is a standard Cleaver Brooks "A-
frame", water-tube boiler. A schematic diagram of the boiler and auxiliaries is given in
Figure 1. The boiler operates at a maximum steam pressure of 200 psig. The combustion
chamber is 3 ft wide, 3 ft high and 7’ ft long.

To promote evaporation and ignition of difficult-to-burn fuels, a ceramic quarl extends the
length of the combustion chamber by two feet. The quarl and the boiler are preheated by
buming natural gas prior to introducing of the test fuel. The preheated quarl acts as a source
of radiant heat to help support the flame. Pulverized coal was fed from a two foot diameter
hopper to an eductor via a 1.5-inch diameter screw feeder. The pulverized coal was
entrained into an annular section and then through a swirler. The feed rate of pulverized
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coal was monitored by load cells. The products of combustion (O3, CO3, CO, NOy and
S0O2) are monitored at the economizer outlet with a series of on-line gas analyzers. The
baghouse, used for particulate collection, contains sixteen 5 inches diameter by 8 ft long
high-temperature fiber glass bags with out-to-in flow and pulse- jet cleaning. Details on the

boiler are found elsewhere (Pisupati et al., 1996).
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Figure 1. Schematic Diagram of the 1,000 Ib/h Research Boiler

The Down Fired Combustor (DFC) has a 20 inch internal diameter, and is 10 feet high. A
multifuel burner, capable of firing coal oil and natural gas, was installed at the top of the
combustor. Coal was conveyed to the buner pneumatically. All combustion air streams
(primary, secondary, and tertiary) were introduced at the same height in the burner. A
firing rate of approximately 350,000 BTU/h was used in this study. Details on the
combustor are provided elsewhere (Pisupati et al., 1997a)

RESULTS AND DISCUSSION
Table | provides the compositional analysis of the coals used in the study.

Table 1. Compositional analyses (Wt.%, dry basis)

Coal Sample
100% PA 100% 100 % 100% PRB
Indonesian| Colorado
Volatile Matter 20.47 46.20 38.11 45.22
Fixed Carbon 67.19 52.14 51.48 48.41
Ash 12.34 1.66 10.41 6.37
Moisture (as-fired) 1.69 21.44 6.81 25.86
Higher Heating 13,680 10,098 11,668 9,072
Value (BTU/Ib as
fired)
Carbon 74.90 72.95 70.9 71.22
Hydrogen 4.45 5.18 5.09 5.37
Sulfur 0.81 0.12 0.46 0.46
Nitrogen 1.25 1.06 1.71 0.94
Oxygen 6.25 19.03 11.43 15.64
Ash 12.34 1.66 10.41 6.37

The ASTM volatile matter content of the coals tested in the Research Boiler ranged from 20
to 46 wt.% on a dry basis. Table 2 shows the operating conditions for the tests. The
combustion efficiency reported in the Table was calculated using Ash Tracer Technique.
NO, emissions in 1b/MMBtu were calculated per the 40 CFR, Part 75.
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Table 2. Summary of the test conditions and flue -gas emissions

Parameter Test 1 |[Test |Test |[Test |Test |Test |Test |Test |Test |Test
2 3 4 5 6 7 8 9 10

Firing Rate 1.71 1.6 1.6 15 1.57 1.63 1.61 1.6 1.6 1.6

(MMBtu/h)

Combustion Air 794 699 716 681 655 773 863 757 667 665

Flow_ (Ib/h)

Tertiary Air 420 278 320 301 420 411 420 420 420 419

Flow (Ib/h)

Coal Transport 108 118 144 118 108 108 113 111 108 120

Air_Flow_(Ib/h)

Flue Gas 598| 5.25| 6.29| 554 673} 6.55| 672 6.07] 6.12| 5.83

Composition

(0y)

CO_(ppmv) 111 93 85 53 103 90 70 111 92 42

CO, (%) 12.67| 13.27 12.7] 13.67 12.4 12.6] 12.6] 13.09] 13.06} 13.17

SO, (ppmv) 400 290 227 45 344 348 249 364 329 45

NO, (ppmv) 612 616 635 551 556 604 662 554 506 394

S0, @ 3% O, 480 331 277 53 434 433 314 439 398 295

{(ppmyv)

NO, @ 3% O, 734 705 777 642 702 753 835 668 612 467
mv)

NO, emissions 0.96 1.03 123 1.08] 098 1.07] 122] 097| 096]| 0.87

(Ib/MMBtu)

Combustion

Efficiency (%)

* Test1-100% Indonesian coal; Test #2-80% PA coal/20% Indonesian coal; Test #3-50% PA coal/50%
Indonesian coal; Test #4-100% Pennsylvania Coal; Test #5-80% PA co0al/20% Colorado coal; Test #6-
50% PA coal/50% Colorado coal; Test #7-100% Colorado coal; Test #8- 80% PA co0al/20% PRB coal; Test
#9-50% PA coal/50% PRB coal; Test #10-100% Powder River Basin coal

