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ABSTRACT

In-depth fundamental information was obtained from a two-inch inner diameter
laminar flow reactor referred to as the Drop Tube Furnace System (DTFS). This
information consists of the following: (1) pyrolysis kinetic characteristics
of four coals of various rank (Texas lignite, Montana subbituminous, Alabama
high volatile bituminous, and Pennsylvania anthracite); and (2) combustion
kinetic studies of chars produced from the foregoing parent coals. A number
of standard ASTM and special in-house bench scale tests were also performed on
the coals and chars prepared therefrom to characterize their physicochemical
properties. The pilot scale (500,000 Btu/hr) Controlled Mixing History
Furnace (CMHF) was used to determine the effect of staged combustion on

NOx emissions contro1‘from and overall combustion performance of the Alabama
high volatile bituminous coal.

The quantitative fundamental data developed from this study indicate signifi-
cant differences in 6oa1/char chemical, physical, and reactivity characteris-
tics, which should be useful to those interested in modeling coal combustion
and pyrolysis processes. These results underscore the fact that coal selec-
tion is one of the keys governing a successful coal conversion/utilization
process. The combustion kinetic information obtained on the high volatile
bituminous coal has been used in conjunction with Combustion Engineering's
proprietary mathematical models to predict the combustion performance of this
coal in the Controlled Mixing History Furnace. Comparison of the predicted
data with the experimental results shows a virtually one-to-one scale-up from
the DTFS to the CMHF. These data should provide vital information to design-
ers in the area of carbon burnout and NOx reduction for large scale coal

utilization applications.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

SUMMARY
Objective

The Department of Energy's intent in sponsoring this and other related pro-
grams is to foster increased usage of our vast domestic coal reserves. To
effectively use coal in existing and new applications requires a more defini-
tive, quantitative understanding of coal properties vs. performance. As such,
the objective of this program was to provide detailed data on the combustion
characteristics of coals by burning them in well controlled bench and pilot
scale reactors. The data were subsequently used to develop the methodologies
that most reliably characterize coals from a pyrolysis/combustion standpoint
thereby permitting accurate performance predictions to be made.

Technical Approach

Four coals were selected for this study on the basis of a balanced considera-
tion of rank, geological region, and a variety of chemical and physical
characteristics. They include a Texas (Wilcox) lignite, a Montana (Rosebud)
subbituminous, an Alabama (Black Creek) high volatile bituminous, and a
Pennsylvania (Buck Mountain) anthracite.

Standard ASTM (American Society for Testing and Materials) procedures along
with special bench scale tests, the Drop Tube Furnace System (DTFS), and
Controlled Mixing History Furnace (CMHF) were employed in this program.
Standard ASTM tests consisted of proximate, ultimate, and screen analyses,
higher heatihg value, ash composition, ash fusibility temperatures, and
Hardgrove Grindability Index. Special bench scale tests consisted of Micro-
Proximate and Micro-Ultimate (H, C, N) Analyses, Flammability Index, Pore
Surface Area and Thermo-Gravimetric (TGA) Reactivity.

The Perkin-Elmer TGS-2 System was useﬂ to determine both the micro-proximate
analyses of coals and chars and the thermo-gravimetric combustion reactivities
of DTFS-generated chars in air. The Perkin-Elmer 240 Elemental Analyzer was
used to determine micro-ultimate analyses of coals and chars.




The Quantachrome Corporation Surface Area Analyzer was used to measure both
the N2 and CO2 adsorptions under specific conditions. These adsorption data
were subsequently used in conjunction with the Brunauer, Emmett, and Teller
(BET) and Dubinin-Kaganer gas adsorption principles (1, 2) to calculate the N,
and 002 specific pore surface areas of coals and chars. The Flammability
Index Apparatus was used to determine relative ignition temperatures of coals
in an oxygen atmosphere.

The electrically-heated Drop Tube Furnace System was used to determine the
pyrolysis and combustion characteristics of coals and/or chars in the 1450-
2650°F gas temperature range. The heating rates encountered in the DTFS are
commensurate with those encountered in practical systems. The reaction
histories were monitored by solid/gas sampiing at various points along the
DTFS reaction zone, which is two inches in inner diameter and sixteen inches
in length.

The pilot scale Controlled Mixing History Furnace was used to determine the
effect of staged combustion at 500,000 Btu/hr on NOX emissions from and
combustion performance of the Alabama high volatile bituminous coal.

The combustion kinetic information obtained on the Alabama high volatile
bijtuminous coal was used in conjunction with a Combustion Engineering's
proprietary mathematical model to predict the combustion performance of the
Controlled Mixing History Furnace.

Results

DTFS pyrolysis of coals in nitrogen atmosphere in the 1450-2650°F temperature
range and 0.05-0.8 sec. residence time range showed a clear dependence upon
fuel property, temperature, and time. For example, for Texas lignite, at 0.2
sec. the pyrolysis weight loss increases from 16% to 51% as the temperature
increases from 1450°F to 2650°F; and at 1450°F the pyrolysis weight loss

- increases from 3% to 34% as time increases from 0.05 to 0.8 sec. However, at
2650°F pyrolysis is virtually complete within 0.2 sec. for the lignite,
subbituminous and high volatile bituminous coals.
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Apparent activation energies (E) for the pyrolysis of coals are 7980, 4740,
7825, and 7755 cal/mole, respectively, for the lignite (1igA), subbituminous
(subB), high volatile bituminous (hvAb), and anthracite. The corresponding
frequency factors (ko) are 50.8, 13.5, 32.5, and 38.7 sec.”}

Fuel properties, temperature, and residence time had significant effects on
char combustion in the DTFS. Combustion char reactivities were, in general,
closely related to char pore structures.

Relative DTFS char reactivities were: Montana subbituminous (subB) > Texas
Tignite (1igA) > Alabama high volatile bituminous (hvAb) >> Pennsylvania
anthracite. For example, in 0.03 02 atm at 2650°F and 0.5 sec. the combustion
efficiencies are 93, 81, 74, and 13%, respectively, for the subB, 1igA, hvAb,
and anthracite chars. The respective total open pore volumes of these chars
are 0.95, 0.68, 0.59, and 0.08 cm3/g, indicating the important role played by
pore structure during char combustion. These results show for example, that
the low reactivity of the anthracite char is a result of inaccessibility of
its microporous structure by oxygen during combustion.

Apparent activation energies (E) and frequency factors (A) for the combustion
of chars in the DTFS showed significant sensitivities to the fuel nature and
method of derivation. For example, using measured bulk gas temperatures gave
E values of 21050, 26730, 23380, and 17990 cal/mole for 1igA, subB, hvAb, and
anthracite chars, respectively, with corresponding A values of 57, 593, 80,
and 4.3 g/cm2 sec, 02 atm.; whereas using calculated particie surface tempera-
tures gave corresponding E and A values of 20350, 25400, 22250 and 17840
cal/mole and 36, 271, 50, and 3.7 g/cm2 sec. 02 atm. Differences in kinetic
parameters between the two methods are due to differences between correspond-
ing gas and particle temperatures. Particle temperatures are greater than gas
temperatures by 14 to 100°K. These differences are similar to those found by
Field (3).

A comparison between the present results and selected ‘literature results show
that at 1600°K: (1) the surface reaction rate coefficient of Field's subB
char (4) is greater than that of Smith and Tyler's semi-anthracite (5) by a
factor approaching three orders of magnitude; (2) the surface reaction rate
coefficient of this work's most reactive char (subB) is greater than that of
this work's least reactive char (anthracite) by a factor of 6; and (3) while
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the surface reaction rate coefficient of this work's anthracite is less than a
factor of two higher than that of Beer and co-workers' anthracite (6,7), it is
‘almost two orders of magnitude higher than that of Smith and Tyler's semi-
anthracite.

CMHF testing on the Alabama high volatile bituminous coal indicated that a
judicious use of the staged combustion concept brought about drastic reduc-
tions in NOx emissions without adversely affecting the overall fuel combus-
tion. For example, at 20% excess air and 50% optimum primary stage stoichio-
. metry, a 1.56 sec. primary stage residence time led to a -50% reduction in NOx
emissions (from 498 for the unstaged baseline case to 249 ppm @ 3% 02). The
overall fuel combustion efficiency under these circumstances was 98%. While a
primary stage residence time of 1.56 sec. is actually impractical on a commer-
cial scale, it is important to note that a substantial reduction in NOX
emissions occurred even only after a primary stage residence time of 0.5 sec.
(a 21% NO, reduction from 498 to 395 ppm).

Mathematical modeling studies on the CMHF combustion performance of the
Alabama hvAb coal using DTFS kinetic data showed a good agreement between
experimental and theoretical results, -indicating a virtually one-to-one
DTFS-to-CMHF scale-up. These results indicate that a properly refined model
could be used to predict the combustion performance on a commercial scale.

CONCLUSIONS

The major conclusions that can be drawn from the results of this study are as
follows.

) The pyrolysis of each coal is clearly dependent upon temperature and
time. Higher temperatures and/or longer residence times yield
higher pyrolysis weight losses. At 2650°F, however, pyrolysis is
virtually complete within 0.2 sec. for the lignite, subbituminous
and high volatile bituminous coals.

) The apparent activation energies (4.7-8.0 kcal/mole) encountered
here are rather low. Information in the literature suggests that
such low values are not necessarily indicative of a physical (i.e.,
heat and mass transfer) control of the pyrolysis process.
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Texas lignite, Montana subB, and Pennsylvania anthracite did not
show any swelling by virtue of their chemical nature (they are
thermosetting, i.e., they do not soften upon rapid heating).

Alabama hvAb on the other hand swelled by 34% (this coal is thermo-
plastic, i.e., it softens upon rapid heating). The 1igA and subB
showed, respectively, 12% and 14% volatile matter enhancements over
their ASTM volatile matter contents. The hvAb and anthracite showed
no volatile matter enhancements. Volatile matter enhancements in
dilute phase reactors are a result of the minimization of secondary,
char-forming reactions.

The open pore volumes of the lignite, subbituminous and high vola-
tile bituminous coals increased by about one order of magnitude as a
result of nearly complete pyrolysis. The microporous nature of the
anthracite, on the other hand, is such that the. increase in the open
pore volume under comparable experimental conditions was less than
5%.

Char combustion efficiencies vary significantly with fuel property,
temperature and time. Combustion efficiencies show the following
trend: Montana subB char > Texas lignite char > Alabama hvAb char
>> Pennsylvania anthracite char. This is consistent with the open
pore volume trends exhibited by these chars, indicating the import-
ant role played by the pore structure during combustion.

The dependence of char combustion upon temperature and fuel property
is depicted by the magnitudes of the kinetic parameters obtained.
The apparent activation energies are: 21050, 26730, 23380, and
17990 cal/mole for the lignite, subbituminous, high volatile bitu-
minous, and anthracite chars, respectively. Thﬁ corresponding
frequency factors are 57, 593, 80, and 4.3 g/cm” sec. 02 atm.

Differences in reactivities of chars derived from coals of various
rank are due to actual differences in reactivities and/or differ-
ences in experimental conditions used by different investigators.
These results clearly indicate that using kinetic parameters found
in the literature for a particular modeling application can be
risky, and, therefore, should be done with circumspection.

CMHF test results showed that both primary stage stoichiometry and
primary stage residence time are important parameters for control-
1ing NO_ emissions. For the Alabama hvAb coal, a 50% NO_ reduction
was achieved at a primary stage stoichiometry of 50% andxprimary
stage residence time of 1.56 sec. The overall excess air and fuel
fineness had small but significant influence on NOx reduction.

CMHF results indicate that a judicious use of staged combustion
leads to an effective control of NO_ emissions without adversely
affecting the overall fuel combustidn efficiency. It is postulated
that conditions in the ‘neighborhoods of 50% primary stage stoichio-
metry and 0.5 sec, primary stage residence time are effective

in significantly reducing NOX emissions in commercial applications.
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0 Model simulation studies on the CMHF combustion performance of the
Alabama high volatile bituminous coal, using the DTFS-derived
kinetics, indicate a virtually one-to-one DTFS-to-CMHF scale-up.
These findings indicate that a properly refined model can be used to
predict the combustion performance on a commercial scale. C-E is,
indeed, using this type of concept to predict carbon heat losses in
utility and industrial boilers.

RECOMMENDATION

The wide diversity in physicochemical characteristics of American coals
inevitably leads to wide differences in combustion performance of the same
coals in practical systems. As such, more work needs to be done to character-
jze the reactivities of suites of coals so that their performance for partic-
ular applications may be better predicted. This is crucial for meeting the
national goal of increased coal utilization with increased efficiency and
drastically reduced pollutants emissions into the environment. Since the
Department of Energy is on the correct course in supporting coal research and
development programs in the area described here and in other areas as well, it
simply is recommended that the DOE continue to do so without relenting.
Specific recommendations follow.

) Expand the data base to include various coals with a potential
commercial significance. _

) Apply fundamental data for large scale performance pred#ctions.
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Section 1

INTRODUCTION

BACKGROUND
Pyrolysis Process

In essentially all coal utilization processes, the important first step is
devolatilization in either the presence (combustion, gasification, liquefac-
tion) or absence (coke making) of a reactive atmosphere. The devolatilization
is normally caused by subjecting the coal to a thermal stress; that is,
heating it.

The products of devolatilization are permanent gases, tars, 1ight hydrocarbon
gases and a solid residue (char). The specific composition of the products is
a function of the nature of the parent coal and of how the pyrolysis* is
performed. It is the coal properties and pyrolysis conditions that determine
the degree to which primary and secondary reactions occur. Thus, alteration
of the pyrolysis conditions, however mild, or a change in coal composition,
due to mild oxidation for example, can markedly affect the yield and composi-
tion of the vapor phase components versus that of the solid residue.

For all processes other than coke making, it is generally desirable to maxi-
mize the yield of the vapor (or liquid) phase components and minimize the
production of char. For a given coal, this can be achieved by conducting the
pyrolysis in a dilute phase mode of operation (as compared to a fixed bed).
This carries the attendant advantages of high heating rates and enhanced
interaction between primary volatiles and the reacting atmosphere, thereby
minimizing unwanted secondary char-forming reactions.

¥ The terms pyrolysis and devolatilization are often used interchangeably.
Strictly speaking, however, pyrolysis refers to heating coal in an inert
atmosphere while devolatilization occurs irrespective of atmosphere when coal
is heated.
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It is generally understood that the proximate volatile matter of a coal is not
a quantitative indication of pyrolysis behavior under practical operating
conditions (e.g., rapid heating, suspension firing) encountered in pulverized
coal fired boilers.

not cited here, have conducted a variety of tests in dilute-phase and heated
grid reactors to study the pyrolysis phenomenon on coals of various rank.
This phenomenon is so complex that it still is not well understood. It is
basically this understanding gap that provides the incentive for further
investigation in this area.

Combustion Process

The combustion of pulverized coal is a complex process consisting of a number
of overlapping steps including heating and ignition of the dust cloud, devol-
atilization and burnout of the carbonaceous residue. Initially, 2 cloud of
relatively cool coal particles is heated by flame radiation and by mixing with
recirculated hot combustion products. During this process the particles lose
a small fraction of their volatile matter. A point is reached where further
heating results in very rapid oxidation and ignition occurs. For a given
coal, the temperature at which ignition occurs is not a fixed point, but is
controlled by a Semenov heat balance (19) and may vary depending upon the type
of furnace and its operating conditions.

After ignition occurs devolatilization proceeds at a rapid pace. Rapid
devolatilization takes up approximately 10% of the time beyond ignition, the
remainder of the time being required for char burnout. Studies have indicated
that the volatile yields during the rapid heating rates (104 - 105°C/sec)
characteristic of dispersed particles in coal flames may be significantly
higher (by as much as 30%) than the yields observed durihg the slow heating
rates of the ASTM proximate volatile matter analysis.

Occurring simultaneously with devolatilization (for the smaller particles) and
requiring most of the combustion time is the process of char burnout. This is
a multi-step process consisting of a number of physical and chemical steps.
The slowest of the steps controls the rate of the overall process. First,
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oxygen is transported through a boundary layer to the particle surface. Next
oxygen diffuses into the pores of the particle. Oxygen now must adsorb or
chemically attach itself to the pore walls or, in the case of a slightly
porous material, to the external surface. Oxygen next reacts with the char to
form a carbon-oxygen complex. This complex must then desorb or chemically
detach itself from either the pore wall or the external surface. Next the
gaseous product formed by the complex desorption from the surfaces diffuses
out of the pores and away from the particle. The rate determining step during
char burnout is dependent upon temperature, particle size, porosity and pore
size distribution.

Other aspects of the fuel that may influence the combustion rate include
swelling, agglomerating tendency, and mineral matter. Swelling and agglomera-
tion affect the nature of the pore structure of the residual char, thus
influencing the burning characteristics of this char. The mineral matter,
depending on its chemical nature and degree of dispersion in the coal matrix,
may catalyze or hinder the chemical reactivity of the coal char.

Temperature exerts a considerable influence upon reaction rates. Diffusion
controlled reaction rates increase with temperature to the 0.75 power and
chemical controlled rates increase with temperature according to exp(-E/RT) or
in some cases T’l/zexp(-E/RT), where E is the activation energy, R is the gas
constant and T is the absolute temperature.

Coal combustion phenomenon has also been investigated by numerous researchers

(3, 4, 5, 6, 7, 20, 21, 22, 23) using various experimental techniques. These

and other studies not cited here-depict the extreme compiexity of coal combus-
tion phenomenon. More work needs to be done in order to enhance our under-

standing of this phenomenon.

OBJECTIVE AND TECHNICAL APPROACH

Objective

The Department of Energy's intent in sponsoring this and other related pro-
grams is to foster increased usage of our vast domestic coal reserves. To
effectively use coal in existing and new applications requires a more defini-
tive, quantitative understanding of coal properties vs. performance. As such,
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the objectiye of this program was to provide detailed data on the combustion

chafattefistics.of»coals by burning them in well controlled bench and pilot

scale reactors. The data were subsequently used to develop the methodologies
that most reliably charactefiZe_Cpa]s from a pyrolysis/combustion standpoint

thereby permitting accurate pérforhahtg predictions to be made.

Technical Approach

Four coals were selected for this'étudy on the basis of a balanced considera-
tion of rank, geological region, and a variety of chemical and physical
characteristics. They include a Texas (Wilcox) lignite, a Montana (Rosebud)
subbituminous, an Alabama (Black Creek) high volatile bituminous, and a
Pennsylvania (Buck Mountain) anthracite.

The study program was structured to cover the following milestones:
Fuels Charactérization. Standard ASTM and special in-house techniques were

used to provide various physical and chemical characteristics of the four
parent coals and chars produced therefrom.

Drop Tube Furnace System (DTFS) Studies. This laminar flow, laboratory scale,
reactor was used extensively to derive principally: (1) the pyrolysis kinetic
parameters of closely size graded particles from each narent coal; and (2) the
combustion kinetic parameters of closely size graded particles from each

parent coal char.

Controlled Mixing History Furnace (CMHF) Studies. This pilot scale, plug-
flow, reactor was fired at 500,000 Btu/hr to study the effects of the staged
combustion concept on the NOx emissions and overall combustion performance of
the Alabama high volatile bituminous coal.

Mathematical Modeling. An in-house computer modeTIWas used to simulate the

combustion performance of the Alabama high volatile bituminous coal in the
CMHF using the kinetic information derived from this coal in the DTFS. The
ultimate goal here was to develop a DTFS-to-CMHF combustion performance
scale-up for this particular high volatile bituminous coal.




COMMERCIAL APPLICABILITY

Combustion Engineering, Inc., is now using the type of combustion performance
simulation explained in this report on a commercial basis. In this respect,
the combustion kinetic information derived from the Drop Tube Furnace System
is used in conjunction with advanced proprietary computer models and extensive
field data base to predict carbon heat losses in utility and industrial
boilers. Carbon heat loss guarantees are being made on the basis of this
technique.. As such, this technique is of interest from both academic and

practical standpoints.




Section 2

SELECTION OF COALS

TECHNICAL APPROACH

The selection of the four coals studied in this program was based on a balanc-
ed consideration of rank, geological region, ash contents, ash fusibility
temperatures, and volatile matter contents. The sources of these four parent
coals are (Table 2-1): (1) a Texas lignite from Wilcox seam; (2) a Montana
subbituminous coal from Rosebud seam; (3) an Alabama high volatile bituminous
coal from Black Creek seam; and (4) a Pennsylvania anthracite from Buck
Mountain seam. The mines and counties of these coals are also identified in

Table 2-1.
TABLE 2-1
SOURCES AND ASTM RANKS OF COALS
- SOURCES
ASTM RANK
SEAM MINE COUNTY STATE
Wilcox Monticello Titus Texas Lignite A
A %1igA)
Rosebud Colstrip Rosebud Montana Subbituminous B
(subB)
Black Creek Arkadelphia Cullman Alabama High Volatile
. Bituminous A
(hvAb)
Buck Mountain Eckley Luzerne Pennsylvania Anthracite

(an)

BENCH SCALE STUDIES
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Standard ASTM (American Society for Testing and Materials) and special in-
house techniques were used to conduct the bench scale studies on the four
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coals identified above and chars prepared therefrom. The standard and special
techniques are, respectively, identified and briefly described below.

ASTM Techniques

ASTM techniques were used to determine the proximate, ultimate, and screen
analyses, higher heating values, and Hardgrove grindability indices of parent
coals, and coal ash fusibility temperatures and compositions. The proximate,
ultimate, and screen analyses of coal chars were also determined by ASTM
techniques.

Special Techniques

Special in-house techniques were used to determine the following: (1) the
Flammability Indices of the parent coals; (2) the micro-proximate analyses,
particu1éte surface areas and densities, and thermo-gravimetric analyses of
coal chars. These techniques are briefly described in the following sub-
sections. The particle size distributions of coals and chars were determined
using the dry screen analysis technique.

Flammability Index. The Flammability Index is a relative ignition temperature
obtained by running tests under a given set of conditions in a specific
apparatus. Briefly, testing involves firing 0.2 gram of 200x0 mesh fuel in an
oxygen atmosphere through a preheated furnace. The temperature of the furnace
is increased incrementally until a point is reached where the fuel will
ignite. This temperature is called the Flammability Index. The value of the
Flammability Index compared to other fuels indicates the ignition temperature/
flame stability on a relative basis. This apparatus is described in Appendix
A.

Micro-Proximate Anatyses. The Perkin-Elmer TGS-2 System was used to determine

the micro-proximate analyses of chars after it had been established that this
apparatus yielded volatile matter results which were virtually indistinguish-
able from the corresponding ASTM proximate analyses. This method was used to
save the Drop Tube Furnace System (DTFS) testing time since only milligrams of
samples were required to determine their proximate analyses.




In this test procedure, a 4 to 6 mg sample is purged with nitrogen to remove
oxygen traces. The moisture loss is obtained by heating in an inert atmos-
phere (nitrogen) to 105°C and holding for three minutes. Subsequently, the
sample is heated at 100°C/min to 950°C and held at this temperature for five
minutes to obtain volatile matter. "After this, the temperature is lowered to
750°C and a switching valve is opened to introduce oxygen for the combustion
of fixed carbon at this temperature. The residue represents the ash content.
A sample plot of this analysis is shown in Figure 2-1. The TGS-2 equipment
used for this analysis is described in Appendix A.

Specific Surface Areas and Densities. The principle of physical absorption of
gases was used to determine specifﬁc surface areas of the coal and char
samples. Data obtained from nitrogen and carbon dioxide absorptions at 77 and
298°K, respectively, in the Quantasorb Surface Area Analyzer (manufactured by
Quantachrome Corporation) were used in conjunction with the Brunauer, Emmett,
and Teller (BET), and Dubinin-Kaganer Equations (1, 2) to determine the BET
(N2) and CO2 specific surface areas of the subject samples. The'Surface Area
Analyzer is described in Appendix A. The mercury porosimeter, and helium null
pycnometer were used to determine, respectively, the "apparent" and "true"
densities of the same coal and char samples.

Thermo-Gravimetric Analyses. The Perkin-Elmer TGS-2 System was also used to
determine char combustion reactivity under isothermal conditions as follows.

A 4 to 6 mg sample is placed in the TGS-2 System and heated in the presence of
nitrogen at 50°C/min to 700°C. After stabilization at this temperature, air
is introduced to burn off the fixed carbon. Percent weight of the unburned
char and rate of weight loss are recorded on a strip chart as a function of
time. These thermo-grams (Figure 2-2) are subsequently used to determine
percent combustion efficiency of the char.

DROP TUBE FURNACE SYSTEM (DTFS) STUDIES

Facility/Test Procedure

The DTFS is comprised of a 1-inch diameter horizontal tube gas preheater and a
2-inch inner diameter vertical tube test furnace for providing controlled
temperature conditions to study pyrolysis and/or combustion phenomena. This
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entrained flow reactor is capable of heating reactant gases and reacting
particulates to temperatures up to 2650°F (1730°K) and obtaining particle
residence times up to about one second to simulate the rapid heating suspen-
sion firing conditions encountered in pulverized coal fired boilers.

The DTFS testing procedure entails the following: (1) feed the fuel at a
precisely known rate (in the 0.055-0.095 g/min range) through a water-cooled
injector into the test furnace reaction zone; (2) allow the fuel and its
carrier gas (~ 150 cm /m1n) to rapidly mix with a preheated down-flowing
secondary gas stream (12-16 1/min); (3) allow combustion and/or pyrolysis to
occur for a specific time (dictated by the transit distance); (4) quench the
reactions by aspirating the products in a water-cooled sampling probe; (5)
separate the solids from the gaseous products in a filter medium; and (6)
determine on-line NOX, 02, COZ‘ and CO concentrations in the effluent gas
stream. Details on the DTFS are given in Appendix A.

An ash tracer technique (10, 14) is used in conjunction with the proximate
analyses of a given feed sample and the chars subsequently obtained from.the
test furnace to calculate the pyrolysis weight losses and/or combustion
efficiencies as a function of selected operational parameters (temperature,
residence time, fuel type, etc.).

Coal Pyrolysis Test Matrix

Five tests (Table 2-2) were run in the DTFS on each of the four subject coals
sized to 200x400 mesh in nitrogen atmosphere in the 1450-2650°F (1060- 1730°K)
temperature range and residence times ranging up to 0.8 sec. Data from this
study were used to determine the pyrolysis efficiencies which were subsequent-
1y used to derive the global kinetic parameters (apparent activation energies
and frequency factors) for the pyrolysis of these four coal samples.

Char Preparation

The chars on which the combustion kinetic parameters were determined (see next
section) were prepared a priori in the DTFS. A1l the coal chars were prepared
under strictly similar conditions so that differences in their physical and
chemical characteristics were due solely to differences in the nature of their
parent coals.
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TABLE 2-2

TEST MATRIX FOR PYROLYSIS OF
COALS IN THE DROP TUBE FURNACE SYSTEM (DTFS)

REACTTON GAS
MEDIUM TEMPERATURE

COAL TEST NO. SIZE (MESH) (vOL. %) (°F)

TML-I-1 200x400 100% N, 1450

TML-1-2 200x400 100% N5 1600

TEXAS TML-1-3 200x400 100% N, 1900

LIGNITE TML-1-5 200x400 100% N5 2400

TML-1-6 200x400 100% N, 2650

MRC-I-1 200x400 100% N, 1450

MRC-1-2 200x400 100% N5 1600

MONTANA " MRC-I-3 200x400 100% N3 1900

subB COAL MRC-1-5 200x400 100% N3 2400

Sj MRC-1-6 200x400 100% N5 2650

AAC-I-1 200x400 100% N, 1450

AAC-1-2 200x400 100% N2 1600

ALABAMA AAC-1-3 200x400 100% N5 1900

hvAb COAL AAC-1-5 200x400 100% N 2400

AAC-1-6 200x400 100% N3 2650

PEA-1-2 200x400 100% N, 1600

PEA-I-3 200x400 100% N3 1900

PENNSYLVANIA PEA-1-4 200x400 100% N5 2150

ANTHRACITE PEA-1-5 200x400 1004 N5 2400

PEA-1-6 200x400 100% N, 2650




Because of feeding difficulties of the +50 mesh particles through an 18-gauge
hypodermic tube, all the DTFS feed coals and chars were sized to -50 mesh.
The preparation procedure involved the following: Coal was pulverized to a
regular grind (~70% through 200 mesh) and size graded to 50x0 mesh., A1l the
oversize (+50 mesh) particles were re-ground to -50 mesh then added to the
original 50x0 mesh fraction. This enhanced the degree of representativeness
of the coal sample.

The regular grind (50x0 mesh) coal was pyrolyzed in the DTFS in the presence
of nitrogen under the following conditions: (1) coal feed rate = 1 g/min,
(2) nitrogen flow rate = 15 1/min; (3) heated reaction zone length* = 23
inches; and (4) temperature = 2650°F. The resulting char was subsequently
size graded to 200x400 mesh. Any oversize materials (i.e., >200 mesh) were
re-ground and size graded to 200x400 mesh. This size cut was added to the
first one to enhance the degree of representativeness of the test sample.

Char Combustion Test Matrix

Five tests (Table 2-3) were run in the DTFS on each of the four 200x400 mesh
coal chars (prepared a priori as specified in the preceding section) in 0.03
02 atmosphere (in nitrogen balance) in the 1600-2650°F (1140-1730°K) tempera-
ture range and residence times ranging up to 0.85 sec. Data were used to
determine the char combustion efficiencies, which were subsequently used to
derive the global combustion kinetic parameters (apparent activation energies
and frequency factors).