It can be seen from Table 2 that most the tests were conducted with similar air staging. It
has been reported that for conventional unstaged combustion, an increase of NO, emission
with an increase of the amount of volatile matter, whereas, for low- NO, configuration,
NO, decreased with increase in volatile matter. Several other researchers also established
the importance of parameters like volatile content and Fuel Ratio (Fixed Carbon to Volatile
matter Ratio) (Carpenter, 1995; Monroe et al., 1997; Rozendaaal et al., 1997). In addition
to the NO, emissions, carbon bumout was also correlated with volatile matter and Fuel
Ratio. Figure 2 shows the influence of volatile matter on the NO, emissions (Ib/MMBtu) of
the parent coals. In another current study being conducted in The Combustion Laboratory,
it was observed that for a suite of five bituminous coals (with unstaged and staged air) the
NO, emissions decreased with increase in volatile matter (Pisupati, 1997b).

It can be seen from the Figure that the ASTM volatile matter content is not a good indicator

1.3 of NO, emissions for this suite of
coals. The NO, emissions for the
Colarado coal and Indonesian coals
1.24 are higher than the Pennsylvania coal
inspite of the higher volatile matter
content. However, for the PRB coal
1.14 the NO, emissions were lower than
the Pennsylvania coal. Figure 3
shows the NO, emissions of parent
14 coals and blends with PA coal.

It can be observed from Figure 4 that
0.9 the NO, emissions in general tend to
=] increase with the nitrogen content in
the fuel. Nitrogen content of the fuels
0.8 T T T T T appears to be an important property
S & 2 v g @ for predicting NO, emissions. To
study the distribution of nitrogen
between the volatiles and char

NOx Emissions (Ib/MMBtu)
o

50

Volatile Matter (Wt. %)

Figure 2, NOx Emissions as a function of
volatile matter of the parent coals
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phases, chars were generated from the parent coals at 950 ©
nitrogen content and heating value. Table 3 provides the analysis of the chars of the four
coals. From the data, the fraction of nitrogen in the volatiles and the calorific value of the

volatiles was computed.

C and were analyzed for the
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Figure 3. NOx emissions of the parent coals and

blends a) Indonesian and PA

coals; b) Colorado and PA coals; ¢) PRB and PA coals
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Figure 4. NO, emissions as a function of fuel
nitrogen content

results in higher NO, emissions. Data in Table 2 show that

Figures 5 shows the nitrogen
content and the calorific value
of the volatiles as a function of
the volatile matter. It can seen
from the plot that higher the
amount of volatiles released,
higher is the amount of
nitrogen associated with the
volatiles and lower is the
calorific value of the volatiles.
Lower calorific value of the
volatiles is due to the higher
oxygen and moisture content of
the coals. This also implies
that the volatile arz leaner in
combustible hydrocarbons
capable of reducing the
nitrogen oxides to nitrogen.
The volume of the inert species
increases the velocity and
thereby the residence time in
the ceramic quarl used in the
study. The higher nitrogen
content of the volatiles
(especially lower rank higher
moisture fuels) therefore,

as the percent Indonesian or

Colorado or PRB coal is increased there is an increase in the combustion efficiency of the
blend. The results also showed, as expected, that the average SO; emissions are also
Iower for the blends with increasing percent Indonesian or Colorado, or PRB coals.

Table 3. Properties of the chars produced

from the parent coals

Parameter PA Coal Indonesian Colorado PRB coal
Coal Coal
Nitrogen (Wt.%) 1.30 1.34 1.61 1.37
Higher healing value 11,463 13,482 11,467 12,055
of the char (Btu/lb)
Calculated HHV of the 12,803 8,630 10,521 7,761
Volatiles (Btu/lb)
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Effect of Coal Cleaning

A Pennsylvania coal with high ash content was cleaned by CQ Inc., to study the influence
of cleaning on HAPs emissions. The
ash content was reduced from 26.00 to

P 13,000 £ 7.69% and sulfur from 1.87 to 1.47%
E E on a dry basis. The cleaning process
K 12,000 7 resulted in higher nitrogen content in the
2 = clean coal from (1.38% as opposed to
% 11000 2 |.10% in the raw coal). Volatile matter
S o000 & contents of the raw and clean coals were
et ™ = 2647 and 32.41%, respectively. Coals
E | 5000 o Deing of the same rank, the cffects of
H ’ 3 nitrogen increase and volatile matter
g | s.000 . increase resulted in a marginal decrease
3 £ inNO, emissions from 1.00 i/MMBtu
Y Y0 7,000 3 100.9 Ib/MMBtu.
TR 3 2 2 oE oz °
SUMMARY
Volatiles (wt. %) .
NO, emission behavior of a bituminous
Figure 5. Nitrogen content and the gmd [h_ree lower rapk coals, and blends
calorific value of the volatiles 1N various proportions was
of the parent coals characterized. The results showed that

the NO, emissions vary significantly
with volatile matter. Volatile phase nitrogen increased with the volatile matter. The
calorific value of the volatiles was observed to decrease for coals with higher volatile matter
(particularly high moisture, low rank coals). The study revealed that the quality of volatile
matter is important than the quantity of volatile matter in predicting the influence of volatile
matter on NO, emissions particularly low rank coals. The results indicated that the average
SO, emissions are lower for the blends with increasing percent low sulfur coals. The effect
of coal cleaning on NO, emissions was not significant because of the two opposing effects
of higher fuel nitrogen and volatile matter contents in the clean coals.
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ABSTRACT

In the European countries, and especially in Germany, the co-combustion of biomass and waste
materials together with coal in the power plants is expected to find wide application in the near
future. At the IVD several kinds of supplemental fuels are tested to find out their combustion
behaviour in different firing systems together with the regular fuels hard coal and lignite coal. The
investigations were done in bench scale facilities for basic research but also up to pilot scale
combustion rigs. In order to get information about destruction and formation of hazardous matter
multiple variations of the combustion parameters were applied under conditions like those in
industrial furnaces. In this paper characteristics of the fuels are compared according to immediate
analysis, elementary analysis and analysis of the ash components. Combustion experiments
were carried out with various portions of thermally dried municipal sewage sludge. The by-
products of the combustion process were collected and balanced.

INTRODUCTION

The conversion of energy from fossil fuels into heat and electricity involves unavoidably the
emission of CO, which is known as a greenhouse gas. The intention to reduce the amount
emitted to the atmosphere leads first of all to the reduction of energy consumption. The next
objective is to increase the efficiency of the energy conversion process which is successfully
done by power plant development for a long time and up to a high standard in todays
combustion systems. We can use now this high efficient facilities and substitute part of the coal
input by CO,-neutral biomass like straw and wood.

Also with co-fireing waste material similar effects can be obtained. Waste incinerator plants have
to be prepared for various hazardous matter coming along with the inhomogeneous mixed waste
material. The expenses to cover all possible compositions of waste in the combustion system
and especially in the flue gas cleaning system lower the efficiency far below the standard of the
power plants, For special kinds of waste which occur separately and show constant and
homogeneous properties the co-combustion with coal equivalent to biomass can achieve higher
yield of energy compared to the usual waste incineration systems. To ensure a disposal without
higher risks for environment the composition of this waste materials has to be carefully checked
regarding the contents of hazardous matter. Another reason to treat waste material in existing
combustion facilities for power generation is the cost saving aspect. Additional equipment to co-
fire the supplemental fuels can be limited to the storage, transport and dosing devices.

FUEL CHARACTERISTICS

At the IVD several research projects with a wide variety of experiments were carried out on this
topic in the last years. Having started the co-combustion with biomass like straw and fresh cut
wood the supplemental fuels changed to waste material like waste wood, municipal sewage
sludge and plastic granulate etc. The main fuels were in principal German hard coals and in
several places also German low rank coals (brown coal) have been used. Table 1 shows an
overview on the average fuel properties of supplemental fuels compared to those of the regular
fuels and the mixed waste. The results of immediate analysis and elementary analysis are
calculated to the base of dry substance in order to be comparable.

The typical municipal household waste delivered to the incineration plant has about 30 %
moisture. The dry substance consists of nearly 50 % volatiles which is almost the complete
amount of combustibles. Besides a small amount of fixed carbon the rest of the waste material is
mineral substance determined as ash. The fuel called RDF is an abbreviation for refuse derived
fuel and means a fraction of normal household waste where recyclable material is sorted out and
which is ground to a homogeneous particle size for better handling in different combustion
systems. The portion of ash decreased compared to the normal waste to a level of 14 % and
therefore the lower heating value (LHV) is nearly double. This difference is even enlarged by
lower moisture contents of about 15 % of the RDF.
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A material normally included in the municipal waste is plastic. Due to separate waste collection
or in industrial production processes this material sometimes occurs separately Known to have
big energy content combustion can be a reasonable possibility to dispose mixed or minor quality
fractions which are not worth to recycle into new products. The different kinds of plastic are
very similar regarding their combustion properties. The high density polyethylene is taken as a
sample to show them. Noticeable is that the complete dry substance consists of only volatile
matter. Ash is missing totally except some reinforced materials with fibreglass [1].

As a by-product of the coke oven process the tar oil of hard coals was tested in the IVD furnace
concerning its ability to reduce nitrogene oxides as a reduction fuel by fuel staging. Being a liquid
fuel it offered best possibilities to optimize the mixing conditions in the reaction zones. So it
showed very good results in minimization of hazardous matter with the primary measure, fuel
staging [1]. On the other hand combustion under high temperature is a suitable method to
dispose this carcinogenic organic substance.

Coming to the sewage sludge we see a supplemental fuel which is very similar in the fuel
characteristics to straw and wood regarding only the organic share. The analysis shows the
typical data of sludge from municipal waste water treatment. An obvious difference to straw and
wood is the high ash content also responsible for the reduced LHV. As a product of a cleaning
process the variation of single properties can be high and so the values shown in table are an
average from 15 different sludges. Even if extreme deviations are possible the standard deviation
is mostly in between * 10 %. In the waste water treatment the sewage sludge is separated with a
content of dry substance about 5 %. Mechanical dewatering by centrifuge or filter press are
increasing that up to range between 20 and 45 %, according to a reduction of volume and weight
of 80 to 90 %. For a longer storage and a better suitability to handle the sludge an additional
thermal drying up to 90 % of dry substance is carried out in more and more cases.