CONTROLLED MIXING HISTORY FURNACE (CMHF) STUDIES

Facility/Test Procedure

The pilot scale (500,000 Btu/hr) CMHF is based on the principle of plug-flow
which resolves time into distance along the length of the furnace. It con-
sists of a refractory-lined 1.5 foot inner diameter cylinder with an overall

* A fixed probe, fitted onto the bottom of the test furnace, was used
during DTFS char preparation.
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TABLE 2-3

TEST MATRIX FOR COMBUSTION OF
COAL CHARS IN THE DROP TUBE FURNACE SYSTEM (DTFS)

REACTION GAS

: MEDIUM TEMPERATURE
COAL TEST NO. SIZE (MESH) (voL. %) (°F)
TMLC-1-2 200x400 3% 02/97% N2 1600
TMLC-1-3 200x400 3% 02/97% N2 1900
TEXAS TMLC-1-4 200x400 3% 02/97% N2 2150
LIGNITE TMLC-1-5 200x400 3% 02/97% N2 2400
TMLC-1-6 200x400 3% 02/97% N2 2650
MRCC-1-2 200x400 3% 02/97% N2 1600
' MRCC-I-3 200x400 3% 02/97% N2 1900
MONTANA MRCC-1-4 200x400 3% 02/97% N2 2150
subB COAL MRCC-1-5 200x400 3% 02/97% NZ 2400
MRCC-1-6 200x400 3% 02/97% N2 2650
AACC-1-2 200x400 3% 02/97% N2 1600
AACC-1-3 200x400 3% 02/97% N, 1900
ALABAMA AACC-1-4 200x400 3% 02/97% N2 2150
hvAb COAL AACC-I-5 200x400 3% 02/97% N, 2400
AACC-I-6 200x400 3% 02/97% N2 2650
PEAC-1-2 200x400 3% 02/97% N2 1600
PEAC-1-3 200x400 3% 0?/97% N? 1900
PENNSYLVANIA PEAC-1-4 200x400 3% 0?/97% Né 2150
ANTHRACITE PEAC-1-5 200x400 3% 0é/97% N? 2400
: PEAC-I1-6 200x400 3% 02/97% Né 2650

(1) Chars were prepared a priori in the DTFS in nitrogen gas at 2650°F.
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height of 22.6 feet. A mixture of pulverized fuel and primary air is fired
downward into the furnace from a single burner centrally located at the top of
the furnace. The furnace consists of four zones--preheat, combustion, water-
cooled, and after-burner--proceeding downward from the fuel admission point.

By sampling at different ports along the length of the furnace, it is possible
to examine the carbon burnout and NOx formation histories of a fuel. An ash
tracer method is also used to determine the solids combustion efficiency as a
function of operational parameters. Gaseous products aspirated in a sampling
probe are analyzed on-line to determine NOX, 02, €0, and CO2 concentrations.
Details of this test facility are given in Appendix A.

Coal Combustion/NO_ Emissions Control Test Matrix. The test matrix for the
CMHF study on the R]abama hvAb coal is given in Table 2-4. For all experi-
mental runs, the secondary/tertiary air was preheated to 700°F to simulate
field conditions. Fifteen tests were performed in four series to study the
effect of (1) primary stage stoichiometry; (2) primary stage residence time;
(3) overall excess air; and (4) fine grinding upon carbon burnout and NOX
formation. A firing rate of 0.5 x 108 Btu/hr (36 1b/hr) was used.

In the first test series, the primary stage air stoichiometry (Figure 2-3) was
varied at 15, 30, 50, 60, 70, and 90% of theoretical air., The remaining air
was introduced into ring 4 such that the overall excess air was maintained at

20%.

In the second test series, the optimum primary stage stoichiometry found in
first series was maintained constant and the remaining air was introduced into
rings 2, 3, and 5 in order to vary the primary stage residence time.

In the third sefies; the optimum values of the primary stage stoichiometry and
primary stage residence time found in series 1 and 2, respectively, were
maintained constant and the percentage of excess air was varied at 0, 10, 20,
and 35%. '




TABLE 2-4

TEST MATRIX FOR COMBUSTION OF ALABAMA
HIGH VOLATILE BITUMINOUS COAL IN THE
CONTROLLED MIXING HISTORY FURNACE (CMHF)

Study Coal Primary Stage Secondary Air Overall Excess
Test No. Parameter Fineness Stoichiometry Ring No. Air %

I-1 Primary = @ ecmeeee- 15 1 and 4 20

I-2 Stage % 30 1 and 4 20

I-3 Stoichio- 50 1 and 4 20

1-4 metry 70 1 and 4 20

I-5 90 1 and 4 20

I-6 Regular Grind 60 1 and 4 20

TI-1 Primary (71% - 200 mesh) - 1 and 1 20

I1-2 Stage 50 1 and 2 20

o I1-3 Residence 50 1 and 3 20
., 1i-4 Time 50 1 and 5 20
I1I-1 : Overall 50 1 and 4 0

I11-2 Excess 50 1 and 4 10

I1-3 Air + - 50 1 and 4 20

nm-4 - ememeeee- 50 1 and 4 35

V-1 Coal | Fine Grind 50 1 and 4 20

Fineness (87% - 200 mesh)
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In the fourth series, a single test was carried out with fine coal grind (87%
through 200 mesh compared to 71% through 200 mesh in series 1-3). In this
test primary stage stoichiometry and tertiary air introduction level were
maintained at optimum, and excess air was kept at 20%.

DROP TUBE FURNACE SYSTEM DATA REDUCTION PROGRAM

The salient features of the DTFS data reduction program are (1) calculate the
residence time of fuel particles as they flow down the test furnace reaction
zone taking into account the reactant gaé velocities as well as solid free
fall velocities (24, 25); (2) calculate the combustion or pyrolysis efficiency
by ash tracer method; (3) calculate the reaction kinetic parameters (apparent
activation energy and frequency factor) for coal pyrolysis or char combustion;
and (4) calculate particle surface temperatures during char combustion. A
data reduction computer program, developed previously with in-house funding,
was used to accomplish all these tasks. The calculation methods used here are
briefly described below.

Ash Tracer Method

This method is predicated on the assumption that the ash does not undergo
appreciable changes during coal combustion or pyrolysis. As such, the combus-
tion or pyrolysis efficiency (n) can be calculated from the values of the ash
contents in the feed sample and partially reacted char (collected at a given
DTFS reaction zone position). This method is expressed in mathematical form
(10, 14) as follows:

7= 100 [1 - (A/(100-4,))((100-4')/A")] (2-1)

where Ao and A' are the percent ash contents (expréssed on a dry basis) of the
feed sample and parfia]1y reacted char, respectively.

Coal Pyrolysis Kinetics

The derivation method used by Nsakala et al. Lig,,;g), Scaroni et al. (16),
and Walker et al. (17) was also used here. That is, briefly:

C = Co exp (-kt) | | | (2-2)
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where Co is the maximum obtainable weight loss under the prevailing conditions
referred to as aW _, and C is the remaining pyrolyzable material weight at time
t (C = aW_ - AW, where AW is the pyrolysis weight loss at time t), and k is a
pyrolysis rate constant. Plugging these values into and manipulating Equation
(2-2) yields

In (1-aW/AW_) = -kt (2-3)

Plotting the left hand side of Equation (2-3) vs. t yields straight lines from
which the k values can be obtained from the slopes of the least squares fits.

Now, the k values can be used in conjunction with a first order Arrhenius law
to obtain

k = ko exp (-E/RT) (2-4)

where kO’ E, R, and T are, respectively, the pyrolysis frequency factor, the
apparent activation energy, the universal gas constant, and the reaction gas
temperature,

Plotting 1n k vs. 1/T yields straight lines from which the values of k0 and E

can be obtained from the intercepts and slopes of the least squares fits. The
data illustrating this calculation procedure are given in Section 3 below.

Char Combustion Kinetics

Char combustion kinetic parameters were determined on the basis of Field's
formulation given below (3, 4).

Overall Reaction Rate Coefficient. The overall reaction rate coefficient (K)
is defined as the rate of carbon removal per unit external surface area per
unit atmosphere partial pressure of oxygen in gas. That is

K= QIPg ' (2-5)




where q is the rate of carbon removal per unit external surface area (g

2sec'l), and P_ is the partial pressure of oxygen in the gas (atm).

cm g

Reaction rate, q, is given by

q= (i/t)fg(I/S) d8 (2-6)
where S is the surface area at burn-off level B per unit weight of moisture
and ash-free char, and t is the residence time in the reaction zone. S is
given by

S = 6U/Xp (2-7)

where U (= 1-B) is the fraction of combustible char remaining unburnt, X is
the mean weight particle diameter (cm), and p is the apparent density of char
(g/cm3, dry-ash-free basis).

Field found the fo1iowing variation of surface area with burn-off assuming a
shrinking core mechanism

$/54 = u?/3 (2-8)
where So is the geometric surface area of the feed char. Goetz et al. (23)
found previously in this laboratory that char combustion proceeded principally
by a shrinking core mechanism.

Combining Eqs. (2-6) and (2-8) yields
a = (U)-14(s, V%) av (29)

which, upon integrating between the limits, leads to

q = 301-u13)s5 ¢ | (2-10)
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Substituting q in Eq. (2-5) from Eq. (2-10) yields
k= 3(1-01/3) /(s t Py) © (2-11)

Diffusional Reaction Rate Coefficient. Diffusional reaction rate coefficient
(KDIFF) is given by

=24 9 D/ R'T (2-12)

KD1FF g

where D is the binary diffusion coefficient of oxygen through the carrier gas
(nitrogen) (cmZ/sec‘), X is the mean weight particle diameter (cm), R' is the
gas constant (82.06 atm. cm3/mo1e °K},.T_ is the gas temperature in the
boundary layer (°K), and § is the mechanism factor (defined as the ratio of
moles of carbon consumed to moles of reactant gas transported to the surface).
A value of P equal to 2 was used (which assumes that CO is the primary combus-
tion product which is subsequently oxidized to CO2 in the boundary layer).

Surface Reaction Rate Coefficient. The overall reaction rate coefficient (K)
is dependent on both the rate of transport of oxygen by diffusion to the
particle surface (KDIFF) and the rate of reaction of oxygen at the particle
surface (KS). This is represented mathematically as

1/K = l/KDIFF + l/KS : (2-13)-‘
Eq. (2-13) can be rearranged to

Ks = X Kpree/ (Kpger =K (2-14)
Eq. (2-14) was used throughout this work to calculate surface reaction rate
coefficients during char combustion,

Apparent Activation Energy and Frequency Factor. The Arrhenius relation was
used in conjunction with Eq. (2-14) to calculate the apparent activation
energy (E) and frequency factor (A) for char combustion. That is

Ko = A exp (-E/RTg) : -(2-15)

S
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The values of E and A in Eq. (2-15) were determined for each char combustion
from the slopes and intercepts of the least squares fits of 1n KS VS. 1/Tg
plots. Results obtained from this work are illustrated in Section 3.

Particle Surface Temperature Calculation. The procedure used by Field (3) was
followed here. This temperature is calculated from a thermal balance on the
particle, equating the heat lost by conduction and radiation to the heat
released at the particle surface.

Assuming that carbon monoxide is the primary product of char combustion (i.e.,
@ = 2), the heat released at the surface is 2300 cal per gram of carbon burnt.
And the rate of heat generation (Hg) per unit area is given by

Hg = 2300 q (2-16)
where q is the rate of carbon removal per unit area [Eq. (2-10)].
The rate of heat loss by conduction (Hc) is given by

H = T - X -

c 2 A p Tg)/ (2-17)
where A, T , T , and X are, respectively, the thermal conductivity of reactant
gas (cal/cm. sec. °K), particle surface temperature (°K), measured bulk gas
temperature (°K), and particle diameter (cm).

The rate of heat loss by radiation is given by

g = 4 4

Hr -‘ eo(Tp - Tw) (2-18)
where ¢, o, and Tw are, respectively, the emissivity of the surface (taken to
be unity), the Stefan-Boltzmann constant (1.36 x 10'12 cal/cm. sec. °K), and
the reactor wall temperature (°K).

The equilibrium particle temperature (Tp) is calculated from

Hg = Hc + H, ' (2-19)
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Eq. (2-19) was solved by a previously developed computer program using a
straightforward iterative method to give the particle temperature correspond-
ing to each measurement of char combustion efficiency.

The T_ values obtained from this calculation were subsequently used in con-
junction with the Arrhenius Eq. (2-15)--in this case KS = A exp (-E/RTp)--to
derive the char combustion kinetic parameters.

As such, two methods were used to derive the char combustion kinetic paramet-
ers in this study: (1) using the measured bulk gas temperatures (Tg); and (2)
using the calculated particle surface temperatures (Tp). Results obtained
from this study are illustrated in Section 3.

CONTROLLED MIXING HISTORY FURNACE DATA REDUCTION PROGRAM

A computer program formulated earlier with in-house funding was used to reduce

the CMHF data resulting from each test.

The features of the program are (1) computation of the corrected gas tempera-
tures; (2) calculation of the residence times of the combustion products from
the mass flow data, furnace geometry, and the temperature profiles; (3)
calculation of relevant variables at each sampling port such as combustion
efficiency using the ash tracer technique, percent stoichiometry of the
mixture, concentrations of NO and NOX normalized to a theoretical 3% 02, and
fuel nitrogen fate calculated in terms of percent retention by char, percent
conversion to NO, percent conversion to gas phase nitrogen species, and
percent conversion to molecular nitrogen.

NOx correction to 3% O2 was made on the basis of the following relationship
[N0,], = [(21 - 3)/(21 - 0,)1(N0, ], (2-20)

where [NOX]C, [NOx]m, and 02 are, respectively, the corrected NOX, measured
NOX, and percent oxygen in the effluent gas stream during NOx measurement,
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The input to the program for each test consists of the following: mass flow
rates of pulverized fuel and all the air streams; points of secondary air

introduction; fuel composition; suction pyrometer data; gas analysis data; and
the char and feed fuel composition data.
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Section 3

RESULTS

CHARACTERISTICS OF COAL, CHAR, AND ASH SAMPLES
Coal Analyses

The analyses (Table 3-1) of the Montana Rosebud, Alabama Black Creek, and
Pennsylvania Buck Mountain coals are consistent with their ASTM classifica-
tions of subbituminous B, high volatile A bituminous, and anthracite, respec-
tively. Although the Texas lignite is classified as lignite A, its moist,
mineral-free higher heating value is 8870 Btu/1b (not shown in Table 3-1),
which is 570 Btu/1b higher than the top value (8300 Btu/1b) allowed for a
lignite A (26). Consistent with some of the coal selection criteria applied
in this study, these coals have widely varying volatile matter contents (4.1 -
53.6% on a dry-ash-free basis) and ash contents (2.1 - 18.0 1bs/106 Btu).

Hardgrove Grindability Indices

The Hardgrove grindability index (HGI) of the anthracite is 30, indicating
that this coal is relatively hard to grind. The HGI of the other three coals
vary from 40 to 58, indicating that these coals fall within the typically
encountered range and that no problems regarding their pulverization should be
encountered.

Flammability Indices

" The flammability indices (Table 3-1) of the subject coals are 900°F, 980°F,
1110°F, and 1660°F, respectively, for the 1igA, subB, hvAb, and anthracite.
These results indicate that the first three coals ignite relatively easily and
that they should not, under normal circumstances, present flame stability
problems in pulveriZed coal fired boilers. The anthracite's value indicates
that this coal is very difficult to ignite and that it would be expected to
present flame stability problems in pulverized coal fired boilers.

Ash Analyses

Ash fusibility temperatures and compositions are also given in Table 3-1.
~ Analyses of the Alabama and Pennsylvania coal ashes are typical of "Eastern"
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TABLE 3-1

ANALYSES OF CoALS
Texas Montana Alabama PennsyTvania
(Wilcox) {Rosebud) (Black Creek) (Buck Mountain)
LigA subB hvAb anthracite
ANALYSIS -ASH- ~ASH- -ASH- -ASH-
RECEIVED FREE RECEIVED FREE RECEIVED FREE RECEIVED FREE
Proximate, Wt. Percent
Moisture (Total) 21.2 - 23.9 - 3.6 -- 5.7 -
Volatile Matter 34.7 53.6 30.7 45.0 37.7 40.3 3.5 &1
Fixed Carbon 30.0 46.4 37.6 55.0 55.8 59.7 83.3 95.9
Ash 14 -- 7.8 -- 2.9 -- 7.5 --
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Ultimate, Wt. Percent
Moisture (Total) 21,2 -~ 23.9 -- 3.6 - 5.7 .-
Hydrogen 3.5 5.5 3.6 5.3 4.9 5.3 1.7 1.9
Carbon 45.6 70.5 51.6 75.5 78.5 84.0 82.7 95.3
Sulfur 0.6 0.9 0.7 1.0 0.7 0.7 0.4 0.5
Nitrogen 0.8 1.3 0.9 1.3 1.6 1.7 0.7 0.8
Oxygen (Diff,) 14,2 21.8 11.5 16.9 7.8 8.3 1.3 1.5
Ash 14.1 -- 7.8 -- 2.9 -- 7.5 --
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Higher Heating Value,
Btu/1b 7845 12130 8800 12880 13935 14910 12740 14675
Ash Loading,
1bs/mm Btu 18.0 -- 8.9 -- 2.1 -- 5.9 -~
Flammability Index, °F 900 -- 980 -- 1110 - 1660 --
Hardgrove Grindéb”lty tndex 48 -- 53 -- 40 -- 30 --
Ash Fusibility (Red. Atm.), °F
1.7, 2160 .- 2150 -- 2600 -- 2700+ --
S.T. 2210 - 2180 -- 2700+ -- 2700+ --
H.T. 2250 -- 2200 -- 2700+ -- 2700+ -
F.T. 2360 -- 2280 -- 2700+ -- 2700+ --
AT (F.T. - 1.T.) 200 -- 130 -- +100 - - -
Ash Composition, Wt. Percent
SiO2 52.1 -- 38.5 -- 56.9 -- 48.5 --
MZO3 18.1 -- 16.3 -- 28.0 - 38.5 -~
Fe,04 3.5 -- 4.9 -- 8.1 -- 4.2 --
Ca0 12.4 -- 18.5 -- 1.1 .- 0.3 --
Mg0 2.3 -- 3.3 -- 0.6 -- 0.4 --
Na20 0.3 -- 0.3 -- 0.6 -- 0.3 --
K,0 0.4 -- 0.3 .- 0.9 -- 1.1 --
TiO2 2.0 -- 0.7 -- 1.6 - 3.2 --
503 8.2 -- 15.0 -- 1.7 -- 0.8 -
Total 99.3 -- 97.8 -- 99.5 - 97.3 --




coal ashes in which the iron contents are greater than the sums of alkali and
alkaline earth contents. Analyses of the Texas and Montana coal ashes are, on
the other hand, typical of "Western" coal ashes, whereby the sums of alkali
and alkaline earth contents are greater than the iron contents.

The Texas and Montana coal ashes have moderately high calcium contents (12.4%
Ca0 and 18.5% Ca0, respectively). ODue to its fluxing tendency, this feature
is probably lTargely responsible for these ashes' relatively low fusibility
temperatures.

Char Characteristics

Analyses. Selected physicochemical characteristics of the DTFS-generated
chars, subsequently sized to 200x400 mesh, are given in Table 3-2. It is
important to note that all the chars are virtually volatile matter-free
(1.4-3.5% residual volatile matters on a dry-ash-free basis). While the subB
char has a dry-ash-free (daf) carbon content of 87%, the other three chars are
97-99% carbonaceous.

Pore Structures. The pore structure data on the four chars are also given in
Table 3-2. These data show, for example, that the BET specific pore surface
areas increase from 2.6 to 191 m2/g (daf) as the rank of the parent coal
decreases from anthracite to lignite. The CO2 surface areas also follow a
similar trend. It is however noteworthy that while the total open porosity of
the anthracite char is only 13%, those of the other three chars are much
higher and fall in the 51 to 66% range.

Particle Size Distributions. Dry sieve analysis was used to determine the
particle size distributions of the 200x400 mesh chars. These data (Table 3-3)
were analyzed by the Rosin-Rammler method (gz) to determine the dispersion
factors (n), fineness factors (X'), and mean weight particie sizes (X).
Results (Table 3-3) show a high degree of uniformity in particle size distri-
butions between all four chars (the mean weight particie sizes fall in a
narrow range of 54-56 ym). This close control of particle size distributions
ensures that the differences in reactivities between the chars of interest are
not due to differences in particle sizes.
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TABLE 3-2

PHYSICOCHEMICAL CHARACTERISTICS OF 200x400 MESH
DROP TUBE FURNACE SYSTEM - GENERATED CHARS

ALABAMEK
TEXAS MONTANA (BLACK PENNSYLVANIA
(WILCOX) (ROSEBUD) CREEK) (BUCK MOUNTAIN)
QUANTITY 1igA subB hvAb anthracite
Proximate, Wt. %
Volatile Matter 2.3(3.5)* 2.3(2.8)* 1.5(1.6)* 1.3(1.4)*
Fixed Carbon (Diff.) 64.3 80.3 94.6 92.1
Ash - 31.2 14.9 3.9 5.9
Ultimate, Wt. % |
Hydrogen , 0.3 0.3 0.3 0.2
Carbon 64.6(97.0)* 72.1(87.3)* 93.2(97.0)* 92.4(98.9)*
Sulfur 0.8 0.8 0.5 0.4
Nitrogen 0.5 0.5 1.0 0.4
Oxygen (Diff.) 0.4 8.9 1.1 - 0.0
Ash - 31.2 14.9 3.9 5.9
Sgers M/9, daf - 191.3 89.9 16.4 2.6
Scoz, mz/g. daf B ©210.9 162.9 16.3 1.6
0’ g/cm , daf T - 0.79 0.69 0.86 1.62
pHe, g/cm , daf o 1.71 2.01 1.75 1.86
Vis cm /g ‘ o o 0.681 0.952 0.591 0.080
0, ¥ ' , ~ 53.8 65.7 50.9 12.9

* Dry-Ash-Free Basis (daf)
0 = [1 - pyq /o] x 100




TABLE 3-3
PARTICLE SIZE DISTRIBUTIONS FOR 200x40C MESH CHARS

CUMULATIVE WEIGHT PERCENT GREATER THAN X

gggxﬁNG, X, TEXAS MONTANA ALABAMA PENNSYLVANIA
pm 1igA subB hvAb anthracite
63 23.4 28.0 24.3 33.4
53 48.4 52.2 51.2 47.1
45 79.1 82.5 80.9 86.5
38 99.8 98.5 96.3 97.7

ROSIN-RAMMLER

PARAMETERS
n 12.4 7.8 7.1 7.5
X' (um) 69.5 60.0 58.0 60.0
X (nm} 55 56 54 56
n = Dispersion factor

Fineness factor
Mean weight particle size

>a <
nan

Thermo-Gravimetric Reactivities. Thermo-gravimetric burn-off curves in air at
700°C (1292°F) for the 200x400 mesh chars are given in Figure 3-1. The
following reactivity trend emerges: 1igA char = subB char > hvAb char >>
anthracite char. Both lignite and subbituminous chars are burned to comple-
tion in 8 minutes; at this point the high volatile bituminous and anthracite
chars are burned to 90% and 30%, respectively.

These reactivity trends support the pofe structure trends reported for the
same chars. That is, generally, the higher the open porosity, the higher is
the reactivity. These results show-the important role played by the pore
structure during char combustion.
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PYROLYSIS AND/OR COMBUSTION OF COALS AND CHARS IN THE DROP TUBE FURNACE SYSTEM
Pyrolysis of Coals

The controls of the DTFS are designed to maintain the wall temperatures of the
preheater and test furnace at certain values. These values dictate the
ultimate gas temperature profiles in the reaction zone of the test furnace. A
small suction pyrometer was used to measure the nitrogen gas temperatures.

Results are shown in Figure 3-2, Gas temperatures are seen to rise and
level-off after a certain distance. The isothermal zone is located within the
last eight to ten inches of the sixteen-inch reaction zone. These plateau
temperatures are the ones that are referred to throughout this report.
Example, T6 = 2650°F indicates that the isothermal zone was at this tempera-
ture. All the temperature profiles used for obtaining coal pyrolysis kinetic
data are given in Figure 3-2.

Volatile Yields and Swelling Characteristics. The 200x400 mesh size fraction
of each parent coal was pyrolyzed in nitrogen atmosphere at 2650°F and the
resulting char was collected at the 16-inch DTFS reaction zone. The object-
ives of this experiment were to determine: (1) the maximum obtainable vola-
tile yields or pyrolysis weight losses (Awm) under the prevailing conditions;
and (2) the Q-factor. The Q-factor is indicative of the volatile yield
enhancements in dilute-phase, rapid heating applications, such as the DTFS,
over ASTM volatile matter contents. This technique has been discussed by
various authors (10, 14, 16, 17). The heating rates in the DTFS-type appli-
cations have been found to be on the order of 104°C/sec.

A regular commercial grind (~70% - 200 mesh) of each parent coal was also
pyrolyzed in the DTFS in nitrogen atmosphere at 2650°F. Resulting chars were
collected at 4-, 8-; and 16-inch reaction zones. The swelling factor (a) of
each coal was determined, based on previous in-house experience, as follows

a = [(X4 + XB + 216)/3]/5(o (3-1)
where X4, XB, 216 are respectively, the mean weight particle sizes of chars

obtained at 4-, 8-, and 16-inch reaction zones, and XO is the mean weight
particle size of the feed coal.
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Results from this study (Table 3-4) indicate that:

) Texas lianite, Montana subB, and Pennsylvania anthracite did not
show any swelling by virtue of their thermosetting nature. Alabama
hvAb, which is thermoplastic, swelled by 34%.

) The 1igA and subB showed, respectively, 12% and 14% volatile matter
enhancements over their ASTM volatile matter contents. The hvAb and
anthracite showed no volatile matter enhancements.

° The maximum pyrolysis weight losses obtainable under the prevailing
DTFS test conditions are 58.5, 47.6, 38.2, and 4.9%, respectively,
for the 1igA, subB, hvAb, and anthracite,
A1l these pieces of information are very important, as will be seen later, in

coal pyrolysis kinetic information derivations and coal combustion modeling

studies.
TARLE 3-4
COAL VOLATILE YIELDS AND SWELLING CHARACTERISTICS
200x400 MESH REG. GRIND (~70%-200 MESH)
(aK ) SWELLING FACTOR

COAL VMASTM = DTFS Q-FACTOR Xo c (u)
TEXAS lignite 53.0 58.5 1.12 64 65 1.0
MONTANA subB 45,9 47.6 1.14 58 56 1.0
ALABAMA hvAb 38.2 38.2 1.0 59 79 1.34
PENNSYLVANIA 4.9 4.9 1.0 64 63 1.0
anthracite .

xcf (Rg + Xg + R4¢)/3

Effect of Temperature. Closely size graded (200x400 mesh, X = 53 - 56 um)
coal samples (Table 3-5) were pyrolyzed in the DTFS in nitrcgen atmosphere at
1450, 160C, 1900, 2400, and 2650°F and residence times ranging up to 0.8 sec.
as specified in Section 2 (Table 2-2).

Results on the effect of temperature and time on the pyrolysis weight loss are

plotted in Figure 3-3. They show that:
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) The pyrolysis of each coal is clearly dependent upon temperature and
time. Higher temperatures and/or longer residence times yield
higher pyrolysis weight losses. For example, for Texas lignite, at
0.2 sec. the pyrolysis weight loss increases from 16% to 51% as the
temperature increases from 1450°F to 2650°F; and at 1450°F the
pyrolysis weight loss increases from 3% to 34% as time increases
from 0.05 to 0.8 sec.

) At 2650°F, however, pyrolysis is viftually complete within 0.2 sec.
for the lignite, subbituminous and high volatile bituminous coals.

TABLE 3-5
PARTICLE SIZE DISTRIBUTIONS FOR 200x400 MESH COALS

CUMULATIVE WEIGHT PERCENT GREATER THAN X

Sgéx§NG, X, TEXAS MONTANA ALABAMA PENNSYLVANIA |
um 1igA subB hvAb anthracite

63 32.2 31.8 26.0 28.4

53 55.9 54.8 49.0 £1.7

45 81.4 82.8 75.5 78.0

38 96.6 98.8 94.1 95.6

ROSIN-RAMMLER

PARAMETERS
r 6.9 9.3 6.1 7.3
X' (um) 59.5 58.0 57.9 57.0
X (pm) 56 55 54 53
n: Dispersion factor

Fineness factor
Mean weight particle size

><
How n

Effect of Fuel Properties. In order to compare the pyrolysis weight losses

between coals, selected data in Figure 3-3 are re-plotted in Figure 2-4,
These plots show comparatively the effects of temperature and time on the
pyrolysis of the lignite, subbituminous, and high volatile bituminous coals.
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These results show that pyrolysis is dependent upon the nature of the parent
coal. That is, at a given temperature and time, the higher the volatile
matter in the parent coal the higher is the pyrolysis weight loss. Neverthe-
less, the rates of pyrolysis of these three coals are similar.

Kinetic Parameters. The pyrolysis weight loss curves in Figure 3-3 were used
to derive the pyrolysis kinetic parameters of the subject coals in conjunction
with the procedure outlined in Section 2 [Refer to Equations (2-2) to (2-4)1.

Plots of In(1 - AW/AW_) vs. t yield straight lines (Figure 3-5) from which the
pyrolysis constants k can be obtained from the slopes of the least squares
fits.

In their relatively low temperature (923-1273°K range) pyrolysis studies,
Badzioch and Hawksley (10), Msakala et al. (14), and Scaroni et al. (16) found
that the curves of the type given in Figure 3-5 radiated from a common origin
vhose time was greater than zero. They found this to be independent of coal,
particle size, and temperature. They proposed that this time was associated
with the rapid heat up time during which negligible pyrolysis occurred. No
such consistent occurrence was encountered in the present pyrolysis study
which was conducted at much higher temperatures (1060-1730°K). The implica-
tion here is that it cannot be stated in a general way that negligible pyroly-
| sis takes place during the rapid heat up time. As such, the residence times
reported here are total residence times; they entail no rapid heat up time
corrections.

Mow, the k values can be used in conjunction with a first order Arrhenius law
to obtain the plots given in Figure 3-6. The apparent activation energies (E)
and frequency factors (ko) are derived from, respectively, the slopes and
intercepts of the least squares fits of the straight lines given in Figure
3-6. Results are given in Table 3-6. ‘

The apparent activation energies (4.7 - 8.0 kcal/mole) encountered here are
rather low. Various investigators (10, 11, 13, 16, 17, 18) employing dilute-

phase reactors similar to the present DTFS and the heated grid experiments
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also encountered relatively low activation energies (generally less than 20
kcal/mole) for thermal decomposition of coals of various rank.

TABLE 3-6

KINETIC DATA FOR PYROLYSIS OF 200x400 MESH
COALS IN NITROGEN ATMOSPHERE AND
1035-1690°K TEMPERATURE RANGE

AVERAGE KINETIC PARAMETERS
TEMPERATURE
COAL (°K) k E ko Y

1035 1.101

1112 1.365
TEXAS 1295 2.207 .7980 50.8 -0.95
TigA 1585 3.017

1674 6.385

1036 0.194

1112 0.455
MONTANA 1286 0.971 4740 13.5 -0.93
subB 1674 1.065 .

1038 0.710

1119 0.949
ALABAMA 1301 1.166 7825 32.5 -0.98
hvAb 1583 3.191

1689 2.657

: 1405 2,552

PENNSYLVANIA 1585 2,704 7755 38.7 -0.79
anthracite 1674 4,330
k = Rate Constant, sec™!
E = Activation Energy, cal{gmo]e
k = Frequency Factor, sec
Yo = Correlation Coefficient of In k vs. 1/T

Since low activation energies are usually associated with heat and mass
transfer effects, one may surmise that the present results indicate a physical
rate control mechanism. The absence of particle size effects on the rate of
pyrolysis was previously interpreted to mean an absence of heat and mass
transfer effects. Anthony et al. (11, 13) provide a probable explanation in
terms of a distribution of activation energies for the generation of different




volatile species. They obtained activation energies of 10 and 48 kcal/mole,
respectively, for single step and multi-step correlations. The implication is
that for a complex process 1ike pyrolysis, a low apparent activation energy
may not necessarily be indicative of a physical rate control mechanism.

Development of Pore Structure During Pyrolysis of Coals. Selected pore
structure parameters (BET and CO2 specific surface areas, total open pore
volumes and percent porosities) were followed as a function of coal pyrolysis
weight loss under specific conditions.

The total open volumes (VT) of the 200x400 mesh lignite, subbituminous, high

volatile bituminous, and anthracite feed samples are 0.078, 0.071, 0.018, and
0.051 cm3/g (daf), respectively (Tables 3-7 to 3-10). This lack of correla-

tion of the total open porosities of coals with rank was previously shown by

Gan et al. (28).

Results in Tables 3-7 to 3-10 indicate in general an opening of the pore
structure as the pyrolysis weight loss increases (i.e., as more volatile
species escape the coal matrix). A similar observation was made by Nsakala
et al. (29) and Maloney (18). The development of the pore structure during
coal pyrolysis is dependent upon the nature of the parent coal. In general,
low rank coals by virtue of their thermosetting nature (i.e., they do not
soften upon rapid heating) yield chars with higher open pore structures than
high rank coals. The present results bear out this hypothesis. However, it
should be noted that the rates of pore structure developments are similar for
the lignite, subbituminous, and high volatile bituminous coals. The rate of
the pore structure development for the anthracite is, on the other hand, much
more sluggish than those of the other three coals due to its inherently closed
nature. In summary:

) The total open pore volume of the lignite sncreases by more than one
order of magnitude (from 0.078 to 0.980 cm”/g) as the pyrolysis
weight loss increases from 0% (feed sample) to 53% (2650°F @ 16-inch
reaction zone). The corresponding increase in the BET surface area
is from 3 to 117 m“/g (dry-ash-free basis).
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TABLE 3-7

CHARACTERISTICS OF TEXAS LIGNITE AND
ITS DTFS 16-INCH PYROLYSIS CHARS

CASE
PARAMETER
Feed Coal '
(200x400 T1(1450°F) T2(1600°F) T3(1900°F) T5(2400°F) T6(2650°F)
Mesh)

Pyrolysis Weight Loss, AW, % daf

Residual VM in Char, Vc, % daf

2
Spers My/9, dry
BET* 2

SBET’ m /g, daf
S

sC0,, mglg, dry
€05, m°/g, daf

pH ’ g/cmg, dry
ng. g/cm”, daf

pHE’ g/cmg, dry
Phe> 9/cm™, daf

Open Pore Vol., VT’ cm3/g

Open Porosity, o, %

0
N/A

2.5
3.0

85

100
1.35
1.24

1.48
1.36

0.078
9.6

34.2
23.5

3.6
4.6

155
199

1.21
1.04

1.59
1.41

0.252
26.2

39.2
16.2

5.0
6.6

135
177

1.16
0.98

1.64
1.45

0.331
32.4

47.4
9.7

5.4
7.4

120
163

1.15
0.95

1.87
1.68

0.457
43.5

54.8
3.3

25.3
36.0

140
154

1.12
0.89

1.88
1.66

0.521
46.4

53.0

2.6

83.6
117.4

199
216

0.86
0.67

2.13
1.95

0.980
65.6




TABLE 3-8

CHARACTERISTICS OF MONTANA SUBBITUMINOUS COAL AND ITS
PYROLYSIS CHARS OBTAINED FROM THE DTFS REACTION ZONE

‘teed T1(1450“F) CASE TéYZSSﬁ‘F) CASE
Coal
PARAMETER (200x400 — REACTION ZONE LCENGTH
Mesh) 1" 2" 4“ 8“ 12“ 16" lll 2” 4“ 8“ 12" 16"
Pyrolysis Time, 1, sec. 0 0.055 0.109 0.215 0.421 0.623 0.827 0.035 0.070 0.140 0.276 0.411 0.545
Pyrolysis Weight Loss;
AW, % daf coal 0 - 6.4 12.6 18.3 29.1 29.2 41.3 43.2 43.4 41.8 45.7 44.2
Residual VM in Char, , .
% daf coal N/A.  40.5 35.0 27.4 21.6 18.1 16.7 6.8 4.9 3.9 2.9 2.7 2.9
SBET’ mglg,'dry 2.9 1.4 1.4 1.3 1.7 1.6 1.9 10.4 18.3 53 85 101 103
w SBET’ m-/g, daf 3.2 1.6 1.5 1.4 1.8 1.8 2.2 12.1 21.3 62 98 118 121
© gcoz. mglg, dry - 82 72 79 76 99 106 116 115 125 113 142 107 109
COZ’ m-/g, daf 90 79 87 84 110 119 126 133 145 131 164 126 127
Pl g/cmg, dry 1.30 1.20 1.15 1.06 1.09 1.08 - 0.78 0.76 0.80 0.75 0.71 0.70
p"g, g/cm”, daf 1.24 1.14 1.09 1.00 1.02 1.00 - 0.70 0.68 0.72 0.67 0.63 0.62
PHe® g/cma, dry 1.42 1.39 1.41 1.46 1.47 1.67 - 178 1.76 1.79 1.65 1.76 1.86
PHe® 9/CM ,daf 1.36 1.33 1.35 1.39 1.40 1.59 - 1,69 1.66 1.70 1.55 1.66 1.77

Open Pore Vol., VT, cm3/g 0.071 0.125 0.177 0.281 0.266 0.371

0.837 0.868 0.800 0.847 0.985 1.05

Open Porosity, o, % 8.8 14.3 19.3 28.1 27.1 37.1 58.6 59.0 57.6 56.8 0.62 65.0
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CHARACTERISTICS OF ALABAMA HIGH VOLATILE BITUMINOUS COAL AND

TABLE 3-9

ITS DTFS 16-INCH PYROLYSIS CHARS

TASE
PARAMETER
Feed Coal
(200x400  T.(1450°F) T,(1600°F) T.(1900°F) T (2400°F) T, (2650°F)
1 o160 3\ 5 6
Mesh)
Pyrolysis Weight Loss, AW, % daf 0 17.8 26.3 31.4 36.4 36.7
Residual VM in Char, V_, % daf N/A 19.4 11.9 6.0 0.9 0.6
Spere Ma/0, dry 0.9 0.9 1.2 0.9 30.3 26.4
Spcy» M/, daf 0.9 0.9 1.2 0.9 31.9 28.1
gcoz, mgyg, dry 133 103 168 111 103
coZ, /g, daf 137 106 176 117 109

Phq® g/cmg, dry 1.29 0.93 0.92 1.01 0.75 0.84
pHg, a/cmd. daf 1.27 0.91 0.89 0.98 0.72 0.80
Ol g/cmg, dry 1.32 1.54 1.54 - 1.60 1.65
PHe® g/cm™, daf 1.30 1.52 1.51 - 1.57 1.61
Open Pore Vol;, VT’ cm3/g 0.018 0.441 0.461 - 0.752 0.629
Open Porosity, o, % 2.3 40.1 41.1 - 50.3

54.1




TABLE 3-10

CHARACTERISTICS OF PENNSYLVANIA ANTHRACITE AND
ITS DTFS 16-INCH PYROLYSIS CHARS

CASE
PARAMETER
Feed Coal
(200x400  T.,(1600°F)  T.(1900°F) T,(2150°F) T.(2400°F) T.(2650°F)
2 3 ] 5 6
Mesh) _
Pyrolysis Weight Loss, aW, % daf 0 - - 1.5 3.7 4.7
Residual VM in Char, V_, % daf - - 1.9 1.6 1.9
SeETe mg/g. dry 7.6 3.4 11.0 1.4 1.2 1.3
SgETs M /9, daf 8.1 3.7 11.7 1.5 1.2 1.4
G gcoz, mg/g, dry 115 143 111 122 157 -
N €05, m/g, daf 122 152 118 130 167 -
PHq? g/cmg, dry 1.53 1.48 1.54 1.60 1.65 1.65
pHg, g/cm®, daf 1.48 1.44 1.50 1.51 1.61 1.61
Pha s g/cmg, dry 1.65 1.58 1.74 1.79 1.93 1.93
pHg, g/cm”, daf 1.60 1.54 1.70 1.75 1.50 1.90
Open Pore Vol., Vi, /g 0.051 0.045 0.078 0.091 0.095 0.095

Open Porosity, o, % 7.5 6.5 11.8 13.7 15.3 15.3
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] The total open pore volume of the subbituminous coal incresses also
by more than one order of magnitude (from 0.071 to 1.05 cm”/q) as
the pyrolysis weight loss increases from 0% (feed sample) to 44%
(2650°F @ 16-inch reaction zone). Ehe corresponding increase in the
BET surface area is from 3 to 121 m“/g (dry-ash-free basis).

() The total open pore volume of the high volatile bituminous coal
1ncrease§ also by more than one order of magnitude (from 0.018 to
0.629 cm”/g) as the pyrolysis weight loss increases from 0% (feed
sample) to 37% (2650°F @ 16-inch reaction zone). Ehe corresponding
incregse in the BET surface area is from 1 to 28 m“/g (dry-ash-free
basis).

(] The total open pore volume of the anthracite, on the other hgnd,
increases by less than a factor of 2 (from 0.051 to 0.095 cm”/g) as
the pyrolysis weight loss increases from 0% (feed sample) to a mere
4.7% (2650°F @ 16-inch reaction zone). The BET surface area, got
showing enough sensitivity, actually decreases from 8 to 1.4 m“/g
(dry-ash-free basis).

Combustion of Chars
A small suction pyrometer was also used to measure the 3% 02/97% N2 gas medium

(i.e., 0.03 0, atm.) temperatures.

Results are shown in Figure 3-7. Gas temperatures are seen to rise and
level-off after a certain distance. The isothermal zone is located within the
last eight to ten inches of the sixteen-inch reaction zone. These plateau
temperatures are the ones that are referred to throughout this report.
Example, T6 = 2650°F indicates that the isothermal zone was at this tempera-
ture. These temperature profiles are consistent with those obtained similarly
on the nitrogen atmosphere (Figure 3-2). These temperature profiles were used
for obtaining char combustion kinetic data.

Effect of Temperature. The 200x400 mesh DTFS-generated chars were burned in

the DTFS in 0.03 Oz,atm. (in nitrogen balance) at 1600, 1900, 2150, 2400, and
2650°F and residence times ranging up to 0.85 sec. as specified in Section 2

(Table 2-3).

Results on the effect of temperature and time on the combustion efficiencies
of the four coal chars are given in Figure 3-8. They show that:
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° Char combustion efficiencies vary significantly with temperature and
time. For example, for Texas lignite, at 0.5 sec. the combustion
efficiency increases from 11% to 82% as temperature increases from
1600°F to 2650°F; and at 2650°F the combustion efficiency increases
from 28% to 82% as residence time increases from 0.1 to 0.5 sec.

° Combustion efficiencies show the following trend: Montana subB char
> Texas lignite char > Alabama hvAb char >> Pennsylvania anthracite
char.

Effect of Fuel Properties. To more clearly depict the differences in reactiv-
ities between the four chars, some of the data in Figure 3-8 a}e.re-plotted in
Figure 3-9. These results show that the reactivity trend given above holds at
virtually all residence times for the 1600, 2150, and 2650°F cases. For
example, at 0.5 sec. and 2650°F the combustion efficiencies are 93, 81, 74,
and 13%, respectively, for the subB, 1igA, hvAb, and anthracite chars. This
trend is consistent with the trend observed for these chars total open pore
volumes (0.95, 0.61, 0.59, and 0.08 cm3/g, respectively), indicating the
important role played by pore structure during char combustion. These results
indicate, for example, that the low réactivity of the anthracite char is
attributable to the fact that its predominantly micropore structure is inac-
cessible to oxygen during combustion.

It is noteworthy that combustion characteristics of Texas lignite, Montana
subB and Alabama hvAb coal chars are such that none of the parent coal is
expected to present any carbon heat loss problems if fired in a properly
designed and operated pulverized coal fired boiler. The anthracite would, as
would be expected, present severe carbon heat loss problems in a conventional
pulverized coal fired boiler. Burning,énfhracite successfully would require
relatively higher temperatures, 1bnger.résidence times, and finer particles.

Kinetic Parameters.. The char combustion efficiency curves given in Figure 3-8
were used in conjunction with tﬁe proceduré detailed in Section 2 [Refer to
Equations (2-5 to 2-15)] to -derive the combustion kinetic parameters. Two
methods were used'in'these derivations. The fifst method employed the mea-
sured bulk gas tempéfatures (T_); whereas the second method employed the
particle surface temperatures ?Tp) calculated acéording to Equations (2-16 to
2-19).
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The Arrhenius plots of In Ks vs. 1/T, where KS is the surface reaction rate
coefficient and T is either the gas or particle temperature, yielded straight
lines (Figures 3-10 and 3-11). The apparent activation energies and frequency
factors were then obtained from the slopes and intercepts of the least squares
fits of these plots. Results are given in Tables 3-11 and 3-12. They show
that:

] Method 1 (i.e., using measured bulk gas temperatures) gave apparent
activatien ‘energies of 21050, 26730, 23320, and 17990 cal/mole,
respectively, for the lignite, subbituminous, high volatile bitu-
minous, and anthracite chars. 2The corresponding frequency factors
were 57, 593, 80, and 4.3 g/cm™ sec. 02 atm,

° Method 2 (i.e., using calculated particle surface temperatures) gave
corresponding apparent activation energies of 20350, 25400, 22550,
and é7840 cal/mole, and frequency factors of 36, 271, 50, and 3.7
g/cm” sec. 02 atm,

) Differences in kinetic parameters between the two methods are due to
differences between corresponding gas and particle temperatures.
Particle temperatures are greater than gas temperatures by 14 to
110°K. These differences are similar to those found by Field (3).

The impact of differences in kinetic parameters due to the choice of the
method of derivation is depicted in Figure 3-12. This figure shows that while
the impact on the very low reactivity and low temperature sensitivity anthra-
cite char is negligibly small, it is very significant on the lignite char.
Hence, it is very important to specify the method used for deriving particular
combustion kinetic parameters.

Comparison with Literature Kinetic Data. Figure 3-13 compares the results of
the present work obtained from Method 2 with some of the data encountered in
the literature (4, 5, 6, 7, 30). These plots illustrate the great differences
in reactivities that exist between chars derived from coals of various or even
of similar rank range. These differences are due to actual differences in
char reactivities and/or differences in experimental conditions used by

different investigators. For examples, at 1600°K:
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TABLE 3-11

KINETIC DATA FROM COMBUSTION OF 200x400 MESH
LIGNITE AND SUBBITUMINOUS CHARS IN 0.03 OXYGEN
ATMOSPHERE AND 1070-1800°K TEMPERATURE RANGE

TEXAS LIGNITE MONTANA SUBBITUMINOUS
METHOD 1 METHOD 2 METHOD 1 METHOD 2
TEMP. KS TEMP. KS TEMP. KS TEMP. KS
1138 .00625 1160 .00625 1074 .00173 1090 .00175
1142 .00508 1159 .00507 1105 .00537 1128 .00540
1141 .00384 1154 .00384 1138 .00494 1159 .00496
1297 L01349 1331 .01348 1142 .00448 1159 .00449
1306 .01202 1338 .01202 1141 .00357 1154 .00357
1316 .01391 1344 .01390 1308 .02181 1345 02178
1317 .02513 1347 .02510 1298 .01310 1332 .01310
1428 05349 1484 S 05328 1299 .01451 1333 .01450
1430 .03509 1483 .03501 1316 .02230 1349 .02228
1436 .04422 1490 .04409 1317 .02735 1347 .02732
1447 .04684 1496 .04671 1424 . 02505 1468 .02501
1449 .05746 1496 .05728 1430 .04885 1489 .04868
1564 05291 1624 05273 1436 .06509 1497 .06477
1586 .04915 1645 .04901 1447 .08648 1507 .08594
1600 .07063 1663 .07032 1449 .09374 1505 .09315
1601 .06748 1658 .06723 1547 .04313 1604 .04302
1597 .09830 1656 .09773 1589 .06974 1656 .06941
1651 ~07775 1722 .07735 1605 .09314 1675 .09254
1675 .11011 1759 .10919 1607 .10132 1672 .10066
1701 .08783 1775 .08733 1600 .11830 1661 .11744
1720 .09562 1785 .09510 1640 . 29347 1749 . 28475
1724 .11208 1787 .11139 1661 .29676 1771 .28804
1651 .16732 1746 .16488 1678 .33592 1783 . 32496
1701 .10683 1777 .10606 1693 .31236 1794 .30365
1724 .10896 1784 .10834 1720 .23771 1804 .23361
1725 .16665 1791 . 16507
Kinetic Parameters Kinetic Parameters
E = 21050 E = 20350 E = 26730 E = 25400
A =57 A = 35,6 A = 593 A= 271
vy = -0.967 vy = -0.972 y = -0.965 y = -0.972

Method 1 - Using Measured Bulk Gas Temperatures (T )

Method 2 - Using Calculated Particle Surface Tempegature (Tp)

E = Activation Energy, ca]émo1e

A

Temp. = °K

Frequency Factor, g/cm -sec. 0, atm.
y-= Correlation Coefficient of In g VS- 1/T Plot




TABLE 3-12

KINETIC DATA FROM COMBUSTION OF 200x400 MESH
HIGH VOLATILE BITUMINOUS AND ANTHRACITE CHARS IN 0.03 OXYGEN
ATMOSPHERE AND 1070-1800°K TEMPERATURE RANGE

ARLABAMA HIGH VOLATILE BITUMINGUS PENNSYLVANIA ANTHRACITE
METHOD 1 METHOD 2 METHOD 1 METHOD 2

TEMP. KS TEMP. Ks TEMP. KS TEMP. Ks
1146 .00459 1166 .00459 1142 .00122 1156 .00122
1157 .00363 1173 .00363 1141 .00183 1152 .00183
1158 .00237 1169 .00237 1298 . 00406 1325 . 00406
1310 . 00848 1340 00847 1299 . 00605 1327 .00605
1322 .00570 1349 00569 1316 .00401 1337 .00401
1322 .00870 1347 00870 1317 .00401 1333 .00401
1315 .01879 1341 01878 1430 .00918 1466 .00918
1310 . 00887 1340 . 00886 1436 .00683 1468 .00683
1322 .00571 1349 .00571 1427 .00906 1476 .00906
1322 .00947 1347 00946 1449 .00797 1471 .00797
1315 .01861 1342 01860 1589 .02111 1633 .02109
1416 .01803 1456 01801 1605 .01841 1646 .01839
1434 .01391 1472 .01390 1607 .01422 1639 .01421
1447 .01964 1487 .01962 1600 .01052 1624 ,01051
1447 .04148 1494 .04139 1661 .03289 1715 .03284
1441 .05186 1486 .05172 1678 .03404 1735 .03398
1525 ,02335 1568 .02333 1693 .01905 1739 .01903
1552 .03021 1601 .03016 1720 .01642 1757 .01641
1580 .07046 1643 .07015 1725 .01239 1753 .01238
1586 .08264 1647 .08223
1585 .07893 1637 .07861
1665 .03622 1719 .03616
1683 .05988 1750 .05967
1704 .08357 1775 .08314
1719 .09267 1782 .09221
1724 .10183 1781 .10133
Kinetic Parameters Kinetic Parameters
E = 23320 E = 22550 E = 17990 £ = 17840
A =80 A =50 A=24.3 A=3.7
y = -0.922 vy = -0.926 vy = -0.939 vy = -0.948

Method 1 - Using Measured Bulk Gas Temperatures (T _)

Method 2 - Using Calculated Particle Surface TempePatures (T.)

E = Activation Energy, ca1émo1e P
Frequency Factor, g/cm“-sec. 0, atm.

Correlation Coefficient of 1In E vs. 1/T Plot

mp. = °K 3

A
Y
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° The surface reaction rate coefficient of Field's subB char (&
greater than that of Smith and Tyler's semi-anthracite (5) by
factor approaching three orders of magnitude (820).

} is
a

] The surface reaction rate coefficient of this work's most reactive
char (subB) is greater than that of this work's least reactive char
(anthracite) by a factor of 6.

) While the surface reaction rate coefficient of this work's anthra-
cite is less than a factor of two higher than thet of Beer and
co-workers' anthracite (6, 1), it is almost two orders of magnitude
higher than that of Smith and Tyler's semi-anthracite.

These results clearly indicate that using kinetic parameters found in the
literature for a particular modeling application can be risky, and, therefore,
should be done with circumspection.

The analytical data obtained from the DTFS studies are given in Appendix B.

COMEUSTION PERFORMANCE OF THE ALABAMA HIGH VOLATILE BITUMINCUS COAL IN THE
CONTROLLED MIXING HISTORY FURNACE

The Alabama hvAb coal was fired in the pilot scale CMHF at 500,000 Btu/hr in
order to evaluate the effect of staged combustion on NOX emissions and overel]
combustion efficiencies.

Staged combustion was obtained in the CMHF as previously depicted in Figure
2-3. The preheating and ignition stage is located between the points of
introduction of coal/primary air and secondarv air. The primary stage is
located between the points of introduction of secondary air and tertiary air.
And the secondary stage is located downstream of the point of introduction of
tertiary air.

The test matrix for this study has been discussed in Section 2 (Table 2-4).
The analytical data obtained from the CMHF are given in Appendix C.

Effect of Staged Combustion on NOx Emissions

Effect of Primary Stage Stoichiometry. Results indicate that staged combus-
tion has a - significant effect on overall CMHF NOX emissions and that the
primary stage stoichiometry is one of the most important parameters in con-
trolling fuel-bound NOx formation,
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As the primary stage stoichiometry increases from 15 to 120% of the theoret-
ical air required for complete combustion, the CMFF outlet NOX level (correct-
ed to 3% 02) decreases gradually from 420 ppm to a lowest level of 282 ppm,
then increases relatively fast to 498 ppm at 120% (Figure 3-14). These
results can be explained in terms of the existence of an optimum stage stoich-
jometry (50% in this particular case) which provides an optimum amount of MO
and intermediate nitrogen species (HCN, CN, NHx’ etc.) favoring NO to N2
conversion in the primary stage.

The classical bowl-shaped curve depicted in Figure 3-14 is censistent with the
CMHF results obtained previously in this laboratory (31) or a Wyoming subbi-
tuminous B coal, a Kentucky high volatile B bituminous coal, and two SRC
(Solvent Refined Coal) samples (Figure 3-15).

Effect of Primary Stage Residence Time, The effect of primary stage residence
time was determined at the optimum primary stage stoichiometry of 50%.

Percent excess air was maintained at 20%, and the secondary air was introduced
in ring 1. Primary stage residence time was changed by varying the level of
tertiary air introduction from ring 1 to ring 5. Fuel feed rate and primary
and secondary'air flow rates were kept constent throughout the tests.

The effect of primary stage residence time on NOx fornatjon is illustrated in
Figure 3-16. Changing the tertiary air introduction level from ring 1 to ring
5 resulted in an increase in primary stage residence time from ¢ to 1.56 sec.
This resulted in a 50% reduction in NOx at the furnace outlet (from 498 to 249
ppm @ 3% 02). It is observed that the outlet NOx decreases very rapidly
during the first second of the residence time indicating that primary stage
residence time also has a significant influence on reducing NOX emissions.

The decrease of NOx with residence time is due to the fact that residence time
enhances the NO to N2 conversion in the sub-stoichiometric primary stage zone.
The relatively flat portion of the curve at over one second suggests that the
reactions of various nitrogen intermediate species (HCN, CN, NHX, etc.) bave

reached a chemical thermo-dynamic equilibrium at the fuel-rich primary stage.

Therefore, results indicate that even though the overall NO emissions‘ﬁay not
be adversely affected by extending the primary stage residence time, a primary
stage residence time of over 1.5 sec. is neither more effective nor nécessary.
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Effect of Excess Air. The effect of excess air on NOx emissions at the outlet

of the furnace is also shown in Figure 3-16. Results indicate that NOx in-
creases with increasing excess air. However, the rate of increase in NOx is
moderate. N_Ox increases from 260 ppm to 330 ppm (@ 3% 02) as excess air
increases from 0 to 35%. This moderate increase is expected since all the
tests were run under an optimum NOx primary stage stoichiometry of 50%. A
larger increase would be expected under a single stage combustion scheme.

Effect of Fuel Fineness. The outlet NOx for the finer grind (87%-200 Wesh)
was 300 ppm as opposed to 282 ppm for the coarser grind (71%-200 mesh)., Flame
temperature was higher for the finer grind than for the coarser grind (2670°F
vs. 2530°F peak temperature). Therefore, it is postulated that the 6% higher
NOx emissions for the finer grind than for the coarser grind is at least
partly due to higher thermal N0x contribution. Another explanation for higher
NOx for the finer grind than the coarser grind is its shorter primary stage
residence time (1.26 vs. 1.45 sec., Table 3-13). Al1 the outlet NO, data
discussed above are presented in Table 3-13.

Effect of Staged Combustion on Overall Combustion Efficiency.

The influence of staged combustion on the overall combustion efficiency was
also examined. The same parameters studied above were studied here. That is:
(1) primary stage stoichiometry; (2) primary stage residence time; (3) overall
excess air level; and (4) fuel fineness.

Primary Stage Stoichiometry. Figure 3-17 is a plot of combustion efficiencies
vs. furnace residence time. The curves indicate that after an average of 1.1
sec. of preheating and ignition time, the higher the primary stage stoichio-
metry, the faster the fuel burns, which is a consequence of higher availabil-
ity of oxygen in the early stages of combustion. In all cases the overall
combustion efficiencies reached about 97%, at the end of the reaction zone
(port 9 elevation, Figure 2-3). The significance of these curves is that,
regardless of the primary stage stoichiometry, the overall combustion effi-
ciencies measured at the furnace outlet are virtually indistinguishable. This
is principally due to the fact that total residence times (t) in the CMHF are
quite long (r > 2.5 sec.).
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TABLE 3-13
SUMMARY OF CMHF OUTLET NOx EMISSIONS FROM ALABAMA hvAb COAL

STAGE STOTCHTOMETRY (%) RESIDENCE TIME (SEC.) TERTTARY ATR OUTLET NO

TEST NO. STUDY PARAMETER PRIMARY OVERALL PRIMARY OVERALL RING NO. (PPM @ 3% 60)

I-1 15 120 3.48 430 184 417

I-2 PRIMARY 30 120 1.96 2.85 1&4 329

I-3 STAGE 50 120 1.45 2.36 1&4 282

I-4 STOICHIOMETRY 70 120 1.09 1.98 1&4 355

I-5 90 120 .80 1.65 1&4 428

1-6 60 120 1.66 2.55 144 294

I1-1* - 120 - 1.27 141 498

I1-2 PRIMARY 50 120 0.43 1.67 1&2 413

I1-3 STAGE 50 120 0.84 1.92 1&3 327

w 11-4 RESIDENCE TIME 50 120 1.56 2.27 1&5 249
[]

& II-1 50 100 1.25 2.22 1&4 260

IT1-2 OVERALL 50 110 1.28 2.28 1&4 287

I11-3 EXCESS 40 120 1.57 2.40 1844 325

IT1-4 AIR 50 135 1.16 1.91 1&4 343

Iv-1 FUEL FINENESS 50 120 1.26 2.06 144 300

* Single Stage Baseline Test
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Primary Stage Residence Time. The combustion efficiencies are also plotted

. vs. residence time in Figure 3-17. The trend of the curves shows that in-
creasing the fuel residence time in the fuel-rich primary zone delays the
combustion process. However, at the end of the reaction zone (port 9 eleva-
tion), the overall combustion efficiencies are also virtually indistinguish-
able. This is understandable since the residue chars entering the CMHF
secondary zone are subjected to a relatively long residence time (on the order
of 0.7-1.0 sec.).

Overall Excess Air Level. The combustion efficiencies are plotted vs. resi-
dence time in Figure 3-18. While the results show that somewhat higher
combustion efficiencies were obtained at the highest excess air level, there
was, surprisingly, no consistent trend of combustion efficiency with excess
air in the CMHF., The overall combustion efficiencies measured at the end of
the CMHF reaction zone are unaffected by excess air (they are all in the
97-98% range).