The analysis for straw and wood are on behalf of a data base with more than 100 different kinds
of biomass which can be roughly devided in this two groups. A closer description is given in a
publication of V.Siegle in this conference [2]. As well these materials are the origins of the regular
fossil fuels discussed as the main fuels in this context. During the coalification the biomass
turned first to peat than to lignite and brown coal before hard coal and anthracite are formed. Due
to this process the big content of volatile matter in biomass is transformed more and more into
fixed carbon and the water content, about 50 % in the brown coal, is reduced by high pressure
and tempcrature in the mines.

Figure 1 shows the energy content of the organic part of the fuels. At first sight an increasing
fixed carbon content (waf) corresponding to a decreasing share of volatile matter in the
combustibles as shown in figure 2 increases also the lower heating value. This is correct for the
group of biomass based fuels starting from straw going further to brown coal, hard coal,
anthracite and char. If the origin of the organic substance however is different from the biomass
deviations are noticeable. For the sewage sludge for example the higher content of volatile matter
compared to the biomass is coming along with a higher energy content. The plastic material is
totally different in its behaviour consisting 100 % of volatile matter it shows the maximum
heating value of more than 40 MJ/kg.

EXPERIMENTAL

The 1IVD operates a 500 kW pilot scale test facility for pulverized coal combustion. It is a
vertical furnace with an internal diameter of 0.7 m and an active length of 7 m. The chamber is
completely water cooled and the first 4m beginning with the position of the burner on top are
refractory lined. In the tests to be described in this paper especially the ash removal system is of
interest. According to the industrial plants there is a bottom ash hopper for coarse particles and
slag drops. The air preheater with the need of small flow rates to realize the heat transfer is the
next step where particles are separated from the flue gas. The range of particle size collected here
is starting from 10 pm up to } mm. Operation temperature therein is about 500°C on the side of
the flue gas. The first separation of fly ash is done in a cyclone collecting particles in the range
between 5 um and 100pm at the temperature about 350°C. The fly ash in here has similar
properties to that of electrostatic precipitators (ESP) in the power plant. Finally the flue gas
passes a bag filter with an adjustable temperature up to 200°C. The fine dust found in this
device is in several ways comparable to scrubber residues of large scale plants.

The purpose of the tests was to obtain knowledge about the changes in operation of the plant
and in quality of the solid combustion residues by adding thermally dried municipal sewage
sludge into the pulverized coal combustion system. Starting from the pure coal combustion
sewage sludge was added in increasing share of 5, 10, 15, 20, and 25 % of the thermal input. The
experiments were carried out for a duration of 10 to 20 hours at each adjustment and ash
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balances were performed every 4 hours. Due to the high ash content, which is nearly 5 times that
of the coal, and only one third of the energy content, every MW produced by sewage sludge
causes 15 times the ash of the coal combustion. Figure 3 shows the relation between the share
of fuel mass flow and ash mass flow in dependence on the share of thermal power produced by
the sewage sludge in the given combination of fuels.

RESULTS AND DISCUSSION

Figure 4 shows the 10 main elements in the ash of the coal in comparison with the contents of
them in the sewage sludge ash. To find an influence of the co-combustion it is reasonable to look
at those elements with a higher concentration and what is even more important with a difference
in concentration between the two fuels. As a first example the iron was chosen because it is
expected to show only small deviation from the theoretically calculated average concentrations in
the ash fractions. Even no enrichment of iron species in dependence on particle size or
separation temperature in the collecting devices are assumed. The results drawn in figure §
demonstrate this. The increasing line represents the theoretical average concentration of iron the
combustion residue should have and the scattered points are showing the measured
concentrations. The symbols distinguish between bottom ash, air preheater residue and fly ash
out of the cyclone and the bag filter. It is obvious that there is no significant enrichment or
volatilization of this element and the deviation characterizes the reliability of the measured data.
Two elements which are typically higher concentrated in the sewage sludge ash than in the coal
are the calcium and the phosphotus. In order to avoid a higher risk of slagging and fouling these
new components for the plant are of major interest. The calcium described in figure 6 follows as
well the line of theoretical average concentration. The triangles representing the bag filter
concentrations are clearly below the average and the bottom ash together with the air preheater
retains most of the calcium in the front part of the flue gas path. In theory the calcium is known
to [ower the ash melting point which can give an explanation for agglomeration of particles with
enriched Ca-contents in the hot part of the facility. A different behaviour is determined for
phosphorus which occurs only in sewage sludge. As we can see in figure 7 the measurement of
the filter samples clearly show an enrichment in the colder end of the flue gas way. Furthermore
the calculated average concentration is not achieved. A possible explanation for .the missing
phosphorus can be given by species which are volatilizing during the combustion and condensate
in any part of the pipe system. In cases like that the time to reach a steady condition regarding
input and output may be much longer than the 20 hours maximum of the tests. To confirm this
assumption concentrations of phosphorus will be measured in dependence on the duration of
one experimental adjustment.