Fuel Fineness. The influence of fuel fineness on combustion efficiency was
examined using two grinds: (1) a 71% through 200 mesh, with a mean weight
particle size (X) of 62 um; and (2) an 87% through 200 mesh, with a mean
weight particle size of 45 um. In each case, the tertiary air was introduced
in ring 4 and the primary stage stoichiometry was kept constant at 50%. The
percentage of excess air was maintained constant at 20%.

The combustion efficiencies are plotted vs. furnace residence time in Figure
3-18. Reducing the mean weight particle size by 27% (from 62 to 45 um)
enhances the early stage combustion efficiency by an average of ten percentage
points. From a combustion efficiency standpoint, the advantage of fine
grinding is, therefore, obvious. However, at the furnace outlet, the combus-
tion efficiencies of both grinds are in the 97-98% range. This is understand-
able since the total residence times in the furnace are quite long (t > 2

sec.).

Concluding Remarks

Based on this pilot scale study on the Alabama hvAb coal, it can be concluded
that a judicious use of staged combustion leads to an effective control of
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NOx emissions without adversely affecting the overall fuel combustion effi-

ciency.

Specific conclusions follow.

Both primary stage stoichiometry and primary stage residence time
are very important parameters for controlliing NO_ emissions. At 20%
overall excess air: (1) an optimum primary stagé stoichiometry of
50% of theoretical air, at a primary stage residence time of 1.45
sec. brought about a 43% reduction in NO_ compared to the unstaged
baseline case (282 vs. 498 ppm); and (2)*a primary stage residence
time of 1.56 sec., at a primary stage stoichiometry of 50%, led to a
50% reduction in NO_ compared to the same unstaged baseline case
(249 vs. 498 ppm).

The effect of excess air on NO_ emissions under an optimum primary
stage stoichiometry condition ¥s moderate but significant. Increas-
ing the excess air from 0 to 35%, while holding the primary stage
stoichiometry constant at 50%, led to an increase in NO_ of 27% (330
vs. 260 ppm). X

The effect of fuel fineness on NO_ emissions under an optimum
primary stage stoichiometry is sma11. Increasing the fineness from
71% to 87% through 200 mesh brought about an increase in NO emis-
sions of only 6% (300 vs. 282 ppm). This small increase is*believed
to be due to higher thermal NOx and/or shorter primary stage
residence time.

While parameters such as primary stage stoichiometry, primary stage
residence time, and fuel fineness affect the Alabama hvAb coal
throughout most of the combustion process, the combustion efficien-
cies tend to converge as residence times increase. This is princip-
ally due to the fact that the total residence times (t) in the CMHF
are quite long (1t > 2.5 sec., the specific residence times being a
function of CMHF operating conditions). The overall fuel combustion
efficiencies at the furnace outlet are in all cases in the 97-98%
range.

While a primary stage residence time of 1.5 sec. is actually imprac-
tical on a commercial scale, it is important to note that a substan-
tial reduction in NO_ occurs in the CMHF after a primary stage
residence time of 0.5 sec. (a2 21% reduction, from 498 to 395 ppm).
And this 0.5 sec. primary stage residence time is commercially
achievable.

3-44

, ,
B




Section 4
MATHEMATICAL MODELING: DTFS-TO-CMHF
COMBUSTION PERFORMANCE SCALE-UP FOR
ALABAMA hvAb COAL

The objective of this modeling effort was to establish a DTFS-to-CMHF scale-up
and to examine the feasibility of using fundamental kinetic information for
large scale combustion performance predictions.

Mathematical Model

As seen in Section 2, the combustion and NOx characteristics of the Alabama
hvAb coal were also determined in the CMHF at 500,000 Btu/hr firing rate. The
DTFS-derived kinetic parameters of this coal char were used in conjunction
with other coal data and an in-house mathematical model to simulate the CMHF
combustion processes under various conditions. This mathematical model is
essentially based upon the formulation of Field and co-workers (21), whereby
the following differential equation is solved

duj/dt = 'quj (4-1)
where u., S., and qj are, respectively, the weight of a particular residual
char fraction at time t per unit initial weight of char, the geometric surface
area of each particular fraction per unit weight of char and the rate of
carbon removal per unit geometric surface area. Equation (4-1) assumes that
the volatile matter is instantaneously released and burned. As such, the
pyrolysis process is not modeled. It is noteworthy that the pyrolysis infor-
mation presented in this report can be used in developing coal pyrolysis
models for incorporation in overall combustion models.

The specific information needed to solve Equation (4-1) is given in Appendix
D. The calculation approach is {llustrated in Figure 4-1. The following
information was input into the mathematical model: (1) particle size distri-
bution (R) and apparent density (pf) of the fuel; (2) temperature/time history
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FIGURE 4-1 FLOW DIAGRAM FOR THE CMHF COMBUSTION PERFORMANCE MODEL SIMULATION




gererated in the CMHF while burning the fuel having particle size distribu-
tion Ry and (3) kinetic information [char activation energy (E) and frequency
factor (A), and coal swelling factor (a) and volatile matter vield (VMDTFS)]
obtained from the DTFS. A sample calculation -- showing input/output data --
is also given in Appendix D. The ultimate output is the combustion efficiency
and carbon in ash as a function of residence time.

Results

Results from this simulation are presented in Fioures 4-2 and 4-3. It shculd
be noted that the simulation results are relevant only in the fuel lean region
since the pyrolysis step is not modeled. As such, no simulation results are
given here for the sub-stoichiometric region. It also should be noted that
the simulation results represent actual runs without making any adjustments to
the DTFS kinetic data.

Figure 4-2 shows two cases: (1) base line (no air staging, 20% excess air,
commercial fuel grind); and (2) optimum NOx reduction (50% primary stage
stoichiometry, 20% excess air, fine grind). The agreement between experiment-
al and simulated results is very good.

Figure 4-2 shows the baseline case along with three other staged combustion
cases of variable excess air (10, 20, and 35%), burning the regular commercial
arind. The agreements between experimental and simulated results for these
staged combustion cases are not as good as those given in Figure 4-2. Never-
theless, it is noteworthy that the degrees of disagreement are not serious,
especially given the fact that the computer model was run on the basis of
uradjusted DTFS-derived kinetic data.

Concluding Remarks

These modeling studies show that a good agreement exists between theoretical
and experimental results, indicating a virtually one-to-one DTFS-to-CMHF
scale-up for the Alabama high volatile bituminous coal. C-E is using this
type of technique for predicting carbon heat losses in utility and industrial
boilers. This technique therefore can be used to screen potential coals for a
given boiler application and is of great value.
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APPENDIX A
TEST FACILITIES

A1l the major test facilities used throughout this investigation are described
below.

Flammability Index Apparatus

The Flammability Index Apparatus (Figure A-1) is a device used to determine
the ignition temperatures of pulverized solid fuels under specific cornditions.
This apparatus was employed to measure the relative ignition temperatures of
coals., About 0.2 g of sample sized to 200x0 mesh is placed in the sample
holder. The furnace is preheated to a desired level, then a solenoid-operated
valve is opened, 2allowing oxygen from a 2-1iter storage reserveir to suspend
and convey the sample through the furnace. If ignition does not occur, the
procedure is repeated at higher temperatures, in 50°F increments, until
janition occurs. If ignition does occur in the first trial, then the proce-
dure is repeated to determine the temperature below which ignition does not
occur. In either case, fine tuning is necessary to further”ﬁarrow the error
margin. This ignition temperature is called the F]ammabiﬁity Index. The
value of the Flammability Index compared to other fuels indicates the flame
ignition temperature/stability on a relative basis.

TGS-2 Thermo-Gravimetric Analysis System

The Perkin-Elmer Model TGS-2 is a complete, second-generation system for
accurately recording the weight loss or weight gain or rate of weight change
of a sample as it is subjected to a precisely controlled temperature environ-
ment. It is a completely modular system consisting of the following indepen-
dently packaged units: the Thermobalance Analyzer, the Electronic Balance
Control, the Temperature (program) Microprocessor Controller, the Heater
Control Unit, the First Derivative Computer (FDC), and the Recorder.

This apparatus uses a small solid sample to determine either its micro-proxi-
mate analysis using the general procedure established by the American Society
for Testing and Materials (ASTM) or its thermo-gravimetric reactivity under
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specific experimental conditions (heating rate, reaction medium, and reaction

temperature).

The micro-proximate analysis is determined as follows. A 4-6 mg sample is
purged with nitrogen to removeigifgen traces. The moisture loss is obtained
by heating in nitrogen to 105°C and holding for three minutes. Subsequently,
the sample is heated at 100°C/mihAto 950°C and held at this temperature for
five minutes to obtain volatile matter. After this, the temperature is
lowered to 750°C and a switching valve is used to introduce oxygen for the
combustion of fixed carbon at this temperature. The residue represents the

ash content.

The isothermal char reactivity test is determined as follows. A 4-6 mg sample
of specific size grade is placed in the TGS-2 System and heated in the pres-
ence of nitrogen at 50°C/min to the reactivity temperature (70C°C). After
stabilization at this temperature, the reaction medium (air) is introduced.
The percent weight of the unburned char and rate of weight loss are recorded
or a strip chart as a function of time. These thermo-grams are subsequently
used to determine the char combustion efficiency history and reactivity
parameter (which indicates the maximum rate of weight loss per unit weight of
the original sample in the TGS-2 System).

Quantasorb Surface Area Analyzer

The principle of operation of the Quantasprb Surface Area Analvzer involves
passing 2 mixture of helium (used as a carrier) and adsorbate (N2 or C02)
through a U-shaped small cell containing the sample.* The amount of adsorbate
physically adsorbed at various partial pressures on the sample (adsorbent)
surface can then be used to calculate the sample's surface area.

* Qutgassed in the Quantasorb at 200°C and one hour using nitrogen as the
sweeping gas.
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Adsorption and desorption occur when the sample is immersed into and then
withdrawn from the liquid controlling the adsorption temperature. Liquid
nitrogen and room temperature (25°C) water are used for nitrogen adsorption
and desorption, respectively. Room temperature and hot (60°C) water are used
for carbon dioxide adsorption and desorption, respectively. Changes in the
ratio of helium to adsorbate in the flowing Stream, due toJadsordtior and
desorption, are sensed by a specially des1aned thermal conductivity detector.
The signals delivered by the detector are near]y Gaussian in shape. The
instantaneous signal height is proportional to the rate of adsorpt1on or
desorption and the total integrated area under the curve is proport1ona1 to
the quantity of gas adsorbed. As such, the function of ‘the Quantasorb Surface
Area Analyzer is to measure the quantity of gas adsorbed at a given tempefar
ture and partial pressure. f

A BET (Brunauer, Emmett Teller) single po1‘nt method was used in conjunction
with N adsorption at -196°C (-321°F) to determ1ne the samp]es BET specific
surface areas (1). "A Dubinin-Kaganer method was used in conjunction with CO
adsorption at 25°C (77°F) to determine the samples' CO2 specific surface area

(2).

Drop Tube Furnace System (DTFS)

The Drop Tube Furnace System (Figure A-2) is comprised of a l-inch inner
diameter horizontal tube gas preheater and a ?-inch inner diameter vertical
tube test furnace for providing controlled temperature conditions. Both tubes
are electrically heated with silicon carbide elements (SiC) and are rated at
2800°F. The DTFS was used to study pyrolysis and combustion of coals and/or
chars.

The principle of operation of the DTFS is as follows: Size graded fuel is
introduced with a small amount of carrier gas into’the hot reactﬁon zone of
the test furnace through a water-cooled fuel injecfor. A preheated secondary
gas stream is introduced around the primary stream. Injection of fuel par-

N

ticles into the hot gas stream results in a rapid heating of the particies to
the prevailing gas temperature (at a rate of the order of 104°C/sec)(;g, 12,
16). Following the rapid heating period, pyrolysis and/or combustion of
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particles occur for a specific time. Then all reactions are rapidly quenched.
Solid products are separated from the gaseous products in a small filter
housing, and an aliquot of the effluent gas sample is sent to a pre-calibrated
Gas Analysis System.

The solid products collected at various locations along the axis of the DTFS
reaction zone can be analyzed to determine solid conversion efficiencies. An
ash tracer method, which is based on the assumption that ash remains inert
during either pyrolysis or combustion, is used to.calculate the fuels' pyroly-
sis or combustion efficiencies. The aliquot of the effluent gas sample is
analyzed on-line to determine NOX, 02, €0, and CO2 concentrations.

Controlled Mixing History Furnace (CMHF)

The Controlled Mixing History Furnace is an important tool in examining
pulverized fuel combustion fundamentals (Figuré A-3). The CMHF consists of a
refractory-Tined 1.5 foot 1.D. cylinder with an overall height of 22.€ feet.

A mixture of pulverized fuel and primary air is fired downward intc the
furnace from a single burner centrally located at the top of the furnace. The
furnace consists of four zones--preheat, combustion, water-cooled, and after-
burner--proceeding downward from the fuel admission point.

Six gas-fired burners surround the preheat zone as a means of warm-up and
assistance in ignition and flame stabilization if required. Provisions exist
for the introduction of preheated secondary air (to about 700°F) at seven
levels in the combustion zone (Figure A-3). This zone is equipped with nine
sampling ports along its length so that the progress of the combustion reac-
tion can be monitored by temperature, gas and solid analyses. The CMHF uses
the concept of plug flow in which no axial mixing occurs and all reactants
have an equal velocity and furnace residence time. The original burner
(Figure A-3) is designed as a closed jet, conical in shape, to conform to gas
expansion such that gas recirculation is avoided and a flat flame front is
produced.

During the normal course of operation, raw fuel is pulverized in a bowl mill,
collected by cyclone and bag filter collectors and stored in 2 hopper. The
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stored fuel is then gravimetrically fed into the CMHF where it undergoes
combustion under controlied conditions. Unburned solids in the flue gas are
collected by a cyclone collector (Figure A-4).

The solid products, which are collected in a water-cooled sampling probe alorg
the axis of the CMHF combustion zone, are subjected to proximate and ultimate
analyses. An ash tracer method is used to determine the solids conversion
efficiencies as a function of operational parameters. Ultimate analyses give
a measure of the fuel nitrogen conversion. Gaseous products aspirated in the
sampling probe are sent to the Gas Analysis System for an on-line determina-
tion of NOX, 02, c0, and C02 concentrations.
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APPENDIX B
DROP TUBE FURNACE SYSTEM TEST DATA

The computer printouts presented in this Appendix summarize the DTFS test
data. Terms which may not be obvious are explained as follows:,

™L = Texas Monticello Lignite

TMLC = Texas Monticello Lignite Char
MRC = Montana Roseﬁud Coal

MRCC = Montana Rosebud Coal Char

AAC = Alabama Arkadelphia Coal

AACC = Alabama Arkadelphia Coal Char

PEA = Pennsylvania Anthracite

PEAC Pennsylvania Anthracite Char

K = Overall Reaction Rate Coefficient, g cmZsectatm™]

KS = Surface Reaction Rate Coefficient, g en2sec™latm™!

KDIFF = Diffusional Reaction Rate Coefficient, g cm'zsec'latm'1

Reynolds Number = pvd/n where p, v, and n are the reactant gas density,
velocity, and Viscosity, respectively, and d is the
reactor diameter. A Reynolds Number < 2200 indicates that
the gas flow is in the laminar regime. This is the case

for all the data presented here (Reynolds MNumbers are in
the 145-204 range).

NOTE: The values of K/KDIFF approaching unity indicate a diffusion-con-
trol-led phenomenon. A1l K/KDIFF < 0.7 were deleted when calculat-
ing surfacé reaction rate coefficients (KS).
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OROP Tudt FUKNACE SYSTEM DATA REQUCTION PROGRAM

UATy t6/2178)
TEST NO,3THL=|=]

Fuet t230X400 MESM TLXAS LIGNITE COAL
whAS 1100 PCT N2
FUEL FEED RATE 1GA/RIN) = 087
APYARENT DENSETY (GR/CC) = 1.2%
AVt. PARTICLE DlA.(MICAONI]e $6.0
GAS FEED RATE (L/nIN) - 15.3
ERCESS U2 (PCT) s 0.0
.,
MO I STURE ASH IN
olSTaNCe TENPERATURE IN CHaR CHAR NUxX 02 €C2 €0
CINCHES) (0€G F) tect) (R 2 8] tepn) tPLcY) (PCT) {pPR)
1.0 1305, «2 7.0 ] 100 0.000
2.0 1332, 3 7.7 0: 100 0.600 g:
¢.0 1381, ol 9.5 d. « 100 002 20,
8.0 Less, to7 eloo O <100 <002 20,
12.0 le 80, o3 22.2 1. 0.000 LG8 80,
16.0 ¥Q10. 5.2 22,0 3o 0.000 Jis 160.
~ CONVERS] ON PARTICLE
EFFICIENCY {EREE=FALL) GAS
OISTANCE TEMPERATURE TImE (8Y ASH TRACEN) YELOCTY VELOCTY REYNOLDS
1INCHES) 10eG F) {SEC.} ireT) (CM./5EC.) NUMB E R
1.9 1305. «0%) 3t S, 04 4.9
2.0 1332. <106 1.8 5.80 a2iee o
4.0 1381, 208 18.0 §.72 “3.78 199,
8.2 leasd. PO ] 29. 4 S5.62 45,30 19s.
12.0 la96, B4 3C.5 95.57 46,27 196,
16.0 1470. «801 4.2 5.%9 45.90 195.
URP TUME FURNACE 2YSTEM DATA REJJCTION PHCGRAS
vaTt 16722783
TEST NQe:fML={=2
FUCL $1200%400 MESH TEXAS LIGNITE COAL
CAS 1100 PCT N2
Fuel FREU WATE (GM/nIN) - 088
APPARENY DENSITY {GM/CC) o 1.29
AvE. PARTICLE OLAL(MICRCN)S $6.0
GAS FELD RATE (L/mIN) - 15.6
EXCESS Q2 (PCT) L] 0.0
nUlSTURE ASH N
DISTANE TEMPENBTURE 1 ChaR CHaR NGX o2 coz co
LINCHES) toe, F) (114 1) 1w tren) tecr) tPCT) (R111)
1.0 1082, lob 1.7 Oe -100 0013 0.
2.0 1495, 1.9 18.8 0. 2400 +006 40.
0.0 1510, le8 2100 1o 2100 012 60,
8.0 1%2. 1.2 23.1 20 2100 184 180.
12.0 1602, -9 26,3 Se 0.L00 L2 220.
16.0 1598, a7 23.9 To 0.000 «030 240,
COMVERSION PARTICLE
EFFICIENCY (FREE=FALL) GAS
pIsSTanct TeMPERATYRE TINE (8Y ASH TRACER)  VELOCITY YLLOCITY  REYNOLODS
LINCHES) t0EL F) 156Ca) et tER./5¢EC.) NUMBER
1.0 1682, 068 9.1 S.57 .97 197,
2.0 1495, 097 15.7 S.%0 07.27 197,
sl 1510, o192 26.9 .93 al.06 196.
8.0 1562, +379 3a.8 S.40 48.89 19,
12.0 1602, 503 3s.8 S.e1 A9.86 192.
16.0 1598, 187 39.2 S.42 49.70 192.
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UROP TUAE FUMMACE SYSTEM UATA REODUCTIUN PALGRAM

nate 16723/ 8)
ST M. sTL-1-)

FutL 2005400 MESH TeXAS LIGNITE COAL
GAS 3400 PCT M2
$UEL FEED RATE (GA/mINI - «0%9
APPARENT DEMSITY (GR/CCY) = 1.2%
AVE. PARTICLE DJA.IMICRCN)e $6.0
GAS FEED RATE (L/NIN} - 15.3
EXCESS 02 (PLT) . 0.0
MO STURE ASH 1N
01T anCE TERPERATURE IN LHAR CHAR NOX 02 €02 [4¢}
LENCHESS (OEG F) [LIA Y] () ({1 L)) (1 {3 }] (PL 1} tepn)
1.0 1198, 1.l 19.0 le «100 003 30.
2.0 1810. Lot 21.2 2. « 100 01t 110.
4.0 1855, 1.7 26,3 4o «0%0 «020 200.
8.0 1919 1.9 26.% 9. U000 032 320.
12.0 1938, 1.3 27.0 . 0.000 <040 460,
0.0 1917, Jo4 20.9 15. 0.000 <040 «00.
COMYERSION PARTICLE
EFFICIENCY (FREE=FALL) CAS
DISTANCE TEMPERATURE TIME (BY ASH TRACER) VELOCITY veLOCITY AEYNOLDS
(EnCHEST (0EG F) 15EC.) 1PCY) (Ch./78EC) NUMBER
1.0 1195, <043 16.) S.18 $3.6) 180.
2.0 18i0. XL 13 27,6 S.lo $3.98 180,
4.0 1855, R 39. ¢ S.41 55,35 178,
8.0 1715. 33 45.7 $.0% $6. 680 176,
12.0 1935, «500 49.e $.02 56.906 175.
(6.0 1917, 865 ol 4 5,00 56.92 176,
UHOP TuDdt FURNACE SYSTEM DATA AEOUCTICN PROGRAN
DaATE 16724783
Te$T NO.1THL=1=%
FUfL 12004400 MESH Te1AaS LIGNITE COAL
GAS t100 PCT N2
FUEL FEED RATE (GR/mIN) - « 050
APPARENT DLNSITY (GM/CC) o 1.2%
AVE, PARTICLE DIA.IM[CRCNIe 56.0
GAS FEED RATE (L/NWiN) . 15.3
EXCESS D2 (PCY) . 0.0
n01 S TURE ASH IN
OiISTANCE TeAPERATURE I CrHAR CHaR NOX 02 [4:F] (41}
{INCHES) TUES Fi pCT [{ {2 K] (141} {trcti tPC 1) (L1 1]
1.0 2437, 0.0 23.3 8. «100 012 200,
2.9 2357, 0.0 25,8 - [ 8 Q. 000 «02¢ 400,
..0 2309, ot 27.6 l6. 0.000 048 $00.
$.0 2421, .9 28,5 21. 06.000 <057 560,
12.0 2435, KX €91 23, 0. 000 «0%7 600,
6.0 2419, 2.5 9.8 23. 0.000 087 700.
CONVERSION PARTICLE
EFFICIENCY (FREE~FALL) GAS
O1STanCE TEUPERATURL TINE (DY ASM TRACER) veLoCtity VELOCITY REVYNOLOS
11 HES) (0tG £ tStC.} e (CM./SEC. ) MURBER
1.0 2317, «030 36.3 4.6% 86.50 162.
2.0 2357, o071 4l 9 4,00 86 .99 isl.
4.2 2389, LY a8, 4.0l (2% 1 160.
4.0 2621, <280 50,4 4,98 68,951 199,
12.0 24)5, «419 51.9 4,57 68.93 199.
18.9 2649, «558 54,9 4099 68.45 199.




DROP TUAt FURNACE SYSTem DATA REDUCTION PRUGRAM

DATE t6/29/03

TLST NO.3TML=]~6R

fFult 1200400 MESH TEXAS LIGNITE CQAL
GAS 1130 PCT N2

FUtL FEED RATE (GR/MEN) L] <083
APV ARENT OLNSITY (Gm/CC) = 1.29
AVC. PART ILLE DIALINICRONIe S6.0
GAS FEED RATE {(L/AIN) - 152

EXCESS 02 (rCT) L] 0.0

RO) STURE ASH 1IN

DISTANCE TENPERATURE I CrAR CHAR NOX 02 co2 co
1INCHES) tOLG F) tPCe) (L 24 {rom) (rcr) e (124 1]
1.0 2475, 3.7 23.2 9% +100 019 320.
2.0 2488, 2.8 29.0 ie. 100 <0130 $20.
6.0 2513, 1.7 29.2 29, 0.000 o067 580.
8.0 2580, 2.3 32,0 M. Q. 000 <003 940,
12.0 2639, 4.0 3.0 29. 0.000 060 700,
16.0 2035%. 4,5 29.4 20, 0.000 «0%) 800.
-~
CONVERS ION PARTICLE
EFFICIENCY (FREE-FALL) GAY
OISTANCE TEMPERATURE TInE (BY ASH TRACER) VELOCTTY VELOCITY  REYNOLOS
(INCHES) (0€6 F} (SEC.) cry (CM./88C.) NURSER
1.0 2875, «035 PR J 4.%0 09,02 1%,
2.0 26008, «069 48.1 4.5) 09.32 156,
4,0 251 3. o137 50.3 4451 9.9 19%.
8.0 2590, «27} 56.9 408 Ti.09 153,
t2.0 2635, «403 $6.0 .42 12.19 152.
le.0 2635, «53a 52.8 LT ¥ T2.79 152.

Da0P TUBL FURNACL SYSTEM DATA REUUCTION PROGKAN

Darg $3/18/83

TLST NO. saAL~I=}

FUEL 1200%400 MESH ALABANA COAL
GAS 1100 PCT N2

FUtt FEFD RATE (CM/mIN) - 0358
APPAREMT DENSITY (Gm/CCY = 1.30
AVE, PARTICLE DIAL(NICACNES S4.0
GAS FEED MATE (L/MIN) - 13.%

EXCESS 02 (PCT) L] 0.0

MOISTURE  ASM IN

Tand TEmPERATURE IN CHAR CrAR NOR 02 €02 €0
?:s'(ntstl LOEG F) trcY) ) teom) ety e (eom)
1.0 1340, 0.0 0.0 [ «100 0.000 00.
2.0 1363, 0.0 0.0 2. +050 0.000 60,
.0 1401, 0.0 0.0 T. «0%50 0.000 150.
8.0 1830, 2.0 3.2 Te «050 0.000 130.
12.0 1456, 0.0 3.2 2. +0%0 +003 130.
16.0 1458, 0.0 3.0 2. «050 +006 130.
CONVERSIOM PARTICLE
EFFICIENCY CFREE=FALL) GAS
DISTANCE TERPERATURE TINE (BY ASH TRACER) VELOCEITY VELOCITY REYNOLDS
LINCHES) $0tG F) (S€C.) t<n (CM.75EC.) NURGER
1.0 1340, «0%9 0.0 $.60 37.72 178.
2.0 1365, ol =0 5.5 38.24 17e.
4.0 1421, «231 02 %.9%0 39.00 17%.
8.0 1630, +450 10.2 $.45 W.Tle 173
12.0 1456, «619 12.0 5.43 L TR E 172,
is.0 1455, «902 1l.8 $.4) 40.1} 112,
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OROP TuUBE FURNACE SYSTEM DATA REDUC TIUN PROGRAM

DalE 13722793

TEST NOSiAA(~]=2

futt 12002400 MESH ALABAMA COAL
GAS 1100 PCT N2

FUEL FEEVL RATE (Gasning . «097
APPARENT OENSITY (GM/CCH) = 1.30
AVE, PARTICLE OlA.(RICAONI® %4.0
GAS FEEO RATE (L/ain} L] 13.%

Eacess 02 (eCt) - 0.0

MOLSTURE ASn IN

DIsTaNCE TemPERATURE IN CHaAR CHAR NOX 02 €02 (194
LINCHES) 10EGC F) (R3] [[J24] tppom) ey (et trem)
1.0 1%3. 0.0 0.0 [ D 0.00U +000 160.
240 1516, 0.0 0.0 P 3 0.009 000 200.
4.0 153e. 0.0 0.0 [ 2 0.000 «000 160,
8.0 1877, 0.0 3.9 L 0.000 <001 20L0.
12.0 1622, 0.0 3.0 2. G. 000 =201 100«
16.0 1598, 0.0 3.0 Se 0.000 «001% 220.
™~
CUNVERS I ONn PARTICLE
EFFICIENCY {FREE~FALL) GAS
DISTANCE TEMPERATURE TINE (oY ASH TRACER) VELOCLTY vELOCITY AEYNOL DS
(INCHES) tDEG F) {SEC.) fpch) tCM./SEC.} NURNBER
1.0 1503, «088 0.0 S.36 41,13 170.
2.0 151e. 109 6.0 5.36 [IPL R} in.
4.0 1556, il 0.0 5. 32 4.9 169,
8.0 15?2, 429 9.0 $.2?7 “2.08 187,
12.0 ioua. «6)8 17.0 $.2) 4).20 [T
l6.0 1998, <849 29%.) 3.2¢ 4312 1beo.

VROP TusE FURNASCE SYSTEM DATA REDUCTIUN PROGRAN

oATE 13723783

TEST NQ.:tAAC=1-4

FUEL t2001600 WESH ALABAMA (COAL
[T} t100 PCT N2

FUEL Fr€0 RATE (GA/NIN) - <093
APPARENT DENSITY (CW/CCY » 1«30
AVE, PARTICLE OlA.INMICRCNIe $s¢.0
GAS FEED RATE (L/nIN) - 14.9

EACFSS 02 tPCTy - 0.0

®0) > TURE aASn 1IN

DISTaNCE TEMPERATURE In CHAR CHAR NO3 o2 2 (44

CinC i€ S) 1OEG F) iy () pom) wpcr tct) (Poa)
L0 1935, 0.0 0.0 S. «0%0 0.000 220.
29 1850, 0.0 0.0 3o «0%0 0.000 100.
4.0 1075, 0.0 3.0 .. «0%0 «000 180,
8.0 1901, 0.0 3.8 0. «0%0 +000 280.
12.0 1918, 0.0 4.0 12. «0%0 «001 400.
6.0 $19i2. 0.0 L IY ] 18, «05%0 «002 400.

CONVERS]ION PARTICLE
- EFFICIENCY SFREE-FALL) GAS

DISTANCE TEmPERATURE TINE (BY ASM YRACER) veLOCITY veLOCISY REYNOLOS

RIL 1. 37] oty F) [R112%] (L4} tCn, 73€C.) NUNBER
1.0 1935 1 1) .0 4.9% 9).08 174,
2.0 18%0. -087 "0 0 4.9 $3.4) 173,
4.0 1879, «l7s 2.5 4.92 5+.01 1712,
8.0 1903, 340 28,1 .09 Sa.04 .
12.0 1914, «514 29. ¢ 4.00 $4 .99 1.
16.0 1912. «b 84 3led ..08 54.8% 17,
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URCP TUBF FURNACE SYSTER DATA REDUCTION PROGRAN

parte 13/2470)
TEST NCotAAC=|=S
FUEL 12008400 MESH ALABARS COAL
Gas 1300 PCY W2 i
PUEL FELD RATE (GQA/AINY L] <059
APPARENT DENSITY 1GR/CCY = 1.30
Avet. PARTICLE D14 LAICRCNIS $6.0
GAS FELED RATE lLIFlNO e 13.9
ERCESS 02 (PCT) .= 0.0
01 3 TURE ASM IR
DISTANCE TERPERATURE In CHaR CHaR [0 02 c02 co
tinCits) toe F) tect ety tpeni tPcr) [T A )] 1pen)
1.0 2337, 8.0 3.3 2. 0.003 0.000 0.
200 2357 0.0 3.7 Je 0,000 «002 260.
4.0 2389, 0.0 bl Oe U.000 003 300.
[ ]9 1) PLIL TS 0.0 43 40, 0.000 003 800,
12.0 242%. 0.0 44 S, 0.000 +004 600.
16.0 24144, 0.0 4.4 a2, 0.000 «002 700.
T~
CONVERS 10N PARTICLE
EFFICIENCY (FREE-FALL)  Gas
DisT anCE TEMPEMATURE Tiut (BY ASH TRACER) veELOCITY vELULITY REVYNCLOS
tEMCHES) (0DEs F) [£13I7% ) tecty ) tCn./StC.} NURBER
1.0 2337, «0%9 14.2 4,%0 60.51 e,
2.0 2351, PY2 1] £ T (PR ] H0. 90 147.
4.0 2389, o195 30.0 4440 6l.64 jebe
8.0 2416 «307 34.7 Q4,40 02.21 145,
12.0 2425, <459 36.3 4.43 62,42 145,
1he 0 26l4, o812 3600 4004 82.1e 145,
DRUP TunE FURACE SYSTED DATA REOUCT ION PROCRAM
nate 13729798
TESY ROe 14AC=1=6 -
FUEL 12001600 AESH ALABARA COAL
GAS 1300 PLT w2 .
FUEL FeED RATE (GR/7IN) - o «09%%
APPARENT DENSITY (GR/CLC) =  |,30
AVE. PARTICLE Dla.(MICRAONS $4.0
GAS FEEL RATE (L/saLM) - ® 15.0
ERCESS 02 (PCT) L 0.0
ROISTURE  ASH 1IN
DISTANCE TenotRATURE I CHAR Cran Ll Q2 €02 (4]
(INCHES) tJEw F) pcn et {pen) {PCT) et 1pom)
1.0 2919%. 0.0 0.0 [ 0.000 0.000 340,
2.0 293%. 0.0 4.) S. 0.000 0:000 400.
(1Y) 2964, V.0 4,0 20. 0.000 0.000 460,
2.0 260%. 0.0 4.9 35 0. 000 0.000 100.
i12.0 2639, 0.0 4.4 30. 0.000 0.000 6040,
18.0 2635, 0.0 4.4 39. 0.000 0.000 100.
ConversiOon PARTICLE
EFFILIENCY tFatE=FALL) GAS
OISTANCE  TEMPERATURE TIRE ¢y aSw TAACER) veLuLi Ty vRLONCITY  REYNOLDS
{INCHES) (DG #) 1SEC.) e (CR./S¢EC.) RURBER
1.0 2315, «03% 0.0 4.36 69.18 t83.
2.0 29)%. <009 Jau7 4.3% 69.64 153,
4.0 2565. o137 38.7 4.3) Tue34 152.
8.0 2005, o211 38.9 4,30 T1.27 151a
12.0 2635, «40% 3.0 4.20 71.97 1%0.
. 16.0 2635, «538 36.7 4,28 11.97 1%0.
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UROr TuBt FURNACE SYSTLA DATA RELUUCTIUN PROURAN

LTSRN t15/720/82

TtST NQ. tAR(=1=)

futL 12000400 MONT, ROSESUD CuAL
GAS 1100 PCYT N2

PuRL FELD RATE (Gm/miN) - <082
APPARENT DENSITY (GA/CCE = 1.21
AvE., PARTICLE DIA.IMICRONY $3%.0
GAS FLED RATE (L/mINW) - 14.9

EXCESS U2 tPCT) L] 0.0

L LIBALT] T3 ASH 1IN

DISTANCE TENPEPATURE IN CHAR CHar NOX 02 cQ? (4]
LINCHED ) {otu +) [LI9 4] trcT) (L1 L] tPcT) (L A R) toom)
1.0 1308, 4.3 7.8 0. 0.000 0.000 20.
2.0 132, .0 2, [ 0.000 0.000 $0.
e.0 13M1. LY 9.2 0. 0.000 0.000 120.
8.0 14438, 3.6 .9 0. 0.000 0.000 180.
12.0 Lede. 5.3 1.0 0. 0.000 0.000 200.
16.0 1s70. $.5 11.0 0. 0.000 0.000 230.
~——
CONVERSION PARTICLE
EFF1CLENCY (FREE-FALL) GAS
OISTANCE TENPERATURE Timt (8y aSH TRaCER) vELOCITY vELOCITY  AREYNOLDS
(INCHE D) (0EC F) 15¢6C.} () (CM./SEC.) NUMBER
1.0 1305, «0%9 0.0 S .47 40.81 198,
2.0 1532, el [} 9.42 4] .05 197,
«.0 1381, o218 12. 5.3% 42.%8 194,
8.0 1L X I8 0421 18.3 S5.26 .12 191.
12.0 1686, . 823 29.1 .21 45.00 189,
16.0 1470, <827 29.2 $.23 04,04 109,

OuP Tudk FUBHACE SYSTELM UATA REDUCTINN PRUGKRAR

VATE 19/21/02

TEST NU.tRAL=]=2

FueL 12002400 MONT, ROSEBUD COAL
GAS 1100 PCT N2

FUEL S ECD RATE (GA/RIN} - + 081
APPARENT DENSITY tem/CC) = 1e21
AVEe PARTILLE DIA(WMICHON)e $5.6
CAS FEED RATE tL/nlN) . 1.9

ENCESS 02 (PCT) - 0.0

M0 STURE ASH 1IN

DIsSTanCE TemPEnatURE In CHaR CMAn nOZ 02 €02 [4]
CINCHES) ({0EG F) tPLT) T (P e ey tpon)
1.0 1482, 1.6 9.7 0. 0.00L0 L.000 60,
2.0 1493, 2.1 10.1 0. 0.000 0.000 120.
6.0 1310. a7 10.08 0. 0.000 0.000 180.
8.0 1502. 2.0 12.2 Oe 0.000 0.0L0 460.
2.0 1602, 2.4 12.1 0. 8.000 0.000 400.
10.0 1990, §.9 1.5 0. 0.000 0.000 460.
CONVERSTON PARTICLE
EFFICIENCY (FRLE=FALL) GaS
vIsSTanCE TEAPERA TURE TIME (BY ASH TRACER) VELOCITY VELOCItY REYNOLDS
tinLntd) 10t F) 1stce) ixn (CR./SEL.) NUNBER
1.0 1an2, «0%1 §e.7 .21 4,92 189,
2.0 1495, <101 14,9 $.20 45,21 L108.
-4.0 1510. <201 25.9% .18 45.56 197,
8.0 1%2. 397 3o, .11 ».le 183,
12.0 tev2. « 590 4.1 5.08 e7.08 103.
16.0 1998, +18) 29.9 .07 47.5%9 103,
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OROP TUBE FUMNACE SYSTEM DATA REOUCTIGN PRUGRAM

DISTanCE
tinCMESE

1.0
2.0
.. 0
8.0
12.0
le.q

VISTANCE
tINCHES)

1.0
2.0
6.0
8.0
12.0
0.0

DISTANCE
CInCres)

1.0
2.0
4.0
8.4
12.0
16.0

OlsTanCt
11 CnES)

TEmPERATURE
1OEC F)

1739,
[RAL M
1861,
191%.
1935,
1917,

TENMPERATURE
{DEG F)

1739,
177,
1841,
1915%.
1935,
1917,

ORO® TUuE

TEMPERATURE
I1DEC F)

1ver,
20s0.
2065,
20140,
2127,
2142,

TEMPERATURE
(QEG F)

1997,
2136,
2045,
2070,
21T,
2162,

VAT

t16/l742

TEST %0 IMRC=)=3

B-8

FutL 12004400 MONT, ROSE BUD COAL
[FY 39 t100 PCT N2
FUFL FEED RATE (GR/MIN} - «082
APPARENT DENSITY (Gm/CC) = 1.21
Avt ., PARTICLE DIAL(MICRONI» 5%.0
GAS FEED RATE 1L/nIN) - 14.9
ExcEsy 02 tPCY) L4 6.0
RO STURE ASH 1%
IN CHAR CHAR NOx 02 ca2
{PCT) tcT) trrm) pcm {PCT)
1.6 10.6 3. « LU 0.000
1.6 0.8 Y « 100 0.000
1.0 126 4, «100 0.000
o? 1.5 Se « L0V 0.00C
.9 13e2 Se « 100 0.000
2.3 14.0 5. «100 0.000
CONVER ST DN PAARTICLE
EFFICIENCY {FREE=FALL) GaAS
TIng {(BY adm TRACER) veELOCITY VELOCITY
(SEC. ) pCT) 1Cn./SEC. )
«04A 22.8 6.87 ERY 1
«291 26. 4 4.83 51.00
o178 3e.9 4. 70 53.21
« 349 40,7 4.69 54,93
+She 9.3 4,07 5%.39
6849 4e.) 4.0 .97
FUBNACE SYSTEN DATA REDUCTIUN PPOGRAN
Date 18710782
TEST NCotMRC~|=4a
FUEL 1200%400 MONT. ROSEHUD COAL
Gas 1100 PCT N2
Fuel FEED RATE (Gmu/miN) - «0u0
APPAREN! DENSITY (Cu/CC) = 1.21
AVE. PARTICLE DIALINMICRON)S $5.0
GAS FetD RATE (L/MIN) . 1.5
EXCESS Q2 (PCT) - 0.0
mot STURE ASH IN
IN CHAR CHAR NG X 02 €02
(R4 [{JS1] (840 1} pcT) tPctT
.d 0.2 1. 0.000 <012
3 11.5% LTS 0.000 «0130
2 126 9. 0.L0L0 (114
L 12.2 S. 0.000 «030
1.2 12.8 6. 0.000 «030
2.2 132 S. 0.000 L9
CONVERSION PART JCLE
EFFICIENCY (FREE-FALL! GAS
Time (BY ASKH TRACLR) VELOCSTY VELUCITY
1$€6C.) een 1CM./75¢EC. )
Ut} 0.0 4.64 $5.22
« 06 28.7 4.60 56.10
<160 3%.5% 4.00 56.29
333 335 “.57 56.8¢8
495 3.4 4.52 Sa.14
«657 40.2 4.51 58.49

cC
pen)

200.
270.
$20.
140,
840.
T60.

REYNOL DS
NURBER

178.
175,
ir2.
170.
169,
170.

co
L)

40.
200.
604,
100.
650,
660.

REYNOLDS
NUMBER

101,
162+
162,
161,
159.
159,




OROP TUBY FUONACE SYSTEm UATA REDUCTIUN PROGRAM

Dave 16/ 16782

TeST NCoturC-1=$

Futl 120Laa00 RONT, ROSEOUD COAL
[T 39 1100 PCT N2

futL FELD RATE (Gm/miN) L4 <08
APVARENT OENSITY (GM/CCY = 1.21
AVE. PARTICLE DIACIMICAON)= 5%.0
RAS FEED RATE (L/mIN) - 14.9

Excess 02 (eCT) s 0.0

iy TuRE ASH 1IN

DiSTance TEMPERATURE IN (nat Cudp NOX 02 ol cc
CINCHES) (DEG ¢ (131} tecr) (eem) trcT) tpct) (Pon)
1.2 23310, 0.0 1342 3. 0. 000 0.000 040,
2.0 2357, 0.0 12.6 8. 0.000 036 1080,
.0 2389, 0.0 131 ' 0.000 00 1320,
8.0 2401, 0.0 12.6 S, 0. 000 «060 1500,
12.0 2435, ol 13.6 0. 0.000 040 1600.
16.0 2419, .3 15.0 “. 0.UL0 <090 1700,
T~
CONVERS JON paRTICLE
EFFICIENCY (FREC=-FALL)  GAS
OISTANCE  TEMPERATURE  TImE (8Y ASH TRACER)  VELOCITY  VELOCITY  REVYNULDS
tINCHES) (0RG F) (SEC.} tecT) (CM./8EC.) NUNBER
1.0 2337, 037 38,7 6.38 64.08 157,
2.0 2351, 073 35.3 a3 05,16 187,
4.0 23849, Y 38.1 630 65.88 156,
8.0 2421 . 289 38, 3 4.29 b6.64 155,
12.0 2635, 432 40.8 .28 06.95 195,
16.0 2419, 578 al.4 4.29 66.58 155,

UAOP Tuutk FuPNaCE SYSTem DATA REDUCTINN PROGR AN

DarL 18741782

TEST NCe:MARC-1-SR

Futl 12004 UL WONT. ROSEBUD COAL
GAS 1100 PCT N2

FUFL FEED RATE (Gasmin) . Loy
APPARENT UENSITY (GH/CC) = 1.21
AVE. PAATICLE Ola.{N|CRONI= $5.0
GAS FEED RATE (L/9IN) L 14.9

EXCESS 02 trCT) . 0.0

nO1STURE ASH In

DISTANCE TEWPERATURE In Cnan CHAR NOX 02 €c2 co
CINCHES) (DEG F) e ) (pomy tecr) Ty (2]
1.0 2337. -8 10.7 3. 0.000 <018 200.
2.0 2357, 1.0 12.8 S. 0.000 +030 S40.
4.0 2389, o7 12.4 [ 0.000 «030 640,
4.0 2621, 1.3 12.% Ls. 0.000 «060 800.
12.0 2435, ! ta.7 1le 0.000 <0130 850.
16.0 2619, 2.4 14.0 [ B 0.000 <062 900.
COMVERSION PARTICLE
EFFICTENCY (FREC=FALL) GAS
DISTANCE TERPERATURE TEINE (O8Y aSH TRACER) VELOUCETY VELOCITY RE ¥NOLOS
tINCHES) 10tG ¢) tseC.) tect) ICn./5¢8C.) NURBER
1.0 2337, <038 22,9 4,39 (Y211 183,
2.0 2357, «075 3.2 .34 63.32 152.
4.0 2389, + 150 &, 7 431 e .0) 152.
8.0 2441, o291 3%, 1 €29 o4.T8 181,
12.0 24135, b4} al.? 4.28 25%.06 1%0.
16.0 2619, 991 4. ) 4.29 04,70 151,
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OIsTancE
(INCHES )

1.0
2.0
4.0
8.0
12.0-
8.0

™~

DISTANCE
CINCMES)

1.0
2.0
4.0
8.0
12.0
16.¢

DISTaNCE
tinCrtES)

1.0
2.0
4.0
8.0
12.0
16.0

OISTANCE
LINCHES)

1.0
2.0
4.0
8.0
12.0
le.b

ORUP TULE FUPHALL SYSTEM DATA REDUCTION PROGRAMN

VEMPERA TURE
10tC F)

2675,
2688,
2%13.
2%40.
2615,
2035,

TempPERATURE
1DEG F)

2675,
2490,
2913,
2%80,
2635,
20135,

UnOP Tuist

TEMPL RATURE

tute F)

1997,
20 jeo.
245,
2070.
2127.
21424

TEMPERATURE

(0EG F)

1997,
2030,
2065,
2070.
2127,
2142,

UATL 10/15%/82
Tey? NOL31mRC~]~6
fuLL 1201400 MUNT. RUSEBULD CuAL
GAS 1100 PCT M2
FULL FRED RATE (GM/MINS . «086
APPARENT DCNSITY (EM/CCL) = .21
AVEe PARTICLE OLAL(MICRONI= $5.0
GAS FEED RATE (L/MIN) . 16,9
EXCESS 02 (PCTH L 0.0
M ISTURE ASH IN
IN CHAR CHAR NOX 02 €02
(Y tecy) (R4 4T tect) 1PCT)
6.6 12.8 Te 0.000 0.000
.t 13.1 l. 0.000 0.600
6.7 13.2 %, 0.000 0.000
s.8 13.0 T. 0.000 0.000
S.1 13.9 S. 0.0L00 0000
(Y2} 13.4 4 0.000 0.000
CONVERSION PART ICLE
EFFICIENCY (FRLE=FaLL) GAS
Timg (BY ASH TRACER) YELOCETY VELOCITY
{SEC.) (X 1] (Cm.75¢8C. 4
«0335 41.J 4.22 e7.88
<070 43.2 4,21 68.17
o102 43. 4 419 68.7%
276 sl.0 4,15 10.31
o1l 45.7 “all 71.59
1Y) a2 4l 71.59
FUNACE SYaTEm DATA RLDUCTION PROGRAS
DATE tA/12742
TLST? NC.3PtA-|=-¢
(1148 12002400 MESH ANTMRACITE
GAS :$100 PCT N2
Futl FELD RATE (GR/MIN) - « 000
APPARLNT ULNSITY (Gm/CC) = 1.4%
AVE, PARTICLE DIAL(®ICARON)= $3.0
LAY FELD RATE (L/REN) L] 14.5%
LXCESS 02 (PCT) . 0.0
nNLSTURE ASH N
iIN CrHAR CHAR NOX 02 €02
(1 28] (et} irrm) et ety
2 5.9 0. 0.000 0.000
.3 5.8 0. 0.000 0.000
ol 3.8 C. 0. 000 0.000
b 5.8 0. 0.000 0.000
3 S.8 0. 0.000 0.000
0.0 5.9 0. 0.000 0.000
CONVERSION PARTICLE
EFFICIENCY (FREL=-FaLL) GAS
Ting (8Y ASH TRACER) VELOCITY VELOCITY
15tC. ) ([ 21 tCma./5¢kC.)
«062 1.7 S.16 $5.22
4084 .0 S.11 % .10
«lob 0.0 S.11 $6.29
<331l - $5.08 56.680
091 .0 3.03 S8.1e
851 1.5 5.01 $8.49

co
1tepmy

1040.
1160,
1640,
1920.
2200,
2250,

ReYNOLODS
NUMBER

153,
152,
1%2.
1%0.
149,
189,

REYNOLDS
KUNBER

163.
182,
[T ¥
lei.
159,
159,




URUP TuRt FUSNACL SYSTem DATA REDUCTICN PAGGRAM

NATE t8/13/82
Ted? NOL:PLA-~S

Futt 1200X400 MESH ANTHAACITE
Gas 1100 PCT N2
FUEL FEED RATE tGA/RIND o .06
APPARENY DENSITY IGH/CLY) = 1.49%
Bvr, PANTICLE DIALUBICRCNI®  $3.0
GAS FEED AATE (L/AiNM) ° 1e.5
ERCESS U2 (PCT) ° 0.0
el stuat ASH 1IN
O1STANCE TeaPLRATUAL N (HaR CHaR LTI} ] 02 co2 [4:]
LInCHES ) (OES ¢) . iPLY} pc) (o) tect) i {pea)
1.0 2137, b 6.0 '] «150 0.000 0.
2.0 2351, Y S.8 le «1%9 0.000 Q.
4.0 2389, s 5.8 3. <150 0.000 0.
8.0 2621, o? 5.9 3. 100 U3 0.
12.0 PLYL M 9 .8 LTS « 100 R 0.
16.0 2619, 2.1 5.9 4 «100 «Dé48 0.
~. CONVERSION PARTICLE
EFFICIENCY (FREE-FaLl) Gas
01STANCE TERPERATURE TIME ¢8Y A5k TRACER) VELOCITY vELOCITY  REVNOLOS
LINCHES ) (DtG ¢ tStL.) 1$Ct) (CRa/8EC) NUMBER
1.0 2331, .038 3.9 6,03 62,86 1%3.
240 2387, <075 ol 4,02 ©3.32 152.
6.0 2389. s léy 0 4,719 64,0 152,
8.0 2421, 0295 2.3 4,7 64.70 15t.
12.0 2635, +480 o? 4,75 63,00 1%50.
16.0 2619, -587 3o 4,117 04,70 151
UxIP TUBE FURLACE SYSTEM DATA REOUCTION PRJGAAY
Daty 18716782
TFES1 MOJiPta=|=6
futL 12002600 BESH ANTHAACITE
GAS 1100 PCT N2
FUEL FEEO RAT: (GA/rtIND L] <065
APPARENT DENSITY IGR/CL) o 1068
AVt , PARTICLE OfA.tRICRON)= 3.2
GAS FEED RATE (L/RIN) - 14.5
tALESS D2 tPCT) a 0.0
w1 STURE ANt IN
DISYanCE TERPESATURE In CHaR Crar 8% oe €02 (4]
CINCHES) 1ok §} ArcTy tect) ooty e (et tpen)
1.0 PLRA TS -t 5.9 0. «%00 0,030 0.
2.0 20088, 1) $.9 3. <500 0.000 0.
4.0 2513, r'e ] 6.0 L s o500 0.L00 G
8.0 2%840. Y (1Y Je <150 1Y 0.
120 203%. 1) . 6.0 2. «150 2 02¢ 0.
6.0 2638, " lee .0 Se «150 «024 [
CONVERS JO% PARTICLE
X EFFICIENCY fFREF-FALL) GAY
DisTanct TExPERATURE TIng 18y ASK TRACER) " VeLOCITY veLOCETY REYNOLDS
CINCHES S 10k F) 1seCe ) (L. 2FH (CR./5¢EC.) LI 111
1.0 2478, «b3e 1.9 6.72 65,97 149,
2.0 2680, -0 [P 6. 71 86.2% 149,
4.0 2513, FYLY ] 3.0 4.069 66.81 (L1 1%
8.0 2%80. «282 - S.6 4.00 68.33 lat.
2.0 2055, «&ly 3.7 4,50 69,57 145,
6.0 2635, +5%e 4.7 4.060 89.5%7 145,




OROP TUBE FURNALL SYSTEm DATa lEDUC*fQ‘ PROGR AN

DaTE  11/6/83 S
TeE>T NOGtTMLC=1=2 Tt
FUEL  1200X600 MESH TEXAS(MONTICELLO) LIGNITE C

GAS 13 PCT 02797 PCT N2
FUEL FELD RATE (GM/MIN) . =, 4063
APPANENT DENSITY (Cm/CC) = 79
Avt, PARTICLE DIAL(MICAON)a; 3%.0
GAS FEED RATE (L/niN} - 1%.06
EXCESS 02 (PLY) = 459.8
. . Ll
a0 STURE ASH IN .- R
DISTANCE TEMPEAATURL  IN (HAR CHAR NOX g2 c02 . (4]
{1.EmHES) {DES F) tPLT) 1Py [§ 4L 1] tpLn) tPCt) (144 1]
1.0 1526, bel 0.0 0. J.050 0.000 O
2.0 1%43. 0.0 3.0 O« J.050 <002 0.
4.0 1565. 0.0 M6 0. 3.0%0 <002 Q.
8.0 1989, 0.0 33.7 : 0. 3.050 003 - 1
12.0 199, 0.0 3.2 1. 3. 060 <006 20.
8.0 19594, 0.0 .2 2. 3.000 «0130 40.
~ . il .
CONVERSIOM PARTICLE
EFFICIENCY (FREE-FALL) GAS ’
OISTANCE TEMEENATURE TIRE (BY ASH TRACER) YELOCITY VELOCITY REYNOLOS
LINLHES } (0EC F) (SEC.) tPCT) IC!.IS{(.I NURBER
1.0 1828, <050 0.0 3.3 47.97 195,
2.0 15«3, «099 10.0 Jade «8.Je 194,
“.0 1565, o19e 12.3 3.0 48.88 193.
8.0 1589, «389 9.0 3.3 a9.60 192.
2.0 19596, o« 9A1 -Lleb 3.30 49.62 192,
16,0 199, XA ll.8 3o 30 49.58 192,
DISTANCE TEMPERATURE T mg x XOIFF xS K/XD I FF
(INCHES } {DEG F) 1SEC. ) |OGN./ClZ.SEC’AVI.‘)
1.0 1520, 1" 0. LLOLS 17352 0L.00600U 0.00L0
2.0 1543, «099 32480 L170%2 «020805 elél
4.0 1505, . lve «015%0 .17800 01710 .088
8.0 1589, 333 «00ous  L17998 N TS «03s
12.90 1996, «581 +0J494 18001 «00%18 «027
0.0 LSve, o173 «Q037¢ .1799¢ «0038¢ 021
JATe 1177783
TEST NOG:TMLC~1=3
fuel $200X600 MESH TEXASIMONTICELLU) LIGNITE C
GAS 13 PCT 0279 PCT N2
FUEL FEED RATE (GA/nIN) - <060
APPARENT UENSITY (Gm/CCH = 19
Ave . PARTICLL DIALIMICKCNIs $5.0
GAS FEED AATE (L/NIN) - 1%5.5
ERCESS 02 (PCTY *  485.9
w01 STURE ASH IN

OISt anCE fempeRATURE N CHAR CHAR NOX 02 (44P4 (4]

(I HES) (0kG F) tPcT) (Pt toom) rct) [R RN} irpa}
1.0 1848, 0.0 0.0 0. U.000 G.0060 0.
2.0 1800. 0.0 3.2 G. 3.000 2002 Q.
6.0 1875, 0.0 33.% 0. 3.000 .003 0.
4.0 1892, 0.0 Is.1 le 2.95%0 L2e 10.

12.0 1909, 0.0 iT. 8 L 2.900 «090 200.
16.0 1911. 0.0 46.6 8. 2.750 «220 220.
CONVERSION PARTICLE
EFFICIENCY IFREE-FALLY) GAS

DISYANCE TEwPERATURE TimE (8Y AdH TRACER) vELOCITY YELOCITY REYNOLDS

LINCHES) {OEG F) (5eC.) rcY) 1CN./SECL) NUMBER
1.0 1845, «043 0.0 3.12 33,00 18L.
ey 1060, +087 tl.o 3.1 $5.82 180.
4.0 1875. oi72 .7 J.10 Se.18 180.
8.0 1892, «343 15.0 3.09 56 .58 1719,

12.0 1909. + 512 24, 4 3.08 57.0¢ 178.

16.0 t9ll. «68} 47.3 3.07 57.0% 118,
DIt ANCE TEMPERATURE Time [ 3 KDIFF (31 K/RDIFF
LINCHES) {0€G F) (SEC.) (0GR, /CM2,SFC.ATR,.0)

1.0 1345, Y'1} 000000 .19816 0.00000 Ge0LUL

2.9 18690, .0a7 «033%5 .19N1 e 04040 «470

6.0 INTS. ¢ «0126) .19807 201349 <06

8.0 1492, . 303 «OLllde 19912 L0l1202 «057

12.0 19239, oHl¢ <0131 ,2002) <0ty Y 3]

ls.0 1911, 05l «0223) L2000 «0251) IRy}
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040P TUUE FURIWACE SYSTEM DATA REDUCTION PROGRAN

(7313 11/8/83 1
TEST MO tTMLL= =4 .
Fukl 12005400 MESH TEXASIMONTICELLO) LIGNITE €

GAY 13 PCY D2/97 pCY N2 P
FUEL FEED RATE (Cu/min) . «061 ‘
APPARENT OENSITY (CR/CCH = 79
AVE, PARTILLE DIA.IMICACN)e $3%.0
GAS FEED RATE (L/RMIN) - 15.)
EXCESS 02 (pCT) s 470.0

"0} S TURE aSM IN !