The strongest effect of enrichment in the colder part of the flue gas path is observed, as
expected, with the mercury. Also the effect of volatilizing is clearly proofed by this example
shown in figure 8. About 50 % of the mercury fed into the plant with fuels is leaving it as
elementary Hg in the flue gas. The boiling point of Hg at 358°C is higher then the flue gas
temperature in the stack, but in the range down 1o -39°C it is liquid and therefore it vaporizes
partly into the flue gas atmosphere. A maximum saturation of mercury in air is given at 100 g/m3
if the temperature is 200°C. So there is no limitation caused by this effect. The 50 % of mercury
captured in the fly ash are mainly bound in HgS and HgCl. The enrichment on the surface of the
small particles in the bag filter is higher than that of any other measured component. Even so the
biggest amount of the Hg in the residues was captured in the cyclone ash because there was
found the biggest share of the ash mass flow.

Figure 9 shows an overview of the enrichment behaviour in the bag filter of the IVD plant for all
substances measured in the solid residues. They are sorted in order of the calculated enrichment
factor which compares the element concentration in the bag filter to the average concentration of
every flame adjustment. The concentration in the bag filter is devided by the average
concentration and 1 is substracted. So 0 means no enrichment, positive numbers are standing for
a higher concentration in the filter and negative for a lower one. Finally the mean values over all
of the adjustments are calculated and drawn in the diagram. The range of + 20 % (-0.2 t00.2) can
not proof a significant enrichment because of the scattering of the measurements. But especially
the heavy metals found as trace elements in the fuels are determined to be found in higher
concentrations in the filter. Some of the main ash components do also show any enrichment
however not so distinct. Potassium, phosphorus and sodium concentrate in the filter and the
calcium as mentioned is found more in the front of the flue gas path.

The distribution of ash between the various hoppers was about 20 % in the bottom ash hopper,
9 % in the air preheater and 16 % in the bag filter. The biggest amount was found in the cyclone

199




with 54 % of the whole ash. This distribution was constant even if the ash flow with the highest
share of sewage sludge was almost five times that of the coal combustion.

CONCLUSIONS

The analysis of various materials intended to be used or disposed as supplemental fuels in coal
fired power plants has shown that there is always a range of the results sometimes with a big
gap between minimum and maximum. This is consistent especiatly with the natural products like
biomass or any mixed waste material. Nevertheless the investigated fuels, biomass and municipal
sewage sludge showed quite constant and homogeneous properties excepting some loads coming
from any special treatment. A decreasing content of volatile matter in the organic part was
coming along with an increasing heating value at least for the group of biomass originated fuels,
peat and coal.

Most noticeable for the sewage sludge was the highest share of ash, nearly 50 % of the dry
substance, compared to all the other fuels. In that score attention was turned to the behaviour of
the compounds in ash during the combustion process. The increasing share of sewage sludge up
toalevel of 25 % of the thermal input, corresponding to 80 % sewage sludge ash in the whole
ash, had no significant effect on the distribution between the different ash removal systems.
Even if the ash amount is 5 times bigger than that of the coal combustion. The heavy metals Hg,
Zn, Pb, Ni, Cu and Cd showed an enrichment in the bag filter at the end of the flue gas path
which was only for the mercury clearly proportional to the sewage sludge share. The
concentrations of the main ash-components are more consistent. The biggest difference between
the ashes of sewage sludge and coal are the elements calcium and phosphorus which are found
only or at least in a higher share in the sewage sludge. Only potassium, phosphorus and sodium
are enriched in the fine ash of the filter. The calcium however is found in higher concentrations in
the hoppers of the hot part of the facility.

For some elements significant amounts could not be measured in the solid residues. In case of the
high volatile trace element mercury it is obvious that about 50 % of the input is leaving the plant
in an elementary form via the stack with the flue gas. In case of the phosphorus vaporization and
condensation of some species are suspected to hold back this element in the pipe system until a
steady condition is achieved. Further measurements will have to confirm that.
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Table 1:  Analysisdata of biomass and waste material in comparison with German hard
coal and brown coal

dry Waste Coal
Samples Samples
basis % fMunic.| RDF | Plastic | Tar | Sewage ! Straw [ Wood| Activ. | Hard | Brown
Waste HDPE | Oil | Sludge Carbon] Coal | Coal
volatiles | 48.6 | 80.4 100 87.5 46 795 | 80.5 | 6.2 34.7 | 49.4
ash 43.1 | 13.7 0 0.2 47.2 6 2 9.2 8.3 5

fix. C 8.3 5.9 0 12.3 6.8 1451 17.5 | 846 57.1 45.9

LHV 123 [229] 429 377 113 | 174 | 187 ] 303 | 302 | 256
Ml/kg

C 31.9 58 86 855 | 275 | 468 509 | 89.5 72.5 67
H 4.12 7 14 5.93 3.8 54 | 57 0.7 5.6 4.9
N 0.4 0.8 0 0.64 33 1 0.5 0.5 1.3 0.7
S 0.6 0.2 0 0.6 14 0.1 0.1 0.2 0.9 0.4
Cl 1 1.1 0 n.a. 0.14 051 01 [ <0.1 0.16 0.1
Ocmcu,de 189 | 19.2 0 73 168 | 40.2 | 40.7 0 112 | 219
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Figure 1: Energy content of fuels (waf)
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Figure 2: Content of volatile matter in the organic substance