DISTANCE  TLWPERATURE In CHAR CHAR nox 02 32 cc
(ENCHES S 108G &) ircn "t teon) e (T} {rom)
1.0 2080, 0.0 0.0 Qe 0.000 L.000 C.
2.0 2103, 0.0 .7 0. 3.000 +000 0.
,.0 015, 0.0 .0 2. 2.9%0 <010 Lgo.
8.0 212%. 0.0 43.0 Te 2.8%0 »1%0 240,
12.0 2148, 0.0 9.8 10. 2700 «300 200.
16.0 2149, 0.0 ole? 1%. 24600 <300 140.
COMVERSION PARTICLE
CFFICIENCY (FREE=FALL) GAS
DISTAnCE TEMVERA TURE TiwE {8y a5~ TRACER) VELOCITY vELUCITY REYNOLOS
(FLIS.13Y) (oL F) tsec. ) tPct) (CN,/SEC. ) NURBER
1.0 2000, <000 0.0 2.9 80 .04 170,
2.0 2103. <000 1%8 2.9 60.998 110,
49 2i19%. <159 18.3 2.9% el.28 169,
8.0 212%. N7 9.1 2.9 6l.51 109,
2.0 2188, 73 $3.7 2.93 ot.99 168,
6.0 109, «629 Ti.% 2.9)3 &2.09 len.
D157 anCE TENPERATUAL Tinme [ ROIFF [$] R/RDIFF
tiNCHES) {OEG F? I1SEC.) (OGM, /CN2.5EC.ATA. *)
1.0 2080. «0e0 U.000L0 21097 0.00000 0.0L0
2.0 2133, <080 «0427) L21237 .0%349 291
4.0 2118. o159 «03013 L2131% «03509 ole)
8.0 2129, «J117 «Qs004 L21377 «0N422 o7l
12.0 2165, 073 «03008 ,21501 «0400s 179
16.0 2169, 629 +064536 ,21%26 + 05748 241
DAt 17711783
TEST NUoTMLC~1-$
FultL 22002400 MESH VTLXAS{MONTICELLO) LIGNITE C
Gas 13 PCY D279 PCY W2
FUEL FEED RATE (GR/AIN) = <06l
APPARENT DENSITY (GM/CCY » 79
AVE, PARTICLE Ola.(M{CRCNI=  55.0
GAS FEED RATE 1L/MiN) - 149
EBCESS Q2 (oLt ‘e 453,

0L S TURE ASH I

DISTANCE TERPEAATURE N ChHaR CHak nox 02 €02 [}
LINCHES) tDEG F) tPCY) (L 4] (eom} (1448 [ a1 pony
1.0 233%. 0.0 [ 724 -] [- 1% 0.000 0.000 (- I
2.0 235%. 0.0 3.9 1. 24990 «010 3s.
6.0 2395, 0.0 37,3 [ 2,970 «093 220.
8.0 2620, [ ] o7.5 10. 2.7%0 «280 196.
12.0 2623, 0.0 5%.3 16, 2.65%0 400 190,
1640 2415, 0.0 7.9 18. 2.570 «4 80 100.
CONVERSTION PARTICLE
EFFICIENCY (FREE=FALLY Gas
DISTanCE TERPERATURE TINE {0y AdM TRACER) vELOCITY VELOCITY REYNOLOS
[RL 4.13%] (1DEG ¢) [R119%] ey (CN./75¢€Ce) NURSER
1.0 2330. «038 0.0 2.06 08 .00 158,
2.0 2353, «ars 12.2 2.82 05.2s 150,
4.0 2395, ol6g P 2.80 .10 t%e.
8.0 2420. 299 49.2 279 .7 1%.
12.0 24213, L IY) 2.0 2.1 .82 1%.
1.0 2415, «587 4%.9 2.79 [N ¥ 1%,
utstanCe TENPERITUSE ¥ inf L 3 RDIFF [ $1 K/0DIFF
(N W I3 (NEG F) (SEC.) (0GR, /CM2.SEC.ATR, o)
1.0 2330, (30 0.000L0 .2263 0.00000 0.000
2.0 2355, 078 «04294 ,22788 « 08291 188
“.0 2395, o ha9 «064050 .23028 « 04919 ol l0
9.0 2420. 295 «05618 20182 «07063 o234
2.0 2623, MY 005428 21200 06748 e22%
6.0 241 5%. «58¢ +08900 23152 +098130 «298

B-13




DISTANCE
(INCHES)

1.0
2.0
4.0
0.0
12.0
16.0

O1STANCE
HaKHES)

1.0
2.0
.0
8.0
12.0
10.0

DISTANCE
(Il HES)

1.0
2.0
4,0
8.0
12.0
le.0

DISTANCE
CInCHES)

1.0
2.0
4.0
A.Q
12.0
16.0

O Stanct
LINCHES)

DISTANCE
LINCHES )

OROP TUsE FUKNMACE SYSTE® DAYTA REDUCTION PROGRAM

TEMPEAATURE

(DEG F)

2493,
2513,
2395,
2603,
2637,
2043,

TENPERATURE
{0EG F)

2493,
2513,
255%.
2603,
2637,
2643,

TEMPE RATURE
LUEG FI

2493,
4313,
2955,
26J3.
2637,
264,

TENPERATURE
106 F)

2493,
2%13.
2955,
2003,
2617,
26e3,

TEmPERATURL
(DEG F)

2493,
2%13.
25595,
40603,
2637,
2be3.

TENPERATURL
(oG F)

2493,
2513,
2555,
2603,
2637,
2643,

VATL

11/1/813

TEST NO.:1TALC-1=8 .
12002400 MESH TEXASUIMOMTICELLO) LEIGNITE C
13 PCT 027971 PCY N2

FUEL
GAS

FUEL FEED AATE {(GN/NIN)Y
APPARENT DENSITY (GN/CC)
AVE. PARTICLE DIALIRICACNI= 3.0

- <089
- 79

GAS FLED RATE (L/WIN) = 182
EXCESS U2 (PCT) . 403.8
MOISTURE  AWI N
N CreR  CraR nGx 02 ca2 cc
tecn) trcty (pPM)  (BCT) (pCT) 19on)
0.0 0.0 0. 0,000  0.000 0.
0.0 35.3 S.  2.9%0 100 170,
0.0 al.7 s, 2.8% 135 300.
0.0 %0.0 1%, 2.810 280 190.
0.0 sl 21, 2.830 320 120,
0.0 8.6 24, 2.810 450 .
CONVERS | ON PARTICLE
EFFICIENCY (FREEFALL)  GAS
TIME (0¥ ASH TRACER)  VELOCITY  VELUCITY  REYNOLDS
1SEC.) 1) 1Cn./SEC.) NURBER
035 0.0 2.7 9,85 157,
070 15.7 2,15 10,32 156.
L1380 35.7 2.13 71.33 155.
274 54,0 2.1 12,45 154,
407 1.8 2.69 73.25 153.
541 81.5 2.69 13061 153,
Ting x KOIFF s K/KOIFE
(Ste.) (8GR, /CR2.SEC AT, . 0)
<035 0.30000 .23618 2.00000 0.030
L0710 S05657 .237138  LOTITS  .247
138 e 07547 ,23992 <1101 NS
o276 ©06450 24275 .08783  .2ue
407 JOn876 24417 ,09%62 .28l
56l «07692 .24515  .15208  .31e
DATE  17/13/83
TEST NO. 1TMLC- [ =6R
FUEL 12001600 MESH TEXAS(RONTICELLOI LIGNITE C
Gas 13 PCT 02/97 #CT W2
FUEL FEELD RATE (GA/NINY =  .0el
APPANENT DENSITY (GA/CC) = 479
AVE. PARTICLE OlA.{MICRCNIs 33,0
GAS FLED RATE {L/XIN} = 143
EXCESS 02 tPCT) e a33.2
ANISTURE  ASH IN
IN CHAR  CHAR NCX 02 L2 co
tect) ) tepl)  UPCTY  4PCTH trom)
0.0 0.0 0. 0.000  0.000 0.
0.0 3.3 . 2.85 .080 8.
0.0 2.0 0.  0.000  0.0€0 0.
0.0 82,9 16, 2.600 810 s0.
Ge b 0.0 0. B.OLG  L.OLL 0.
0.0 18.2 25, 2,490 .500 2c.
CONVERSION PARTICLE
EFFICIENCY (FREE=-FALL) GAS
TIAL  (BY aSH VRACE®)  VELOCITY  VELUCLIY  REYNOLDS
(SEC.) wen 1CM./SEC.) NUABE R
037 0.0 2.1 65.12 Le8.
.07 25.9 2.15 66,17 147,
o187 0.0 2.13 er.1l 168,
290 su.1 2.11 68,17 143,
b 82 0.0 2.69 608.9) les,
.87 87.2 2.49 09.07 1ot
Tim x KNLFF xs K/KDLFE
1SLL.) (OGN, /CN2.SEC.ATM. O}
.037  0.00000 .23618 0.00000 0.000
uTe <09A1e  L2373A  L18T32  .el}
o167 0.00000 .23992 0.00000 0.000
.290 .07418 .24275  .10683  .30o
<432 0. VOLLGL 24477 D.UOGLUL 0.000
o574 <015 3 26515 «1089%8 .308
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UROP Tudt FIMNACL SYS5TEm DaTa REUUCTION PROGRAM
0sTE 16/14/0)
WY NO,1AALC-(=5
FUEL 14002400 MESH CMAR
GAS 13 PCY Q2797 PCT W2
Futl FEED RATE (GA/NIN) . - 008
APPARENT ODENSITY (GR/CC) = - 80
AVE. PARTICLE OfAL(MICRCN). S4.0
GAS FLED RATE (L/NiNG - 1%.3
ERCESS Q2 IPCT) - 2%7.2
ROISTURE ASH IN
OISTANCE TERPERATURE IN CHAR CHAR NOX 02 co2 co
LINCHES) tOEC ¢) [} (I 24 (PPR) tect) tecT) teom)
1.0 2260, 0.0 0.0 0. 0.000 0,000 0.
2.0 220%. 0.0 4.2 t. 3. 180 2008 0.
4.0 23)8. 0.0 4.0 [ 3. 100 «0rs 290,
8.0 2383, 0.0 Ted 23. 2.800 <400 200,
12.0 2398, 0.0 10.8 Sl. 2. 650 +«600 1204
16.0 2393, 0.0 16,0 50. 2.550 700 60,
CONVERSION PARTICLE
EFFICIENCY (FREE~FALL) GAS
DISTANCE TENPERATURE TIME (BY ASKH TRACER) VELOCITY VELOCITY RE YNOL 0
(INCHES ) t0EG F) (SEC.} 1pcTy 4Cm, 78EC.) NURBER
1.0 2260, <03 0.0 3.00 .52 164,
2.0 2245. «07% [ TR 2.99 8%.11 16).
4,0 2335, olod 1%V 2.96 68.30 182.
8.0 2385, «293 atl.2 2.94 o7 .48 180,
12.0 2395, o436 86,9 2.93 er.72 160.
10.0 2393, «580 5.9 249) 67,066 le0.
OISTANCE TEMPLRATURE Tiue K ROIFF [ 31 K/RDIFF
(INCHES) 10€S ) tSEC.) (0GR, /CA2,SEC.ATH, *)
Lot 2250, <038 0.00000 .22020 0.00000 0.000
2.0 2208, <075 02118 22778 «02)38 2093
4.0 2338, o168 «02671 23087 <0302} «l16
8.0 2385, 293 «05415 2339 «00en «231
12.0 2395, LT OALLL  o23487 « 08264 «261
16.0 2393, «580 «03905 .23442 <0789} 2252
Date 10/ les03
1757 NQ.:aALLl-1-0
ructL 1200X400 MESH CHAR
Gad 13 PLY Q2797 PCT N2
FUEL FEED mATE (GM/N]IN) - +008
APPARENT PENSITY (CGR/CC) = 86
AVt, PARTI(LLE DIA.(MICACNI= S¢.0
GAS FEED MATE (L/NIN) - 15.1
ERCeS$S 02 (PCT) s 2%3.2
mO) S TURE ASH IN
DISTANCE TEMPERATURE in CraR CHar NOY 02 cue cc
{InCHES) {DEC F1i pcn) (PCT) (1 1] tPcT) e (PpPme
1.0 2920, 0.0 0.0 0. 0.020 0.000 0.
2.0 2538, 0.0 4.3 8. 3. 150 «022 430,
4.0 2570. 0.0 S.1 16. J.010 o100 290.
.0 2608, 0.0 T.o 9. 2.150 <430 180.
12.0 2635%. 0.0 10.9 S5, 2.570 810 0.
ie.0 2043, 0.0 18.9 68, 2450 <750 S6.
CANVERSTON PARTICLE
. EFFICLENCY (FREE-FALL) GAS
DISTANCE TENPERATURE Ting  (8Y ASH TRALER) VELOCITY vELUCITY REYNOLDS
TINCHES) 10EG F) 15tCe) 1) (Cn./788L.) NUNBER
1.0 2%20. 035 C.0 2.07 89.90 155
2.0 2938, <070 [ % ] 2.8 70.31 154,
.. 0 2370. 138 23.8 2.8% 71.07 15e.
0.0 2608. o214 9.5 2.8) T1.95 153.
12.0 2635, «409 es,.? 2.82 12.4%% 1%2.
l6.0 204 ). «543 80.13 2.814 12.11% 1%2.
DISTanLE TENPERATURE Timg L 3 KD IFF [ 39 K/KDIF¢
tinints) 1DtG F) t15ei.) 1900 /EM2.5tC.ATN o)
1.0 2520. 035 0.00000 ,24223 0.00000 0.200
‘240 2934, .00 <0315 ,L24330 0322 <130
4.0 25714, o138 <0081) L,24%28 + 05988 . 196
8.0 26J8. 21 062648 24755 <0847 292
12.0 2035, o9 00755 L2492} «09267 «271
te.0 2043, o543 07233 L.2ev00 «1018) 29
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DRUP TyBE FURNALE SYSTEM DATA REOUCTION PAOGRAM

Date 16/19/703

TEST MO, tAA(C- (=30

FUEL 12002600 MESH ( MAR
GAS 33 PCT.02/797 PCT N2

FUEL FEED RATE IGH/N(N) = 013
APPARENT OCNSITY (GA/CC) o .

AVE, PARTICLE OLALUWMICRONIe 34,0
GAS FEED RAVE (L/miN) . 15.)

ExCEss 02 (rC1) o 238.2

nULSTURE ASH IN

DISTAMNCE TENPERATUARE In Crar Cral nox - .02 co2 o
LinCHES ) (108G F) et (1 21} (pon) (124} (R [T LL1)
1.0 1845, 0.0 0.0 0. 0.000 0.000 Q.
2.0 1863, 0.0 U0 0. 0.000 0.000 Qe
4.0 1av8., 0.0 4l le 3. 190 «00e 30.
8.0 1920, 0.0 4.2 le 3.1%0 «020 80.
12.0 1920. 0.0 L% S. 3.03% 110 200,
16.0 1900, 0.0 .0 1% 2.820 +32% 180.
COMVERSION PARYICLE
EFFICIENCY (FREE=-8ALL! GAS
DISTANCE TENPERATURE TIng (BY Aask TRACER) veLOCITY veLociTY REYNOLDS
CINCHESS (0€EG +) SEC.) wcT) 1CRe/S5EC.D NUNSER
1.0 1045, «04e 0.0 J.20 L LTR A 170,
2.0 1805, «007 0.0 3.2% $5.18 1rr.
4.0 1898, «472 5.9 3. 22 95.9% 17e.
8.0 1920, «343 T.6 e} 36,49 17%.
12.0 1920, 914 17.2 3.21 0,08 17%.
le.0 1900. 6083 InS 3.22 58.20 7.
UISTaNCE TERPERATURE Timg L} KOIFF [ 3] R/ROIFF
LINCHES) (oes 7 18€C.) (OGN, /EN2,5¢C.ATR, 0)
1.0 1845, e0ne 0.00000 19979 0.00000 0.000
2.0 1865, «087 LeLULLL 420109 0.006000 G.000
4.0 1898, ey 00880 29319 L0048 <042
8.0 1920. »34) «00%%6 20403 «00574 <027
12.0 1920, oSle «00905% <2001 «009e7 «0as
16.0 1908, 585 «Q1705 L20387 «Q0i801 o8

OATE LIRS T2 } ]
TEST NODo :AACC=1=0
FUtL 12005600 RNESHM CHAR
[} 3 PCT 027907 PCY N2

FUEL FEED RATE (Cu/miNn) - «00?
APPARENT DENSITY (GR/CL) = <86
AVE, PARTICLE DIAC(MICRON)e $4.0
GAS FEED RATE (L/NINY - 15.1

ExCess 02 (rCY) = 2%58.9

RO STURE ASet 1IN

OISTANCE TEaPERATURE IN CHaR (4, 1] NOX 02 co2 [4:]
CINCmES) (0kGC F) tecn) 1y toon) e et tpony
1.0 207%. 0.0 0.0 0. 0.000 0.000 0.
2.0 2090. 0.0 4.l 0. 3. 210 <003 20.
4.0 2121. 0.0 .2 0. 3. 210 .030 40.
8.0 2465, 0.0 ‘. Se 3.070 -130 300.
12.0 21668, 0.0 T.4 26 2.800 20 L70.
16.0 2135, 0.0 0.8 40, 2450 «$00 %.
CONVEASION PARY ICLE
EFFICIENCY (FREE=-FALL) Gas
DISTANCE TEMPERATURE Tine {(BY ASH TRAACER) VELOCITY veLoc ity REYNOLOS
15NCMES) tOEC F) {5EC.) Tl 1CM,/75EC? NUNBER
1.0 207%. 08t 0.0 .Ul 99.46 160.
2.0 2090. o0nl 9.9 3.10 99.81 167,
4.0 2121, slel [ ) 3.08 60454 1se.
8.0 clese 319 282 3.0? 61.09 166,
12.0 2146, oh78 49,1 3,07 elel les.
16.06 2138, 1] 6.3 3,07 60.87 168
OESTanCE TEMPERATURE Tiag L3 KD IFF [ 39 K/RDIFF
LINCHES) tDtG F) [R5 ] (OGN, /CN2.SEC.ATR, 0)
1«8 2075. «0e} 0.00000 .2105% 0.00000 0.000
2.0 2096, +081 «Uloe) 21951 «0180) 017
..0 Qidie. oloi «01307 L2118 201391 <060
8.0 2145, 3y <0102 L218% «0iv04 <042
1240 2146b. cald JU3N88  L21905 'IIKY ] «199
16.0 21 3%, «b 0 «00191 L2103 «0%180 «192
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ORNP TUAE FURIACE SYSTFm DATA REOUCTION PROGRAN
DATE 14712/ 8%
TEST NOL1AACC-1~-2
FUFL 12008400 MESH CHAR
GAS 13 PCT 02797 #CY N2
FUEL FEED RATE (GM/MIN) = <009
APPARENT DENSITY (GR/CLI = .80
AVE. PARTICLE DlACIMICRCN) e S$4.0
GAS FERD RATE (L/MIN) - 15.5
ExCESS 02 (oCt) s 2%6.0
no1 S TURE ASH IN
DISTANCE TENPERATURE In CHaR CraRr noX 02 €02 co
CINCHES) tOEC F) [1{41] (pCT) trom) (T ecT) LT
1.0 1536, 0.0 2.0 0. 0. 000 0.000 0.
2.0 150, 0.0 0.0 Oa 3. 100 0.000 0.
4.0 1573, 0.0 0.0 O 3.100 006 10,
8.0 1603, 0.0 a2 le 3.090 014 40.
12.0 162). 0.0 4.2 le 3. 080 «021 80.
16.0 162%. 0.0 .2 le 3.07% Gie 60.
CONVERS 10N PAPTICLE
EFFLICIENCY (FREE=FaLL) GAS
OlSTancE TEMPLRATURE TiMe 18Y ASw TRACER) VELOCITY VELOCITY REYNOLDS
{INCHES) 10€EG F) 15¢eC.) et {Cn./78€C. ) NURBER
~
1.0 t53e. «L30 0.0 3.%0 el.00 194,
2.0 15«6, 099 0.0 Y'Y ] 48.10 193.
.0 1573, <198 0.0 .07 48,75 192.
8.0 1603, 388 6.8 .00 “9.07 190,
12.0 1023, .18 8.0 3.0} 49,94 189,
le.0 1625, o189 7.0 343 50.00 108,
VISTANCE TEmPEQATYRE Ting L} ROLFF L 31 K/XOIFF
LINCHES) {DEC F) {SEC.) {OGN. /CM2.SEC.ATH, o)
1.0 133s. «3%0 0.00009 17931 0.03200 0.000
2.0 1Se0. «09 0400000 L7999 0.00000 0,000
6.0 1573, 196 0.00000 .18180 0.00000 0Q.LOL
8.0 T2 N 380 .00ec8 .)8)381 «006%9 024
12.0 le23. 578 W003% L IASIa L0063 019
16.0 1625, o189 00236 .18%)) .00237 013
DAT( 1613783
TEST wU, 1AACC-1-)
FUEL 1200600 MEMH CHAR
GaS 313 PCTY 02797 #CT W2
Futl FEED RATE (GA/NIN) - «070
APPARENT UENSITY (GR/CC) = .86
AVE. PARTICLE DIALINICRONIS 84,0
CAS FLED RATE (L/MIN) - 15.3
ExCESS D2 (PCT) e 247.2
mOs STURE ASH (N
DISTANCE TENPERATURE iIn CHaR craR nox 02 €02 co
tInNCcHES) 108G F) 1PCT) e (LI (314 8] (L 48] (rony
1.0 1048, 0.0 . 0.0 - Q. 0. 000 0.000 0.
2.0 105, 0.0 0.0 Oe 0.000 0.000 %
4.0 1898, . 0.0. L 7% B 0. 3.100 <003 40.
8.0 1920, 0.0 %2 I 3.420 017 80.
120 1920. 0.0 . : “.0 Se 3.0%0 «090 220.
16.0 1908. 0.0 0 1% 2.7% +300 2204
CONVERSION PARTICLE
N EFP1CIENCY tFREE-FaLL) GAS
DIsTanCE TENPLRATURL  TIME . (BY ASH TRACER) VELOCITY VELOCITY REVNOLDS
(31 4. 139 {O€C F) (S6Ce) cty . (CN/8EC. ) NUNBER
1.0 1845, « 044 0.0 J.20 4.7 178,
2.0 1005, «087 - 0.0 3.29% 8%5.18 177
4.0 L1898, o173 - - S.7 3,22 85.9% 176,
8.0 1920, % 13] 1.3 321 36,49 185,
2.0 1920. o516 6.0 3e21 $0.40 11%.
16.0 1908. «609% 36.4 .22 $6.20 176.
DIST ANCE TENPERATURE Tine £ RDIFF [ 31 K/KOLFF -
(INCHES) 10EG .F) 13ECe) (0GR, /CN2 . SEC. AT, 0)
1.0 1845, 511} 0.00000 .19919 0.00000 0.000
2.0 1865, 087 0.00000 20109 0.00000 0.000
.0 1098, o173 00814 .20319 .008408 <040
8.0 1920, «30) «005%¢ L 2J40% «00%10 .Q27
14.0 1920, YTY ,0083%4 L20es] .00870 2041
18,0 1908. Y1) L0172) . .20387 .01879 O8e
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OESTancE
tINCHES)

1.0
2.0
4.0
8.0
12.0
160

DISTANCE
LinCntd)

.0
2.0
6.0
8.0

12.0
16.0

01STANCE
CINCHES)

[ RX]
2.0
4.0
0.0
12.0
1.0

DUISTANCE
{INCHES)

1.0
2.0
.0
8.0
12.0
6.0

OISTANCE
1INCHES)

1.0
240
4.0
8.0
12.0
le.0

DISTANCE
tiNCHESS

UUP TusE FURNACEL SYSTEM DATA REOUCTION PROGRANM

OaTE 11722702
TEST MO tMRLC=~1=2R
FUlL 1200x600 MOMT. AUSEOUD CHAR

LAS 43 PCY 02/97 AT M2

FUFL FEED RATE (CA/MiN) . « 087
APPARENT DENSITY (Cm/(C) = 70
AvE, PARTICLE DIA.INICACN)S $6.0
GAS FEED RATE (L/AIN) . 16.2
EXCESS 02 (PCT) = 352.1

mO1STURE ASH IN

TEMPERATURE In CrAN CHAR NOx 02 02
10€G F) (ecT) et tpon) 1PCT) Pet)
1049, 0.0 180 0. 3.0%0 0.000
14748, 0.0 15.4 0. 3.050 0.000
1830. 0.0 16.0 . 3.0%0 0.000
1889, 0.0 16.6 [- 2% 3.040 V.000
159, 0.0 17.1 0. 3. 0%0 +0e8
1394, 0.0 1.2 le 3.020 .072
CONVERS|ON PARTICLE
EFFICIENCY (FREE~-FALL) GAS
TERPERATURE  TIME (BY ASH TRAGER)  VELOCITY  VELOCITY
10€EG F) (SEC.) .31 §CM./SEC)
1649, 087 LI 3.18 €2.07
lels, ol 9 3.2 a2.02
1530, .220 s.) 3.08 43,80
1589, A1 L Py Y 3.06 45.17
1578, 081 12,5 3.03 a5.31
15ve. o852 13.2 3.03 45,20
TEMPERATURE Time K KOIFF [ 33 R/ROIFF
10kv F) ($¢.) (OGN, 7CR2.SEL AT, 9)
1449, «057 «03600 L1622 «04085 219
ials, oil2 200173 10886 «00175 «010
1530, W220 L00526  L17255 L0054l .030
L%49, b3 «00483. 17837 DLe9%e .027
159¢. 04} «J0438 LL70679 « 00849 +029%
1994, 852 «00350 17670 L0057 .020
DAt 1721482
Te$St NQ, :RACC~1=3R
FugL 12002000 MONT, ROSEBUT CHAR
wAS 13 PCT Q2797 PCY N2

Fuel FEku RATE (Gm/uin) - +0069
APPARENT DENSITY (GA/CL) » .70
AVEs PARTICLE DiAC(MICRCN)» Se.0
GAS FetD RATE (L/WIN) - 1e.5

EXCESS C2 (PCT) ® 3a8.3

"OTSTuKRE ASH IN

TERMPERATURE IN CraR CHAR NOX 02 co2
(DEG F) 1PLT) T tpPn) (T2 4] (PCTH
1804, .0 l16.9 0. 3,000 0.000
1895, 0.0 l6.4 0. 3.000 0.000
1817, 0.0 6.7 Q. 3,010 08
1678, 0.0 18.% 4. 2.920 2140
1909, 0.0 22.6 9. 2050 «4130
191, L. 0 20.2 1a, 24500 860
CONVERSION PARTICLE
EFFICTIENCY (FREE~FALL) GAS
TENPERATURE TInE (BY ASH TRACEN) vELOCSTY veLuCliTY
1Dk F) 15EC.) 1 1Cn./58C.)
180a. <040 1. 24485 52431
1899, «09¢ 8.0 2.4) $3.00
1817, 18} 10.0 2.84 92.59
1878, « 367 20.5 2006 52.61
1909. oS48 3e8.2 2.83 $3.3¢2
1911. 728 L LT 2.82 $3.31
TEnPERATURE Tint [ KOIFF kS K/ROIFF
Lt Fi €5EC. ) (0GR, /CM2.8EC. TN, @)
18,6, =060 «05%27 .1936% <0732 «2R5
129%, . 097 «01ve2 195875 «02181 100
1917, -18)3 21228 L 19483 LMY 003
idrs. 307 «013%0 o 19e09 «0l4951 «00uY
1904, RILE 02003 L1968 «02230 102
teil. 128 L2401 L1978 L2735 122

nEYNOLOS
WUMBER

182.
101,
118,
176,
175.
175,

ce
tprm)

T0.
2200
10,
120.

RE YNOLDS

NUNBER

le8.
tel.
164,
l1e8.
let.
167,




OISTANCE
CINCHES)

DISTAanCE
(INCHES)

~
.0

2.0
4.0
8.0
12.0
6.0

OISTanCF
LINCHES)

1.0
d.0
4.0
6.0
12.0
6.0

OISTANCE
131 49,183}

1.0
2.0
4.0
8.0
2.0
8.0

O1STanCt
tINCHED)

1.0
2.0
4.0
a.0
12.0
1.0

OIsTaNG:
CINCHES)
1.0
2.0
«.0
8.0
12.0
1..0

ORUP TurF +URNACE SYSTIM DATA REDUCTION PROGRAM

DaTe 16/28/82

TEST MU IMRLL=- =4

Fut L 12303400 MONT, ROSEBUD CrAR
MY }Y 13 PCT Q2797 PCT N2

FUEL FEED RATE (GM/MiN} - 072
APPARENT DENSILIY (Gm/CLY » «70
AVE, PARTICLE DlA.(mMICRONI® %6.0
VAS FEED RATE (L/MIN) - 14.6
EXCESS D2 tpcCl} = 332.%

RJISTURE asH In

TEmPLRATURE IN CHan CHaR NOX 02 (o2 <o
106 F) [E{20] tect) (ren} tPLT) [ A3} pem)
2080. 1.9 15.3 25. 3.000 +030 20.
2103, 1.5 18.2 lo. 24990 <120 140.
2119, 1.3 19.) 104 2.800 360 100,
2125, .9 27.0 19. 2.500 6130 140.
2145, 2.0 el 23. 2.320 s 11% 600.
216y, 1.7 8.7 28. 24300 1.0%0 220.
CONVERSION PARY [CLE
EFFICIENCY (FREE~FaLL GaS
TENPLRATURE Timg  (8Y ASKH TRACER) VELOCITY VELUCTITY REYNOLDS
1UfFG F) $5¢C.) (et 1CN./SEC) NUNBER
2080, o042 1.9 2.73 $7.57 le2.
2103, « 084 8.4 2.72 58.00 161,
2118, 187 2%. 0 2.7 58.36 t6t.
2125, «33) Si.80 2. 71 58.9%9 16l
2165, «498 T4.0 2.69 50.04 160,
2149, « 882 ar. 8 2069 59.13 160,
TEuPE RATURE TImE [3 ROIFF (X3 K/ROIFF
(DEG F) (Sl 10Cn, /CM2,5¢CATH,.*)
2080, «062 «00989 ,20721 «01038 +0648
2103, L] oL223e ,208%8 «L2%09 Ji07
2115. «1067 «339%1 .2093s «06y8s 189
2125, 333 +D4968  L2099% +06509 « 237
2144, « 494 «08135 L21112 NTILY o271
2149, 062 «06496 L2116} «0937« 307
Nate 16/28/82
TEsY? NO. imx(i-1-%
PUEL 12002400 MOMT. RUSEBUD (HAR
GaS t3 PCT Q2797 #CT N2
Futl FEEU RATE (Ga/MIND . «0rg
APPAPENT DENSITY (OGN/CC)H = 10
Avi. PARTICLE DIAL(MICHUN)® $6 .0
LAS FEED RATE (L/MIN) - lasl
ERCESS 02 IPCT) = 329.7

ROISTURE ASH IN

TEmPrkATURE N CwaRr CHAR NOX Q2 €02 ccC
(0t F) 1PCY) LT [R44 1) tPCT} 1Py iprPm}
2280, 1) 1%.4 1. 3.150 L6l &0.
2320, 193 16.9 Se 3. 030 <150 120.
4404« leo 20.8 1. 2.850 «380 200.
2430, .9 M.8 25. 2.6L0 1YY 1860,
2433, 1.0 45.9 28. 2.450 o840 3o00.
2420, 1.0 o™, 30. 2.340 <930 140.

CONVERSION PARTICLE
EFFLICIENCY tFRE—FALL) GAS

TERPERATURE TiImE  (8Y ASH TRACER)} veLOCITY VELUCITY REYNOLDS
(DEG F) stL.) wen (CR./SEC.) NURBER
22080, 06l 2.4 2.03 $9.97 151,
4320, «08i 12.9 2.061 60.98 1%0.
2401, o159 32.9 2.%2? 62.61 148,
2430, «31) el.8 2.% 63.2% tal.
2613, 1Y) 79. ¢ 2.56 63.32 147,
2420. ob2¢ 92.9% 2.9 63.06 147,

TPt RATURE Time [ RO IFF kS K/RD1FF
ke kI 1SEC.? (OGR, /CM2.SEC .ATN 0}

2280, Y «01269 21913 «01s2¢ .087
2326, «281 03612 .22208 «0431) o163
2401. + 199 U332 22052 +006974 235
26 ). o311} hanls 22421 «09314 « 29
2643, Y3 «JI019  .22865 «10132 .07
2440, o2 207185 22708 11830 o362
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DISTANCE
LINCHES)

VISTANCE
LINCHES)

.0
2.0
4.0
8.0

12.0
16.0

VST ANCE
CINCHEST

DISTANCE
CINCHES)

1.0
2.0
6.0
8,0
12.0
16.0

DISTAMCE
L MES)

1.0
2.0
4.0
8.0
12.0
16.0

OIstaANE
CINCHES)

i.0
2.0
4.0
8.0
12.0
in.o

TEMPERATURE

{OEG F}

2493,
2%31.
25h1L.,
2548,
2ol
206646,

TEMPERATURE
(OEG F)

2493,
2531.
2%s1.
2588,
2037,
2666,

TERPERATUAE
(0eG F)

2493,
591,
251,
2%3u,
23T,
26%he

TENPERATURE
{utG F)

1649,
187,
15)0.
15A9,
159,
199,

TEAPERATURE
(Dt F)

1649,
[L2L TS
1530,
1589,
1590,
159,

TEmPrRATURE
(UFG F)

tea9,
1674,
1530,
1509,
15ve.
159e,

vatt tes19/82

TEST NC.iMR({=1-b

FUEL $200%6400 MUNT, ROSEBUC CHAR
[73Y t) PCT 02797 PCT N2

FUEl FEED RATE (CA/niIND 2 .070
APPARENT DENSITY (GR/CL) = +70
AVE, PARTICLE DIALIMICAUNI® S6.0
GAS FrEO RATE (L/ming - ta.9
ExCESS 02 1PCT) »  354.0

mistume ASH IN

00 TUBE FTURNACE SYSTER DATA REDUCTINN PROGKAM,

I CrHAR CHAR NOx 02 c02
ten tect {(pPn) tectd (1§
2.9 7.0 5. 2.180 «24)
FIY) 20.3 1l. 2.5%0 «450
3.9 204 2%, 2.450 <600
2.9 a1.3 33. 2.200 «960
2.3 4.6 J8. 2.150 1.040
1.5 0.6 35. 24100 1.020
CONVERSTOM PARTICLE
EFFICIENCY (FREE-FALLI GAS
Ting (BY ASH TRACER) VELOCITY veLOCLTY
1SEC. ) (PCT} (CH./5€C.}
«036 18.5 2.%9) 60.29
.07l 3.2 2.%2  e9.18
142 57.0 2.5%0 69.47
«201 8iL.0 2.49 TU 09
“hly 90.8 Q.47 Tleo)
«555% 92.9 2447 Tl.86
TinE [ KOIFF kS KR/KULFE
tseCe) (05M, 7CM2.SEC.ATR,*)
036 «129% 2319 «29347 +959
071 «13091 2342} 29676 «559
162 «13861 423599 « 13592 587
281 «13493 L2375 « 31230 +508
18 «1195) L2404 2377 497
+«555 «09851 24095 « 166065 2809
DATE 16712182
TEST ND,:PEAC~1=2
FutL 12002400 ANTHARALITE CHAR
GAS 13 PCT Q2797 #CY N2

FUEL FEED RATE (GM/miInG - 3722
APPARENT OtNSITY (Gm/CL) = 1.8)
AVE. PARTICLE OlAa{(MICRONI= 36.0
GAS FEEVD RATE IL/M1mM) - 14.6

EXCESS 02 (pPCT) e 220.4

I STURE ASH 1IN

IN CHaR CHAR NOX 02
(149} ({21 (opm) Py
0.0 [ XY 0. 3o 100
0.0 6.7 0. 3.100
0,0 7.1 G. 3.102
0.0 Ted -2 3.100
0.0 1.5 0. 3. 100
0.0 T 0. 3.100
CONVERS ) ON PARTICLE
EFFJICIENCY (FREE~FALL)
TINF  (AY ASH TRACER) VELOCITY
t5¢C.) ecT) (Cm./$S
<051 8.0 1.22
o101 0.0 T.17
198 0.0 7.07
+ 388 - 0.0 €.97
537 t.¢ 8.9
Tos 2.8 698
tlni‘ 3 KD IFF ($3
(5€C. 4 (O M, 7CR2.DEL.ATR, 8}
<051 0.00000 .l6722 0.00000

«101 ©  0.00000 16886 0.00000
Ryl 0.,00000 .172%% 0.00020

ELL] 0.00000 «l70637 0.00000
578 00121 ai7679 «00122
«lon «00i8E JLT020 .0018)
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coz2
(1 AR

0.000
0.000
0.200
0.000
0.000
0.9

GaAS
VELOCITY
{98}

43.2%
43.82
45.16
Hb. 40
“4.%9
“6.%%

K/RD1FF

0.000
0.000
0.000
8.000
007
<010

o
tppuy}

200.
380,
200.
100.
20.
C.

REYNOLOS
NUMBER

183,
152,
152.
t51.
150.
150.

" REYNOLOS
NUNBER

187,
186.
183,
181
180,
180,




DPOP Tusl FuURNALE SYSTEM LATA REDUCTION PROGRAM
nate 11743782
TLST MU IPLAC-]~)
futt 12003400 ANTHRACITE CHAR
GAS 13 PCT 02797 PCT N2
FutL FELD RATE tGa/MiNg = ,073
APPARENT OENSITY (GN/CC) =  l.b)
AVt., PARTICLE OlA.(MICRCNIs  $6.0
GAS FetO RATE tL/mIn) . je.b
EXCESS Q2 (PCT) e 220.¢
ROISTURE  ASHM (N
DISTAMCE  JEWPERATURE  In C(maR craR NCX 02 co? co
CINCHES) (0tG ¢) tect) trct) wrn) (17211 (AT term)
1.0 1864, 0.0 8.9 0. 3.200 0.000 0.
2.0 1899, Calt 7.0 0. 3,200 (AT [18
4.0 1877, 0.0 1.5 0. 3,200 0.000 0.
8.0 7. 0.0 7.7 0. 3,200 0.000 '
- 1240 1909, [N 1.7 [ 3,200 0.500 10.
1s.0 1911, 0.0 7.8 0. 3. 180 0.000 20,
CONVERSION PARTCLE
EFFICIENCY (FREE=FALL)  GAS
DISTANCE  TEWMPERATURE  TIME (8Y A5M TRACER) VELOCITY  verOCITY  REYNOLODS
1iNCHES) tOtG £1 1S6C.) tec ICR.73EC. ) nURBLR
.0 1804, <043 0.0 8.5% s2.67 170.
2.0 1098, +086 0.0 .51 $3.3e [TY
4.0 T1AN 71 1o 4 .33 $2.95 le9.
8.0 1878, oJag .2 .33 $2.90 169,
12.0 1909, o811 “.2 6.49 53.69 108,
16.0 1941, 679 s.S 6.49 $3.74 188,
OISTaNCE TERPLRATURE Tineg [ [ 31 24 [ $9 R/RDIFF
(INCHES ) 10k F) 1SkL.) (OGN, /CA2.SEC.ATH, 8}
1.0 180a. o043 0.00000 19385 0.00000 0.000
2.0 1895, + 086 0.LLOOO L9975 G.OULLLL  L.OLG
«.0 (T12 8 N3 007 1983  .0040e <020
8.0 178, 362 00887 194869  .0063% .00
12.0 1909, 81l 0039 19605 LLUACI 2u
10,0 1941, 6179 DIV L1978 L00e01 +020
DaTE 11713782 -
TES>! NO.:PEAC-[-4
FUEL 1270%400 ANTHRACITE CHAR
GAS 13 PCT 02/97 XT W2
FutL FEED RATE (GA/AIN) = L0713
APPARENT DENSITY (uM/CC) =  Q.8i
AVE, PARTICLE D14, (MICACNI®  S6.0
GAS FEED RATE (L/MiIN = le.e
LACESS 02 (rCT) * 220.4
ROTSTURE  ASH In
OISTAMCE  TEMPERATUAE N ChaR CHan N02 02 €02 co
tINCHES ) 106G F) (11811 et eon) et [ RT1 trony
1.0 2080, 0.0 7.0 [N 3.100 0.000 0.
2.0 2163, Q.0 1.2 [ 3,100 0.000 0.
4.0 2115 [N] 7.6 0. 3. 100 0.000 0.
0.0 2125, 0.0 7.7 'S 3.000 <0130 s0.
12.0 2168, 0.0 8.0 2. 3.0060 078 0.
18.0 2169, 0.0 [ 19 3o J.010 o106 0.
CONVERSION PARTICLE
EFFICIENCY (FREE~FMLL) GAS
DISTANCE  TLMPERATURE  TIME (OY ASH TRACER)  VELOCITY  VELOCITY  REVNOLOS
(TR TEY] 10tG ¢} t15eC.) tect) tCm,75¢C. ) NN BLA
1.0 2000, « 040 0.0 627 87,57 162.
2.0 2103, «019 0.0 .26 38,08 16l.
4.0 2115, NLT 2.8 .23 56,36 16l.
0.0 2125, 31 .2 021 $8.99 181,
12.0 2148, o7l [ o9 89,04 160.
1.0 2149, b20 L% ] (Y91 ) 89,13 180,
ODISTANCE  TEMPERATURE 3 INC 3 ROIFF [T K/RO1F¢
QT %Y (DEG F) 1S€C. ) OGN, /CN2,SEC.ATA, ®)
1.0 2080, +040 0.00000 .20721 0.00000 0.0LL
2.0 2103, «079 0.00000 .2008%8 0.00000 0.000
4.0 2315, LY .00880 .209)4 ,00918 <062
8.0 2125, Ik} 00664 .2099% ,00083 031
12.¢ 2165, an Wees L 21LLT L 30906 2041
1s.0 2149, Ny 00768 21141 L0097 <038




UROP TUBE FUHNACE SYSTEm DATA REDUCTION PROGRAM

DATL 11715782

TLST NU.1PEAC-L-S

Fuel 12004400 ANTHRACITE CHAR
Gas 3 PCT 02797 PCT N2

FUEL FCED RATE (GA/mIN) - <073
APPARENT DENSITY {(Gn/CC) = Lol
AVe, PARTICLE DIA.URICRCNI. $6.0
GAS FEED RATE (L/nIN} - 1.6

EXCESS 02 (PCY) s 220.4

mOISTURE ASH IN

O1STANCE TEMPLRATURE IN LHAR CHAN NO2 02 (4P cc
LInCHES) (0EG #) (1 4{38] ircr) tppm) tecr) [RoRN] tpPmy)
1.0 2280, 0.0 7.0 O. 3.040 0.L00L 0.
2.0 2326, 0.0 7.0 Oe 3.010 0.009 0.
4.0 2401, 0.0 7.8 0. 3.0t0 0.000 60.
8.0 20 ). 0.0 0.l 2. - 2.9% «Q90 120.
12.0 20J 3. 0.0 0.2 it. 2. 850 210 100.
le.0 2420, 0.0 0.2 [ Y 2.8%0 «300 100.
CONVERSTION PARTICLE
EFFICIENCY (FREE~=FALL) GAS
OISTAMNCE TERPE RATURE Timg (BY ask TRACER) VELGCITY VELOCITY REYNOLDS
(INCRES) (DEG F) 1SEC.) ipcth ) 1CMe/SEC NUNBER
.0 2280. +037 0.0 6 .06 42,10 1%.
2.0 23126, «074 0.0 3.99 6l.le 18%.
4.0 2601. sl 5.5 $.91 64.8) 153,
8.0 2430, «28A 9.3 S.8A 65.50 152.
12.0 26433, 430 10. 5 $.88 €5.57 1%2.
16.0 2620. 573 10.9% .89 €5.27 152,
OISt ANLE TePtRATURL Time X KOLFF (31 K/RDIFF
(1. €HES? 10€s F) 1SEC.) 18GM. /CN2. SECLATN, ®)
1.0 228U, <037 0.00000 .21933 0.000L00 0.000
2.0 2326, «074 0.03000 .22208 0.00000 0.000
4.0 240}, «déo «01931 .220%52 <0211 +0AS
8.0 2430, 208 «OLT03 22027 NALLY N
12.0 2433, o83 «01339 L2284% e 1422 .059
6.0 2620, 573 +0L1008 22768 01052 «O6é
Date tT/19/782
TEST NOu:PE M-1~0
fuct $200K400 ANTHRACITE CHAR
Ga> 33 PCT Q2797 PCY W2

FutL FEED RATE (GM/%IN} - «073
APPARENT DENSITY (GR/CC) = l.01
AV{. PARTICLE OIA.INICRCNI= $6.0
GAS FcED RATE (L/MIN) - 1s.06

EXCESS N2 (PCT) * 220.4

nOJ STURE ASh IN

DISTANCE TEMPERATURE EN CrAR CHAR NOX ue cue cc
LINCHE S) (OEG F) (PCTY (rcr) (PPN) tpCT) L {24] iren)
1.0 249). 0.0 T.6 Q. 3,200 0.000 0.
2.0 2531, 0.0 1.7 0. 3.200 0.000 -7
4.0 25ul. 0.0 8.0 2. J.U%0 <060 0.
8.0 2%48, 0.0 S.i 8. 3.000 «429 ac.
i2.0 2637, 0.0 [ P ) 1e. 2.92% o240 100.
16.0 2046, 0.0 8.3 18. 2,415 «J00 0.
CONVERS ION PARTICLE
EFFICIENCY (FREE~-FaLL) GAS
OlISTanCE TenPERATURE Ting (8Y ASH TRACER) veLOCETY VELOCITY REYNULDS
1INCHES) LtOEG F) 1SFC. ) (eCT) (CN./7SEC - NUNBER
1.0 2493, +03% 2.8 5.82 0.91 150.
2.0 2934, «0069 62 S. 78 6r.19 149,
4,0 2%, 138 0.1 5.7% 68.47 149,
.0 2548, o274 9.3 5.73 69.07 148,
12.0 2637, «408 1.7 5.68 10.19 1674
6.0 2046, «541 1i.7 S.67 10.39 147,
DISTANLF TEmMPEAATURE TinfF . X KOIFF kS K/RDLFE
(R 4118 tNEG F i 15€C.) (OGN, /CM2.5EC.ATR, &)
1.0 2493, <035 <3854 ,213i% ° 06622 «lbb
2,0 2531, «009 202884 23823 «03289 « 123
4,0 2%61. o138 « 02975 .23%999 « 03404 «120
8.0 2%48. w276 «OlTne 21154 «0190% «OTe
12.0 2631, «40N «OlSIT 26043 «010a2 <0ue
16.0 2646, «541 JOUITE 24093 «01239 «0e9
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APPENDIX C
CONTROLLED MIXING HISTORY FURNACE TEST DATA

The computer printouts presented in this appendix summarize the CMHF data
obtained on the combustion/NOx emissions characterization of the Alabama high
volatile bituminous coal. Terms which may not be obvious are explained as

follows:

NO = Percent fuel nitrogen converted to NO

XN = Percent fuel nitrogen converted to NO and intermediate nitrogen
species

N2 = Percent fuel nitrogen converted to molecular nitrogen

c-1




CMHF DATA REDULTIUON PRUGRAM
PRUIECT NUMIER V00430
Ct/700c Cual CuMBUSTION PROGRAM

TYPr UF,CUAL ARKADELPHIA HVAB

TEST NU. AA-1-1
LATE 1276782 .
A
¢
. Cel
CUAL FLOM KATE {FF) 36.00 LB/HR S
PRIMARY AIR FLOW RATE (FAeSCA) 57.00 LB/HR
SECONDARY AJR FLUM RATE (5A) 396,00 LB/HR
. FLUE GAS RECIRCULATIUN (GRGOGRA) 0.00 LB/HR
THEORLITICAL AIR AREQUIRED (THA) 10.%56 L8 AIR/LB COeL
EACESS AlR (txa) 19.38 PCT /
FLUE GAS RECIRCULATIUN (FUR) 0.00 PLT
cun, SEC.
RESTOENCE AlR CORRECTED NUd3 NOXa3 CONVER- CHAR N2 NO AN N2
PORT TINE, RING STUICHIO GAS cu2 o 02 PLT-02 PCT 02 S10M RETENTION ———FORMATION-—-
NO. SEC. LB/HR mETRY TERP F, PCY PCY PCE PPN PPN EFF, PCT EFF. PLT EFF. PLT
) (1 T sty PStl) cren co24ly coutly g2 NO3{(L) NX3LTD) CEL]) NRE(T) NOEIL) NSELD) MNELD)
(]
~No
1 1.331 0. 15.02 2122.5 11.80 10.00 .01 210.10 420.20 49.3% 56.%0 1.43 2.u7 38.63
2 2.555 0. 15.02 2054.7 0.00 0.00 -0l 182,23 b4 40 66.04 36.5%3 1.39 2.719 60.68 N
3 j. Nl 0. 15.02 t987.0 13.00 10.00 «01 156,38 3os.172 82.70 14.55 1.27 2.%3 02.92
4 4,884 3%. 15.02 2297.1 0.00 0.00 3.91 267.44 3%2.7 86,66 12.47 1.608 2439 o%.10
S 5.5%13 0. 119.38 2607.3 10.50 «03 1.80 395,45 €22.1) 90.5%9 10.39 11.59 12.39 17.22
[ 3 5.490 0. 11v.38 25068.% 0.00 0.00 6,28 397.29 409.5%1 9%.%e .49 12.99 13.39 T7.12
7 5.870 0. 119.38 2529.8 13.20 -0l 4.75 398.77 3%8.17 0.90 9.59 14.39 14,39 7.02
8 6.05%3 0. 119.36 246088 0.00 0.00 .68 396.94 407.96 93.95 .90 14.42 14.02 T8.28

9 6.239 0. 119.38 26407.9 13.00 01 4.60 39%.12 417.07 %1.00 5.21 L4.4> 15.2% 79.5%¢




CHMHF DATA REVULTION PROGRAM
PROJECT NUMKER 900436
CE/ZDDE COAL CUMBUSTIUN PROGRAM

TYPE OF.COAL ARKADELPHIA HVAR

TEST NO. AA-]-2
OATE 1271782
COAL FLOW RATE (FF) 36.00 LA/HR
PRINMAAY AR FLOW RATE (TassCay 57.00 LB/HR
SECONDARY AIR FLOW RATE (5A) 396.00 LB/HR
FLUE GAS RECIRCULATION (GRGOGRA) 0.00 LB/HR
THEORITECAL AIR REQUIRED (THA) 10.54 LB AIR/LD COAL
EXCESS AR exa) 19.38 ¢eCT
FLUE GAS RECIRCULATION (FGR) 0.00 PCT /
Cun, SEC.
AESIDENCE AlR CORRECTED ND33 NOXa3 CONVER~ CHAR N2 NO XN N2
PORT  Ti1vuE, RING STOILHIO GAS co2 co 02 PLT-02 PCYT 02 SION RETENTION ———FORMATION——
NO. SEC. LB/HR  MEIRY TEMP F. PLY PCY PCl L] PPM EFF. PCTY EFF. PLT EFF. PLY
.ll' "(f!' stn PSit) cren co241) cCotly o210 NO3(1) NX3CTY CE(1) NRELT) NOE(L) NSE(1) MNELEL)
(gn]
Ju 1 1.29% L2 1%.02 2227.4 9.80 3.30 .01 21.46 126.34 35.87 56.08 15 -85 42.20
2 2,043 0. 30.06 2631.5 0.00 0.00 01 62.17 105.0% 43.5%% 40.9¢ 17 1.30 57.76
3 2.649 0. 30.04 2635.5 13.40 3.40 =01 102.91 85.78 31.26 25.00 1.30 1.09 73.91
L) 3.297 339. 30.04 2518.2 0.00 0.00 1.26 168.65 154.98 60.606 26.37 2.06 1.89 T1.74
S 3.726 0. 119.38 2400.9 12.20 «20 2.50 263.24 233.51 70.09 27.74 9.85 9.45 82.80
6 3.921 0. 119.30 2323.2 0.00 0.00 2.75 263.84 256,44 65.18 33.22 10.5%0 10.20 56.58
7 6.122 o. 119,30 2265.4 11.00 .10 3.00 285.00 280 .00 60,26 38.69 11.15 10.95 50.36
L] 4.326 0. 119.30 2293.5 0.00 0.00 2.00 283.70 283.70 68.60 30.39 11.41 11.41 58.20

9 6.522 0. 119.38 2341.5 13.00 20 2.20 282.45 287.23 T6.946 22.09 11.88 11.07 66.04




CMHF DATA REDUCTION PROGRAM
PRUJE LT NUMDER 900436
CE/DOE COAL CUMBUSTION PROGRAM

TYPE OF.CUAL ARKADELPHIA HVAS

TeST NO. AA-1-3
OATE 1278782
COAL FLOW RATE (FF) 36.00 LB/HR
PRIMARY AIR FLOW RATE (TasSCA) 57.00 LB/HR
SECONDARY AIR FLOW RATE {SA) 381.00 LB/HR
FLUE GAS RECIRCULATION {GRGeGRAY 0.00 LB/HR
VHEORITICAL AIR REQUIRED (THA) 10.54 L8 AIR/LS COSL
EXCESS AIR (EXA) 15.43 pPCY
FLUE GAS RECIRCULATION ({FGR) 0.00 PCTY /
cum, SEC.
RESIDENCE AIR CORRECTED NOa3 NOX33 CONVER~ CHAR N2 NO xN N2
PORT TIME, RING STODICHID GAS c02 co a2 PCT-02 PCT-02 S10N REVENTION ————FORMAT]ON——
NO. SEC. LB/HR METRY TEMP F, PCY PCT PCT PPM PPH EFF. PCT EFF, PCT €FF, PCT
(1 e st1) PSSt crnen Co2¢1) cotly o2¢1) NO3LE) NX3t1) CELI) MNRE(]) NOE(D) NSECD) MNE(L)
(:) 1 1.206 127, 15.02 2331.) 9.60 10.00 .01 3e.30 733.21 38.92 4b.43 «23 5.00 48.37
o
2 1.802 0. 48.%9 2470.5 0.00 0.00 «01 68.60 430.92 52.19 35.63 1.33 e.38 55.99
3 2.201 0. 48.39 2409.7 11.00 10.00 01 102.91 128.63 65.43 .83 2,05 24506 T2.61L
4 2.640 254, 48.59 2427.6 0.00 0.00 2.51 101.12 160.58 70.57 22.26 2.49 2.04 74.90
S 2.955 0. 115.43 2445,.5 12.70 0.00 5.00 191.2% 202.50 75.69 19.70 6.51 6.089 73.41
6 3.15)3 0. 115.43 2337.6 0.00 0.00 e.50 212.73 210.18 85.35 13.82 7.%2 7.71 78.47
7 3.35%7 0. 115.43 2229.7 13.40 0.00 4.00 232.9 232.9% 95.02 7.9 8.54 8.50 83.52
8 3562 0. 115.43 2268.9 0.00 0.00 4.25 236,462 236,462 96 .39 3.9 8.55 8.55 87.48

9 3.765 0. 115.43 2308.1 13.00 0.00 4.%0 240.00 240,00 7.1 0.00 8.56 8.56 V.44




CMHF DATA REDUCTION PROGRAM
PRUJIECT NUMDER 900434
CL/7UVE COAL COMBUSTIUN PROLRAM

TYPE OF .COAL ARKADELPHIA HVAB

TEST NO. AN-T1-4
DATE 1278/82

COAL FLOW RATE (FF) 36,00 LB/HR

PREMARY ATR FLOW RATE (TA*SCA) 57.00 LB/HR

SECONMDARY ALR FLOW RATE (SA) 395.30 LB/HR

FLUE GAS RECIRCULATIUN IGRGSGRA) 0.00 LB/HR

THEORITECAL AIR REQUIRED (THA) 10.54 LB AIR/LS COAL

EXCESS AIR (ExA) 19.19 PCY

FLUE GAS RECIRCULATION tFGR Y 0.00 PCYT

/
cun, SEC.
RESIDENCE AIR CORRECTED NODD NOX33 CONVER- CHAR N2 NO "N N2
PORT TINE, RING STOICHIO GAS co2 co u2 PCT-02 PCT-02 SIoN RETENTION ——-~FORMATION——
NO. SEC. LB/HR  METRY TEWP F, PCT PLY PCY PR PPR EFF. PCT EFF. PCTY EFF, PCT
" s PStl) cry Co241) coiny oz2tn NO3(ID NxX341) CE() NRECT) NOE(I) NSELI) MeELL)
1 L.191 207. 15.02 2491.) 2.80 1.50 «01 343.02 407.34 53.70 43.61 2.34 2.78 S1.61
(e}
[}
w 2 1.747 0. 69,63 2326.2 0.00 0.00 -01 332.30 3%.62 67.47 29.93 ?.19 10.97 39.09
3 2,069 0. 69.65 215%.2 11.50 «03 - 01 321.5%8 383.90 79.24 14.2% .02 10.82 4,92
4 2.308 188. 69.6% 2214.0 0.00 0.00 1.76 266,22 318.00 80.82 16.43 6.61 8.19 75.38
3 2,656 0. 119.19 2272.8 9.40 «01 3.3%0 195.43 236.57 82.40 18.61 T.56 9.12 T2.27
[ 2.83%4 0. 119.19 2302.9 0.00 0.00 2.93 263.90 253.94 87.%8 14.50 9.7% 10.13 75.33%
7 3.049 0. 119.19 2333.1 f1.680 «01 2.35 2089.54 270.24 92.72 10.39 11.99 11.19 78.43
] 3. 247 O. 119.19 2221.3 0.00 0.00 4.08 31t.08 308.42 95.44 T.41 11.71 11.81 80.98

9 3.451 0. 119.19 2121.6 12.00 0.00 5.80 337.50 355.26 98.16 4.4) 11.43 12.03 83.54




CHHF DATA REOUCTION PROGARAM
PRUJECT NUMBER 900436
Ct/7v0t COAL (OMBUSTION PROGRAM

TYPE OF .COAL ARKADELPHIA HVAB

TEST NO. AA-[-S
DATE 1279782
COAL FLOW RATE (FF) 36.00 LB/HR
PRIMARY AIR FLOW RATE  (TA¢SCA) 87,00 LB/HR
SECONDARY AIR FLOW RATE (SA) 396.00 LB/HA
FLUE GAS RECIACULATION  (GRGOGRA) 0.00 LB/MR
THEORITICAL AIR REQUIRED (THA) 10.54 L3 AIR/LS COAL
EXCESS AR tExa) 19,38 PCY
FLUE GAS RECIRCULATION  (FGR) 0.00 PCT
- - Cum.  SEC.
RESIDENCE AIR CORREC TED ¥023 NOX23 CONVER- CHAR N2 MO x» "z
PORT TIME, RING STOICHIO GAS €02 cu vz PCT-02 PCI-DZ  SMON RETENTION ———FORMATION———
NO. SEC.  LB/MR METRY  TEMP F,  PCT PcT LT PPN PPN EFF. PCT EFF. PCY EFF. PLT
(I TR St eSIIE CTHDD €O211) COUI) DZU1)  NOB(I)  NX3CE)  CENED  MRELI)  NOEUE)  NSE(1)  WNELR)
1 1110 283, 15,02 2671.2 11,50 ,5.50 .01 261.55 31T.29 30,31 43.92  -1.78 .16 93.92
(ep} .
' 2 1.599 0.  89.60  2689.0 0.00 0.00 2.68  329.22 366,07  47.68  33.40 9.86  10.96  35.64
(o))
3 1.007 0.  89.60  2706.9  13.80 . .50 S.36  620.01 431.52  .63.06 22,89  10.92  1l.2Z2  65.90
4 2.039 113, 89.60 2575.0 0.00 '0.00 6.20  382.10 406.56  77.25  17.88 9.45  10.06  72.06
s 2.251 0.  119.38  2443,1  18.30 .06 7.20  339.13  378.26  89.45  12.87  10.38  11.58 75,55
6 2.430 0.  119.38  2448.0 0.00 0.00 6.10  344.30 404.70  91.00  10.74  11.39  13.39  75.47
T 2.626 0.  119.38  2448.9  13.00 30  5.00  348.75  427.50  92.55 8.62  12.40  15.21  Te.lb
8 2.811 O. 119.38 2393.8 0.00 0.00 4.34 311.28  384.36 95.16 6.70 11,53  14.23 79.07

° 3.002 0. 119.38 2338.7 15.00 .06 3.7 276,52 3ok 35 97.77 4.78 10. 6% 13.25 81.97




CMHF DATA REOUCTION PROGRAM
PROJECT NUMRER 900436
CE/7UDE CUOAL COMBUSTION PROGRAM

TYPE OF .COAL ARRADELPHIA MVAS

TeST mu. AA-1-b
DATE 1279782
COAL FLOW RATE (FF) 36.00 LO/MR
PRIMARY ALR FLOW RATE (TAeSCA) 57.00 LO6/HR
SECONDARY ARR FLOW RATE (SA) 389.00 LB/MR
FLUE GAS RECIRCULATION (GRGOGRA ) 0.00 LA/HR
THEORITICAL ALR REQUIRED (THA) 10.54 LB AIR/LB COAL
EXCESS AlR (Exa) 17.53 pCV
FLUE GAS RECIRCULATION (FGR) 0.00 PC?T
/
cun, SEC.
RESSDENCE AIR CORRECTED NO3) ROX2)3 CONVER~ CHAR N2 L L L N2
PORT  TINME, RING STOICHIO GAS co2 (4] 02 rPCY-02 PCYI~02 S10N RETENTION ~—==<FORMATION~——
NO. SEC. LB/MR  MEIRY TEMNP F, [{4) T pPct PPN PN EFF. PCT EFF, PLT EFF. PCY
i rn st (410 0] crn co2(1) cotiy o2t NO3(L) NX3010 CEtLl) NREIL) NOE(D) NSELD) MNEST)
1.%6)3 166, 15.02 1321.0 0.00 0.00 A7 335.08 36.33 13.57 9.7 23 26 14.00
2.679 0. 58.77 151,14 0.00 0.00 -9 Ti.77 T4.33 27. 14 Ti.43 1.93 1.59 26.98
2.964 0. se.77 1713.1 0.00 0.00 1.40 110.20 114.13 40.71 5T.14 2.3% 2.43 40.43
3.4408 223. s8.77 1909.2 0.00 0.00 1.06 150.48 155.86 54.27 42.86 3.19 3.30 33.04
3.704 0. 117.5) 210%,2 0.00 0.00 2.32 192.76 199,63 87,04 20.357 T.75 8.02 63.41L
3.993 [ 2 117.53 2301.3 0.00 0.00 2.79 237.20 265.67 0k.41 14.29 92.39 9.72 15.99
4,100 O. 117.53 2490.3 14.00 -13 3.25% 283.9% 294.08 94,98 0.00 11.06 11.45 88,53
4,374 0. 117.53 2429.0 0.00 0.00 3.33 205.15 290.246 78.08 21.58 10.93 .12 67.30