Vulafile Mater in % of weight (waf)

100
A

A

©0
(=]

70

A

i

60
i = |
50

40

30

20

10

012X

activ. hard- " brown- bio
carbon coal coal mass

Figure 3: Relation between share of fuel mass,

ash amount and share of thermal
power

90 S - — . — — 90
ash sew. sludge 45,1 %
80 Hash coal 11,4 % 80
>
70 ~ 70
60 60
ag
50 50
.
-
40 / - 40
1
30 o 30
'A'
20 4 20
sharg l“j F LHV coal 28,1 MJ/kg [ 19
v lLHV sew. sludge 10,6 MJ/kg [t
0 —t——— 3 0
0 5 10 15 20 25 0

sewage sludge share
of thermal input in %

201

waste +
RDF

sewage ' plastic
sludge material

Figure 4: Elements in the ash of

sewage sludge and hard coal.

Na

Mg
Ca
Fe

Ti

Al

B hard coal

sewage sludge

5 10 15 20
share in the ash [%]



Figure 5: Iron concentration in the ash

Figure 9: Enrichment of elements in
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Introduction

Recent advancements in chemical analysis techniques have allowed quantitative
investigations of the chemical structure of both coal and its pyrolysis products.'? Solid-state '*C
NMR spectroscopy has proven particularly useful in obtaining average values of chemical
structure features of coal and char, while liquid phase 'H NMR spectroscopy has been used to
determine some of the chemical features of coal tar.**

Watt et al.” performed pyrolysis experiments on 3 coals at 930 K, and reported solid-
state 3C NMR analyses of the coals and chars and liquid '’C NMR analyses of the
corresponding tars. Tars were dissolved in deuterated methylene chloride (CD,Cl,) prior to
analysis. The non-soluble tar portion was analyzed with standard solid-state C NMR
techniques.” The soluble tar 7portion was analyzed using a high resolution *C NMR technique
developed for liquid phases.” The liquid '°C NMR data, as well as the composite tar data,
indicated that the chemical structure of the tar was significantly different from the original coal.
The number of bridges and loops per cluster in the tar was found to be much lower than that of
either the coal or the char. Additionally, the number of aromatic carbons per cluster in the tar
was found to significantly lower than that of the coal or char. These data were in major
disagreement with key assumptions in current network devolatilization models. Watt’s data
were subject to question based on (a) the use of a solvent prior to analysis of the tar, and (b)
collection of tar at such low temperatures where devolatilization was not complete (e.g., ~38%
mass release for an lllinois #6 coal). The experiments reported here were performed at a higher
temperature (and hence higher degree of pyrolysis). The resulting tars were analyzed as received
with standard solid-state >C NMR techniques.

Experimental Apparatus

Samples of tar and char were produced at atmospheric pressure in a laminar flow drop
tube reactor similar to that used by Watt.”® The tars and aerosols are collected on polycarbonate
filters so that tar samples can be scraped from the filters rather than removed using a solvent.
Coals were pyrolyzed at atmospheric pressure in 100% nitrogen at a gas temperature of 1080 K
with a residence time of 282 ms. This temperature has chosen since it provides a high degree of
pyrolysis while minimizing secondary reactions of the resulting tar. Five coals of different rank
were examined, with properties listed in Table 1. The 63-75 pm size fraction was used in all of
these experiments, resulting in heating rates of approximately 104 K/s. The "D" on the Penn
State coal identification number signifies coals from a suite selected by the DOE Pittsburgh
Energy Technology Center's Direct Utilization/AR&TD program. These coals have been well
characterized and studied by many other researchers.*”'

Results and Discussion

A summary of the pyrolysis yield data and elemental composition of the tar is provided
in Table 2. As expected, the volatiles yields are high; the coals are nearly completely
devolatilized. In addition, the shape of the total volatiles and tar yield curves versus rank are as
expected, with relatively constant values from lignite through the high volatile bituminous coal,
then dropping for the low volatile bituminous coal®!''"'%!>16  Elemental analyses of the
corresponding chars are currently under way.!”

Solid state *C NMR techniques (CP/MAS and dipolar dephasing) were used to
determine the chemical structural features of coals and coal tars.*'* The solid-state '*C NMR
data for the tars are presented in Tables 3 and 4, along the corresponding analyses of the coals.
The composite tar data from Watt™® are also presented for comparison. Comparing the NMR
data for the tar and the coal provides insight into the nature of the structural changes that occur
during pyrolysis. The carbon aromaticity (fy) of the tar is 14 to 53 percent higher than in the
parent coal (on a relative basis). In general, the aromaticity of the tars seems to increase slightly
with coal rank.

The values of the average number of aromatic carbons per cluster (Cc)) in the tar range
from 9 to 16 (see Figure 1). With the exception of the lignite, the value of C; in the tar is similar
to that of the corresponding parent coal. The data reported by Watt et al.” are also shown here,
with C values of the composite tar ranging from 8 to 11. The solid-state, tar data reported here
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are thought to be less prone to error than the data from the liquid-phase analysis. Based on these
new data, it appears that errors may be generated in using a solvent. These new data on tar help
to confirm the assumption that the values of Cc in the tar are equal to those in the parent coals,
an assumption that is used extensively in the network coal pyrolysis models.'®

The number of side chains per cluster (S.C.) in the tar is much lower than in the
cormresponding coals (see Table 4). In the parent coals, the values of S.C. decrease with rank,
while this trend is not seen in the resulting tars. The values of S.C. from the liquid-phase
analysis were slightly higher than the values from the solid-state analysis, but still much lower
than in the parent coal. The fact that the number of aromatic carbons per cluster are similar for
both coal and tar and that the number of side chains per cluster is greatly lower in the tar is
consistent with the increased aromatieity in the tars.

The number of attachments per cluster (5+1) in the tar is less than in the parent coal, as
shown in Table 4. The liquid-phase analysis yielded values of o +1 that were slightly lower than
observed from the solid-state analysis. Interestingly, while g+1 varies with coal type for the
parent coals, 6+1 is nearly constant with coal type for the tars. The number of bridges and loops
per cluster (B.L.) in the tar is higher than in the corresponding coal, as shown in Table 4, although
the increase is slight for the Illinois #6 coal. In contrast, the liquid phase analysis reported values
of B.L. that were much lower than in the parent coal. For all coals, the average cluster molecular
weight (MW¢) in the tars is lower than in the parent coals (see Figure 2). This was also seen in
the liquid-phase analysis. The values of MW, in the coals decrease with increasing rank; this
trend is not seen in the tars. Except for the Beulah Zap lignite, the MW, in the tars is relatively
constant with rank. Several sets of data indicate that tar molecular weight distributions peak in
the range of 250 to 400 daltons.'"**2' The tars in this study have molecular weights per cluster
in the range of 170 to 240 daltons. This discrepancy seems to indicate the presence of species in
some of the reported tar data that contain more than one cluster (i.e., dimers and trimers rather
than monomers); whereas the data reported in this work is based on the average molecular weight
of monomer units. The slight increase in the number of bridges and loops per cluster (B.L.) in the
tar may indicate that some form of polymerization may have occurred in the tars. This result
would be consistent with the presence of dimers in the tar and would rationalize the differences
in the mass of the monomer units defined by the NMR data and that reported by other
investigators using different analytical techniques that do not define the basic monomer unit.

As seen in Figure 3, the average molecular weight of side chains (MW,) in the tar is much
lower than that found in the parent coals. This result is different than that reported with the
liquid-state analysis. While MW decreases steadily with rank, in the coals, MWy in the tars is
relatively constant with rank, within the experimental error of the data.

The main difference between the solid-state analysis and the liquid phase analysis seems
to be in the number of side chains per cluster, which influences the aromaticity as well as the
number of attachments per cluster. The fact that the liquid-phase analyses of tars dissolved in
solvent produced NMR results that were quite different from the solid-state analyses seems to
indicate that the use of solvents (such as CH,Cly) prior to other types of tar analysis may give
misleading results.

The chemical structure of these tars, as determined from solid-state '*C NMR
spectroscopy, do not vary greatly with coal rank. The greatest differences seem to be in the tars
from the lignite. However, large differences in tar yield are seen as a function of coal rank, as
expected. The similarity in chemical structure of the coal tars is somewhat surprising since large
differences are seen in the elemental composition of these tars. Additional experiments are
underway to determine the chemical structural features of tars obtained at different temperatures
and to compare the results with the corresponding chars.?!

Conclusions

Standard solid-state >C NMR techniques were used to analyze coal tar from five coals of
different rank. This is the first set of solid-state data for coal tar. Tar was produced at
atmospheric pressure in a drop tube reactor at a temperature of 1080 K and a residence time of
282 ms. The parent coals were also analyzed for comparison using solid-state '*C NMR.

The tars analyzed in this study represent a nearly completely devolatilized coal.
Previous data from liquid-phase '*C NMR analyses of tars of partially devolatilized coals were
compared with new solid-state analyses. These new tar data indicate that there may be
significant errors associated with using solvents to study tar structure. Since tars from the two
experiments were not obtained at the same temperature, it is recommended that low temperature
pyrolysis experiments be performed and the tars analyzed with solid-state '*C NMR techniques.

These new >C NMR data on coal tars indicafe that the average chemical structure of tar
does not vary greatly with coal type under the conditions used in this study, with the largest
differences found in lignites, even though the variation in the chemical structures of the parent
coals is much more significant.
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Table 1

Coal Propertie:
Coal PSOCID{ Rank | %C %H %N %S | %0 (daf) | %eAsh

(daf) | (daf) | (daf) | (daf) {(by diff) | (dry)
Beulah Zap 1507D ligA | 64.16 | 4.78 0.94 1.81 28.32 13.92
Blue #1 1445D | subA | 74.23 | 5.48 1.30 0.65 18.35 3.29
Illinois #6 1493D | hvCb | 74.81 5.33 1.48 4.85 13.54 9.65
Pittsburgh #8 1451D { hvAb | 82.77 | 5.61 1.74 0.98 8.90 429
Pocahontas #3 1508D Ivb | 90.92 | 4.51 1.34 0.82 2.41 11.92

Table 2
Pyrolysis Yields and Tar Elemental Composition
Coal Vol. (% of daf coal) | Tar (% of daf coal) %C %H - %N
Beulah Zap 54.36 1.51 78.71 4.90 1.30
Blue #1 57.67 10.92 83.61 4.85 1.68
Illinois #6 59.91 12.47 85.23 4.89 1.80
Pittsburgh #8 46.24 19.92 87.68 494 1.96
Pocahontas #3 24.89 733 9213 4.87 1.34
Table 3
13C NMR Analysis of Coals and Tars®
Coal Sample | f, [ .6 o [t [N [P | 5] B | € [ | £, ] £,°
Beulah Zap coal 65] 8 | 571938 714117 |35[24 [ 11] 11
Beulah Zap tar 88| 7 | 81|36 }|45(|11]|22)12}112] 7 5 2
Blue #1 coal 60 5 |55019]36( 8 | 131540129 (11| 7
Blue #1 tar 88| 4 | 84135149 8 | 18|23 |12] 6 6 1
Watl Blue #1 tar* 641 7 | 572731 8 }16| 7 |36] 27| 10| na
Illinois #6 coal 66| 3 | 632142 7 16|19 | 34| 24 1 8
Illinois #6 tar 88| 2 |8 [36 |50 7|19}24]12] 6 6 1
Watt Illinois #6 | tar* 74 7135136 6 |16[ 14 ]|26] 17| 9| na
Pittsburgh #8 coal 65| 3 | 6223139 5 |16] 183524 |11] 7
Pittsburgh #8 tar 86| 2 | 8413648 5182514 7 7 2
Watt Pitt #8 tar* 731 2 170} 37 {33 16 12 | 28] 18 | 10| na
Pocahontas #3 coal 78 1 | 77(32]45{ 2|15} 28 {22] 15 7 7
Pocahontas #3 tar 89| 1 | 8838150 3 |18[29]|11] 7 4 2
Percentage carbon (error): f, = total sp-hybridized carbon (+3); f, = aromatic carbon (34); f," = carbonyl, 8 > 165

ppm (£2); £, =

ether, 8 = 150-165 ppm (12), £ = alkylated aromatic § =
aliphatic carbon (12); f, "

ppm (£2). *Composite values reported by Watt et al.”
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= aromatic with proton attachment (3); f." = nonprotonated aromanc (#3); £ = phenolic or phenolic
135-150 ppm(23); f.2 = aromatic bridgehead (34); fu =
= CH or CH; (£2); fy = CH; or nonprotonated (12); f, .;° = bonded to oxygen, & = 50-90



Table 4
Derived Properties of Coal and Tar®

Coal Sample| xp» Cq | ofl1 Py BL. | S.C. | MWgq| MW,
Beulah Zap coal | 0.246 14 5.2 0.48 2.4 2.8 440 52
Beulah Zap tar 0.148 9 3.7 0.85 32 0.5 170 16
Blue #1 coal | 0270 13 5.0 0.48 24 2.6 371 42
Blue #1 tar 0.274 13 40 0.77 3.1 0.9 222 15
Watt Blue #1 tar* ] 0.112 8 3.2 0.58 1.8 1.4 205 35
Illinois #6 coal | 0.300 15 5.5 0.52 2.9 2.6 368 35
1llinois #6 tar 0.279 13 39 0.77 3.0 0.9 213 13
Watt lilinois #6| tar* | 0.197 11 34 0.56 2.0 1.3 228 30
Pittsburgh #8 coal | 0.290 14 48 0.48 23 2.5 323 32
Pittsburgh #8 tar 0.298 14 38 0.70 2.7 i.1 228 14
Watt Pitt #8 tar* | 0.163 9 2.8 0.52 1.5 1.3 178 25
Pocahontas #3 coal | 0364 18 4.0 0.59 23 1.7 316 23
Pocahontas #3 tar 0.330 16 38 0.81 3.1 0.7 237 10

® xv= fraction of bridgehead carbons, Ccy= aromatic carbons per cluster, o+1 = total attachments per cluster, Pg =
fraction of attachments that are bridges, B.L. = bridges and loops per ciuster, S.C. = side chains per cluster, MW¢
= the average molecular weight of an aromatic cluster, MW

attachments, *Composite values reported by Watt et al.”
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Molecular weight per cluster (MW¢y) in coal and tar. Previously reported data
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Figure 3. Molecular weight of cluster attachments (MW;) in coat and tar. Previously

reported data from Watt et al.” are shown for comparative purposes.
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