4,569 0. 117.53 2360.8 14.00 0.00 3.40 2086.36 2086.36 6t.18 43.16 10.79 10.79 46.04
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CHMHF DATA REDUCTION PROGRAM
PRUJECT NUMYSER 900436
CL/DNE COAL CUMRUST IUN PROGRAM

TYPE OF .COAL ARKADELPHIA HVASB -

TEST NO. AA-11-1
DATE 1279782
COAL FLOW RATE (FF) 36.00 LB/HR
PRIMARY AJR FLOW RATE (TALSCA) 57.00 LB/HR
SECONDARY AIR FLOW RATE (SA) 396.00 LB/HR
FLUE GAS RECIRCULATION {GRG+GRA) 0,00 LB/HR
THEURJTICAL AIR REQUIRED (TwA) 10.56 LB AIR/ZLD COAL
EXCESS AIR lExXA) 19.38 PCY
FLUE GAS RECIRCULATION (FGR) 0.00 PCT
cun, SEC.
RESIDENCE AIR CORRECTED ND2> NOX33 CONVER~ CHAR N2 NO N N2
PORT  TINE, RING STOICHID GaAS co2 co 02 PCT-02 PCY—02 SION REJENTION ~————~FORMATION-~—~
NO. SEC. LB/HR METRY TEMP F. (49 PCTY PCY PPN PPN EFF. PCT EFF, PCT EFF. PCY
i 1y stn PsSil) cren Co2¢1) cot1y o02¢1 NOJM I}  NX3(I) CEl1} NRELD) NOELE) NSELD) MNELL)
1 1.0068 396. 15.02 2882.9 11.80 10.00 -0l 347.31 441,064 51.13 30.00 2.37 3.0% 46.99
2 1.504 0. 119.38 2876.3 0.00 0.00 2.60 338.90 479,40 69.18 3l.58 15.64 19.29 49.14
3 1.651 0. 119,38 2069.7 12.00 01 5.19 644,13 529.54 87.23 13.1% 1%.55 18.%4 68.31
4 1.816 0. 119.38 2709.1% 0.00 0.00 5.0% 456.97 3246.66 89.41 12.469 16.147 10.57 60.74
5 1.985% O. 119.38 2708.5 15.00 «02 4.90 469.57 519.88 91.56 12.24 18.79 18.5%9 69.17
[ 2.15%7 0. 119.38 2632.2 0.00 0.00 4.60 466,46 507.62 94.20 9.34 17.03 18.53 12.13
L 2.334 0. 119,38 2556.0 14.40 .02 4.30 463.47 495.81 96.62 L2 ) 17.26 i18.40 75.10
8 2.516 a. 119.33 2461.9 0.00 0.00 4. 15 4£54.01 496,74 96.83 6.95 17.06 18.66 74.38

9 2.703 0. 119.38 2367.9 1L3.50 .02 .00 446,71 497.65 96,84 T.47 16.86 18.88 13.067




CMHF ODATA RLDUCTION PRUGRAM
PRUJECT NUMRER 900436
CE/70UE CUAL LUMBUSTIUN PROGLRAN

TYPE UF .CUAL ARKADELPHIA WVAB

TEST NGO, AA-1E-2
DATE 12710702
COAL FLOW RATE tFF) 36.00 LB/HR
PRIMARY ALIR FLOM RATE (TAsSCA) 57.00 LB/HR
SECONDARY ALR FLOW RATE (SA) 360.00 LB/7HR
FLUE GAS RECIRCULATIUN {GRGOGRAY 0.00 LB/HR
THEORTTICAL AJR REQUIRED (THA) 10.56 LB AIR/LS COOL
EXCESS AIR (txa) 9.89 PLY
FLUE GAS HECIRCULATION tFLUR) 0.00 PCY
cun, SEC.
RESIDENCE AIR CORRECTED NO23 NOX3) CONVER- CHAR N2 NO LU N2
PORY  TViIME, RING STOICHIO GAS o2 o 02 PCT-02 PLT-02 SION RETENTION ~—~~—-FORMATVION——
NO. SEC. LB/HR METRY TEnP F, pCY PCt PCT PPN () EFF. PCT EFF. PCT EFF. PCT
(FEIRALR R stn PStl) [A4R 1] coz2it) cotly o2tnd NO3(1) X3 CEt1) NRECT)D NOEI(L) NSELl) WeELL)
1 1.157 120. 15.02 251%.3% 10.60 0.00 -0l 80.04 300.14 39.03% 42.5% 33 2.04 33.40
O
tlo 2 1.762 240, 46 .64 2712.1 0.00 0.00 2.10 177.81 304.01 62.45 27.92 3.0% 9.23 66.85
3 1.970 0. 109.089 2908.8 14.10 0l 4.20 299.93 310.64 85.08 13.29 10.30 10.067 T0.04
4 20147 o. 109.89 2021.6 0.00 0.00 4.%0 321.78 329.9% 84,23 15.81 10.04 11.12 73.08
L] 2.329 0. 109.89 27344 13.40 0.00 ©.80 b 04 35%0.00 82.61 18.33 11.30 11.56 70.11
[} 2.517 O. 109.09 2629.7 0.00 0.00 4.60 360.24 345.73 79.43 21.23 11.3% 11.53 67.23
7 2.712 0. 109.89 2525.1 13.60 0.00 4.40 336.14 341.57 76.23 24.13 11.32 .51 64.36
|} 2.912 (2 109.89 2473.2 0.00 0.00 442 363.69 3Mt.2e 17.09 24.10 12.25 12.70 63.19

9 3.115 0. 109.89 24214 13.5%0 1.00 hobb 391.30 413,06 T7.94 20 07 13.17 13.90 62.03




0L-3

cun,
RESIDENCE
PORT TimE,
m. SECU
TR ALIT)
1 1.198
2 1.3
3 2.103
& 2.380
S 2.5s8
6 2.71%9
? 29506
8 3.1%8
9 3.301

SEC.
AlR CORRECTED
RING STOICHIO GAS
LB/HR METRY TEMP F.
st rS(y) cren
126, 135.02 2580.0
O. 48.2) 2641.)
240, 48.23 2702.0
0. 111.47 2677.2
0. 1il.47 2652.4
Q. Lll .67 2561.8
0. 111,47 2471.1
0. [FYRL Y 264643
0. 1147 2621.6

COAL FLOW RATE
PRIMARY AJR FLOW RATE
SECONDARY AR FLUW RATE (5a)
FLUE GAS RECIRCULATIUN
THEORITICAL ALIR REQUIRED (THA)
EXCESS AIR
FLUt GAS RECIRCULATION

co2
({4 ¢
co2tn)
11.20

13.00

13.50

13.00

13.60

CMHF DATA REDUCTION PROGRAN
PRUJECT NUMBER 900436
CE/ZDOE COAL COMBUSTION PROGRAM

TYPE OF .COAL ARKADELPHIA MHVAD

TEST NO.
DATE
{FF)
(TAsSCA)
{GRGOGRA D
(Exa)
1FLR)
co v2
PLY PCY
cutly o2t
10.00 =01
0.00 -0l
10.00 «01
0.00 2.4}
1.50 4.80
0.00 4.05
12 4.50
V.U 4,50
+01 4. %0

AA-11-3
12710782
36.00 LB/HR
57.00 LB/HR
366.00 L&/HR
0.00 LB/HR
10.564 LB ALIR/LD COAL
1l.47 (T
0.00 PCT
NOa3 NOXa)d CONVER-~
PCT1-02 PCT-02 SION
[} PN EFF. PCT
NO3(1) X3 CE(l)
1711.51 3%6.47 45,71
145,78 287.28 36.08
120.06 180,09 66400
237.16 256.52 70.00
300.69 355%.% 73.%%
366,79 33.78 10.1%
305.45 3l6.36 66.75
302.73 a21.82 68.7¢L
300.00 32v.27 70.68

CHAR w2 L N "2
RETENTION ~—~=—FORNATION——
EFF, PCY EFF. PCY

NRELT) NOE(L)  NSELD) WMELL)
30.03 1.17 2.69 59.20
32.19 2.83 .58 62.22
20.3%° 2.37 3.56 70.09
21.31 9.03 .77 62.93
20.26 12.94 11.83 29.91
30.860 11.8) 11.24 38.16
32.94 10.29 10.66 56.40
33.11 10.22 10.86 50.03
33,28 10.14 11.00 55.05




L1=3

CuM. - SEC.
RESIDENCE AIR
PORT TIME, RING STOICHIO
NO. SEC, : .LB/HR METRY ; .
t THIr st PSEI)
‘T 1.082  126.  1%.02
2 1.60% 0. 48.23
3 1.962. - O. 48.2)
e 2.320 o, 48.23
s 2.708 240, 48.23
6 3.00% 0. 111.47
7 3,206 0. 111.47
8  3.410 0. 111.47
9 3.817 0. Mil.ad

COAL FLOW RATE

CMHF OATA REDUCTIUN PROGAAM
PRUJECT NUMBER 900436
CE/V0E COAL CUMBUSTIUN PROGRAM

TYPE OF .COAL ARKADELPHIA HvaB

PRIMARY AIR FLOW RATE
SECUNDARY AJR FLOW RATE
FLUE GAS RECIARCULATIUN
THEORITICAL AIR REQUIRED

"ENCESS AIR
FLUE GAS RECIRCULATIUN

" CORRECTED

GAS co2
1ERP F, PLY
cren caz2tl)
2809.8 10.00
.2009.7 0.00
28689.7 12.00
2776.0 0.00
2662.3 13.80
2509.9 .00
2357.4 13.40
2326.1 0.00
2294.7 14.00

TEST NO. AA-11-4
OATE 12710782
1FF) 36.00
(TAeSCA) 57.00
(SA) 366.00
LGRGOGRA) 0.00
(THA) 10.%
(EXA) 11.47
(FGR) 0.00
NO33
co v2 PLT-02
{9} (49 L]
cotly o2t ND3LT)
10.00 01 21.44
0.00 .01 10.73
10.00 <01 120.06
0.00 61 136.80
14 1.20 154.55
0.00 2.10 192.86
«01 3.00 235,00
0.00 3.15 231.9)
0.00 3.30 228.8)

LB/HR

LB/HR

LB/HR

La/nR

L8 AIR/LD COAL
PLY

PCY
NOX23 CONVER-
PLY-02 S10M
PPN €FF, PCT
Nx3i1) CE(D)
68.60 70.30
141.50 74.006
214.39 79.34
211.82 83.83
209.09 80.37
226.19 90.86
245.00 ?3.34
2675 95.067
249.1% 97.99

N2

67.03

69.09

.22

17.67

83,73

80.13

81.08

83.33

/
cam N2 WO 1
RETENTION =——~-EORMATION-—o
EFF. PCT EFF. PCT
NRE(T1)  NOEAI)  NSELI)
3.7 o1 .a?
20.08 1,42 2.84
20,45 2.43 4.33
18.34 2.10 619
12.23 2.99 4,04
10.98 1.58 8.89
9.73 6.82 9.19
T.e7 8.64 .2
5.20 8.67 9.22

¥5.57




CMHF DATA REDUCTIUN PROGRAM
PRUOJECT NUM3IER 900436
Ct/700L0 CNAL COMBUSTION PROGRAN

TYPE OF.COAL ARKADELPHIA HVAB

TEST NU. AAllL-1
DAL Lc/13/782
CUAL FLOW RATE (FF) 36.00 La/HR
PRIMARY AR FLOW RATE (TasSCA) 57.00 LB/HR /
SECONDARY ALR FLOW RATE (5A) 319.00 LB/HR
FLUE GAS RECIRCULATION (GRGSGRA) 0.00 LB/HR
THFORITICAL AIR REQUIRED (THA) 10.5% LB AJR/LB COAL
EXCESS AlR [13Y%) =.1 PCY
FLUE GAS RECIRCULATION (FGR) 0.00 PCT
cun, SEC.
RESIDENCE A IR CORRECTED NO3) NOX23 CONVER—~ CHAR N2 NO XN N2
PORT TImE, RING STUICHIO GAS co2 <o 02 PLT-02 PLT-02 SION RETENTION ———FORMATION—
NO. SEC. LB/HR  METRY TenwP F, PCY PCT PCT PPN PPM EFF. PCT EFF, PCT EFF, PCY
) Trn sin pSLL) cTHn co241) co(1) o201 ND3(T) NX3CLY CELL) NRELID NOELE) Nsetl) MWNELL)
Sj ] 1.202 k31, 15.02 2433.) 14,00 7.70 .01 3l.44 480.23 46.62 34.57 21 3.2% 62.16
-
~N
2 1.799 0. 49.54 2568.1 0.00 0.00 .01 62.89 291.57 6l.44 25.61 .26 . 3.85 68.74
3 2.1061 0. 49.5%6 2702.9 17.60 3.3 .01 94.33 102.91 16.25 16.25 L.9% 2.11 81.66
4 2.552 184. 49,56 2622.6 0.00 0.00 2.81 150.87 158.29 83.060 13.%2 2.72 2.8% a3.63
S 2.8%8 0. 99.09 2562.3 13.60 «15 5.60 227.92 233.17 90.94 10.79 6.%) 6.70 82.52
3 3.0o73 0. 99.09 2560.8 0.00 0.00 4.295 239.10  241.79 93.33 8.80 T.67 T.55 83.84
7 3.285 Q. 99.09 2579.3 17.20 » 30 2.90 248,62 248,62 95.72 6.482 8.41 B.61 84.77
8 3.500 O 929,09 2479.9 0.00 0.00 2.10 238.10 254,76 .57 .84 8.41 9.00 83.13%

° 3.722 0. 99.09 2380.5 16.00 50 i1.30 228,43 260,461 97.41 4.87 8.42 9.60 85.54




R T

CMHF UATA REUUCTION PROGRAM
PRUIJELT NUMBER 900436
LL/Z00E CUAL COMBUSTIUN PRUGRAN

TYPE UF .COAL ARKADELPHIA HVeEB

TEST NU. AAYIE-2
DATE 12716782
COAL FLOW RATE (FF) 36.00 LB/HR
PRAIMARY AR FLOW RATE (§aeSCA) 57.00 LB/HR /
SECONDARY ALR FLOW RATE (SA) 360.00 LB/MR
FLUE LAS RECIRCULATIUN {LRGLOGRA) 0,00 LB/HR
THEORITICAL AIR REQUIRED (THA) 10.54 LB AIR/LB COOL
EXCLESS AIR LERAD 9.49 PCT
FLUE GAS RECIRCULAFION LFGRY 0,00 PCT
cun, SEC.
RESIDENCE AlR CORRECTED NOJ3 NORJD CONVER~ CHAR N2 ~NU N N2
PORT  TIME, RING STOILMIO GAS co2 cou 02 PCY-02 PCT-02 SION RETENTION ————FORMAT]ON-———
NO. SEC. LB/HR  METRY Teme Fo PCY (" ) PCY PPR PPN EFF, PCT EFF. PCT EFF. PLT
1y N st PStl) [ALR ] co2¢1) cCutly vatn NO3L1) NX3( 1) CELI) NRELD) NOE(1? NSELD) ELL)
(] 1 1.104 131, 1%5.02 2840.6 13.00 9.50 6.09 38.22 168.98 ?2.15 63.04 .18 .82 35.34
'
—_—
w 2 o044 0. 69,54 2058.6 0.00 0.00 3.0% 63.50 117.082 37.74 48.17 1.0 1.95 49.00
3 1.909 O.. 49,54 2876.7 17.80 3.70 <0l Bl.47 8l.47 66.33 32.50 1.065 1.65 63.05
L) 2.300 229. 49.5% 2151.3 0.00 0.00 2.688 126,17 126.606 18.94 22.03 2.21 2.26 75.70
S 2.654 0. 109.89 2625.9 14.60 <0 5.7 182.9% 188.05% 91.56 11.56 S.73 S5.91 ¥2.53
[ 2.0864 0. 109.09 2612.3 0.00 0.00 3.98 203.52 206.17 92.062 9.9 T.12 T.21 82.8%
7 3.034 0. 109.49 2598.7 17.40 0.00 2.20 220.21 220.21 93.68 8.32 8.51 8.51 .17
) 3.229 0. 109.49 24706.9 0.00 0.00 2.50 252.49 252.97 95.20 7.00 9.62 9.064 83.28

° 3,432 0. 109 .47 2355.0 16.50 <04 2.00 20%.82 286.81 9%.73 5.84 10.72 10.76 83.40




SEC.

RESJOENCE AR

cun,
PORT  TINME,
NO. SEC.
(TR ALIY]
o 1 1.257
]
—
e 2 1.937
3 2.s18
4 2,920
s 3,25%
6  3.631
T 3.614
8 3.803
9 3.999

COAL FLOW RATE
PRIMARY AJR FLOW RATE
SECONDARY AIR FLOW RATE
FLUE GAS RECIRCULATSION
THEORITICAL AIR REQUIRED

ENCESS AIR

CHHF DATA REDULTVION PROGRAM

PRUJL

LT NUMBLH 900430

Ct/DUE CUAL CUMBUSTJUN PRUGRAR

TYPE
Te st
DATE

FLUE GAS RECIRCULATION

CORRECTED

RING STOICHID GAS
L3/HR  HETRY

siii

94,

0.

3o2.

' B

PSElD

15.02

3979

39.79

39,79

il9.38

119.38

119.38

i1v.38

119.358

TEMP F,

cTn
2283.8
2456.0
2626.3
2678.6
2120.9
2614.9
2500.9
2397.8

2294,.7

co2

PLY

co2t1

10.00

13.50

0.00

12.90

0.00

15.70

(A1)
PCly
cotn

3.80

«05

0.00

V.00

1}

OF .COAL ARNADELPHIA
NO. AALIE-3
12714782
tFF) 36.00
(TAeSCA) 57.00
tSA) 396 .00
{GRGEGRA} 0.00
1THA) 10.54
1EXA) 19.38
(FGR) 0.00
NU23
v2 eCT-02
pCY PPH
02110 NOMID
1.05 171.45
.53 101.83
.01 34.30
2.96  139.65
5.90  286.09
4.65  308.26
3.40  321.27
3.05  323.40 .
2.10  319.67

HVAB

LB/HR /
LB/HR
LB/HR
LB/HR

LB AIR/LB COAL
PCY

PCT

NOXa23 CONVER-
PCT-02  SION
pPH EFF, PCTY
NX3UE)  CEtD)
406.07 12,29
325.38  20.20
248.69 44,11
2714.31 94012
309.93  64.13
324,77 64.54
337.50  64.96
330.92 68,77
324.59  72.58

N2

30.143

22.35

17.78

37.91

51.57

47.80

44,04

690,63

CHAR 22  ®u )
RETENTION ~———FORMATION-—
EFF. PCT EFF. PCY
WRE(E) NOE(ID  NSE(L)
67.26 1.1 2.63
12,74 1.53 s.91
70.24 o585 3.98
58.24 1.96 3.8%
38.24 ?.41 10.20
40.63 10.98  11.57
43.01 12.56 12,95
37.38 '12.69  12.98
31.75 12.82 13.02

55.23




CHMHF DATA REDUCTIUN PRUGRAM
PROJECT NUMRER 900436
CL/700E COAL COMBUSTIUN PROGRAM

TYPE UF.COAL ARKADELPMIA, HVAD
TeST NU. AATLI-4
DATE 12714782
COAL FLOW RATE (FF) 36.00 LB/7HR
PRIMARY ALR FLOW RATE (VaesCA) 57.00 LB/HR
SECONOARY AIR FLOW RATE (Sa) 452.80 LB/MR
FLUE GAS RECIACULATIUN IGRGGRA) 0.00 LB/HR
THEURITICAL AIR REQUIRED (THA) 10.56 LD AIR/LD COAL
EXCESS AIR (ExXA) 34.33% PCT
FLUE GAS RECIRCULATION (FuR) 0.00 PCT
Cun, SEC.
RESIDENCE AIR CURREC TEL NO3) NORD3 CONVER- CHAR N2 NO XN N2
PORT  Time, RING  STOILHIO GAS co2 (41 02 PCT-02 PCT-02 S1uN RETENTION ~~—=-FORMATION--—
NO. SEC. LA/HR  METRY eme F, (49 PLT PCT PR PPN EFF. PCT EFF. PLY €FF. PCT
1) THUnN st PSSty cren cu241) cutldy o2¢1) NO3 L) NX3ID CELL) NREST) NOE(1) NSE(I) NELL)
1 1.108 132. 1%.02 20718 11.40 3.20 .01 137.21 17.1% 57.17 33.0% 96 12 .83
2 1.631 0. 49.7% 2877.5 0.00 0.00 01 92.19 12.86 60.78 43.06 1.06 26 56.60
3 1.907 0. €9.7% 2877.7 11.40 4.40 .0l 47.17 8.58 64,39 51.07 -9 17 48.75
. 2.342 321. 49.75 2755.9 0.00 0.00 3.86 144.36 131.23 T6.44 31.68 2.44 2.22 66.09
3 2.612 0. 134,35 2634.0 11.20 <01 7.70 297.74 324.81 80.48 12.30 9.8 10.72 76.98
[ 2.772 O. 136.35 2514.3 0.00 0.00 6.45 309.28 340.21 92.36 0.5%2 11.20 12.32 79.17
7 2,937 o. 134.35 2394.5 13.40 «00 5.20 318.99 353.16 9% .24 4,73 12.57 13.92 1.3
] 3.109 0. 134,35 2337.°0 0.00 0.00 5.50 322.26 348.39 96,94 5.01 12.40 13.47 sl.51
9 3.231 0. 136,35 2280.9 13.00 0.00 5.80 325.66 343,42 97.65 5.29 12.36 13.03 81.68




91-2

Cun,
RESIDENCE

PORT  TIME,

ND. SEC.

" T
|} lel67
2 1.726
3 2.0%6
L3 2,499
s 2.782
[ 2.95¢
7 3.134
8 3.31)
v 3.4906

COAL FLOW RATE

CMHF DATA REDUCTION PROGRAM
PROJELT NUMNER Y006 36
CL/7VUE CUAL CUMBUSTIUN PROGRAM

TYPE UF .COAL ARKADELPHIA HVAB

PRIMARY AXK FLOM RATE
SECONDARY AJR FLOW RATE
FLUE GAS RECIRCULATION
THEORITICAL AIR REQUIRED

EXCESS AIR

FLUE GAS RECIRCULATION

SEC.

AlR CORRECTED

RING STOICHIO GAS co2

LB/HR NMETRY TENP F, rCcY

st Pl cH coz2tl)

132, 15.02 2546.4 11.00
0. ©9.01 2398.0 0.00
0. 49.081 2649,.7 12.40

266, 49.01 2658.0 0.00
0. 119.38 2668.0 14,00
0. t119.38 2616.4 0.00
0. 119,38 2564.7 16.00
0. 119.38 2518.2 0.00
0. 11v.38 2411.7 16.00

TEST NU. AALY=~]
DATE 12716782
1FF) 38.00
(TAeSCAD 57.00
1540 396.00
(GRGeGRA) 0.00
(THA) 10.54
(EXA) 19.38
(FLR ) 0.0V
NOd 3
co (124 PCY-02
(44 PCY (4]
cotr o2ty NO34T)
10.00 .01 25.73
0.00 01 45,02
10.00 +01 64,32
0.00 2.48 1460.74
« 04 4.90 240.37
0.00 3.95 232.26
«04 3.00 225.00
0.00 3.00 257.50
01 3.00 290.00

LB/MHR
LB/7HR
LB/HR
LB/7HR

L8 AIR/LD COAL

pctT
({4 ]

NOX23

PLT-02

PPH

NX3(L)

197.24

180.09

182.93

21l.11

273.91

292.96

310.00

305.00

300.00

CONVER~

S10N

EFF. PCT

CE(I

47.79

51.7%

55.70

Ti.48

ar.2%

90.35

93,65

94.97

96.49

N2

WMELDL)

54,64

61.350

71.08

Te.76

77.08

18.560

$0.23

82.39

CHAR N2 NO x»
RETENTION ——FORMATION-——
€FF. PCT €FF. oCT
NREUI)  NOE(I)  NSEIID
44,01 .18 1.38
34.8 .90 3.58
23.66 1.29 3.26
19.40 2.58 3.83
13.15 8.57 9.17
10.26 8.79  11.09
7.36 9.01 12.81
5.39  10.32  12.23
3.2 11.66  12.04

84.55




APPENDIX D
CHAR COMBUSTION MODEL

The computer model, formulated to simulate plug flow char combustion in the
CMHF, was based on mathematical expressions derived by Field and co-workers at
BCURA (21). This particular model was chosen because the laminar-flow DTFS
satisfies the plug-flow requirements whereby the reaction products are time-
resolved along the furnace distance.

This model is versatile enough to take into account certain parameter changes,
such as the percentage of excess 02, anisothermal temperature profile in the
reaction zone, particle size distributions, and reaction mechanism factor.
Reaction rates are governed by diffusional and surface reaction rate coeffi-
cients, depending on particle size and temperature.

The basic model formulation is as follows. First, a definition of symbols is

given.
yj = initial diameter of coal particles
xj = diameter of char particles after devolatilization
a = swelling factor
Wi o= fraction of unburned char at any particular time
2wj = 1.0
uj = weight of residual char at any particular time per unit initial
weight of char
] = zuj where U is unburned char in whole suspension.

The rate of change of weight fraction uj is given by:

. = -S.q. -1
dus/dt = -Sq; (D-1)
where Sj = geometric surface area of each particular fraction per unit
weight of initial char, (cmz/g), and
Q; = rate of carbon removal per unit surface area, (g/cm2 sec.)

D-1
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Assuming spherical particles
S; = (6 w;a®)/(Cop o) (D-2)
j B fPrl'f

where Cf is a fraction of moisture and ash-free fuel after devolatilization
pe 1s apparent density of moisture and ash-free fuel, (g/cm3)

ay = [Py(I/(1/Ky e + 1/Kg) (0-3)

Kyjpp 1s diffusional reaction rate coefficient, (g/cm2 sec. atm.), and

Kogpp = (24 8 D)/(R'Txy) (D-4)

where @ is mechanism factor, defined as the ratio of moles of carbon consumed
to moles of reactant gas transported to the surface.

R' 1is gas constant, (82.06 atm cm3/mo1e °K)
is gas temperature, (°K)
D is binary diffusion coefficient at 1 atm. for 02-N2 medium,

(cmz/sec)
K  1s surface reaction rate coefficient, (g/cm2 sec. atm.)
Kg = A exp (-E/RT) (D-5)

where E is activation erergy, (cal/mole)
R is gas constant, (1.986 cal/mole °K)
A 1s frequency factor, (g/cm2 sec. atm.)
Pg(U) is a function of oxygen concentration

Pg(U) =[(cu+e)/(l+e)](r) (D-6)

02 required to burn char from raw fuel

where ¢ = U, required to burn raw fuel

e is excess oxygen

Po is initial partial pressure of 02 in combustion medium.

D-2




Assuming constant particle density and burning from the outside, this leads to
the final equation form:

2/3 1/3

dUJ-/dt = '[(UJ/WJ) SJPg(U)]/[(uJ/wJ) /KDIFF + l/Ks] (0-7)

Equation (D-7) represents a series of differential equations for all particle
sizes for each fraction. The only variables are time, particle size distribu-

tion of each fraction, oxygen concentration, and the physical properties of
the fuel.

A sample of a typical run is given below (Table D-1).

Input

1. Particle size distribution of commercial regular grind (~ 70%-200% mesh)
having a Rosin-Rammler dispersion index of 0.936. The representation of
such a distribution by 10 mono-size fractions is shown in the computer
output.

2. Swelling factor (a): 1.34
3. Apparent density (pf): 1.30 g/cm3 (dry-ash-free basis).

4. Fraction of moisture and ash-free char remaining after devolatilization
(Cf): 0.618

5. Temperature Profile (see output).
6. Excess 02: 0.20

7. 0, Partial Preésure (Po): 0.21 atm
8. Mechanism Factor (§): 2.0

9. Activation Energy (E): 23320.0 cal/mole

D-3




10. Frequency Factor (A): 80.0 g/cmz-sec-atm.

11. Combustion Mode: Shrinking core

Qutput
The terms used in the output are explained as follows:

PSAD: Particle size diameter, (cm)

KDIFF: Diffusional reaction rate coefficient, (g/cm2 sec atm.)
SI: ‘Particle geometric surface area, (cm2/g)

WF: Fractional weight in each size cut

PARTICLES: Number of particles
Values of the above terms are the average values per size fraction

KS: Surface reaction rate coefficient, (g/cm2 sec. atm.)
cC: Percent carbon in the char

SIZE FRACTION OF CHAR BURNED OFF: An "o" indicates incompleteness of combus-
tion of a given size fraction. A "numerical value" indicates completeness of
combustion of a given size fraction.

D-4




TABLE D-1

TESY NO.:AA-]]-]
FPUEL AR ALEC P A ALABAMA
OAS:AlR-=MEASUREL FUEL DENSITY

PSAD KDIFF [ 3] w PARTICLES

. 0030 8726 3181.51 .333 . 68E%E+08

« 0090 . 19878 465,53 .2343 . 1119€+07

L0184 «OP4S 226,12 214 . 11786+06

0211 <0673 40.07 0374 . 2158E+05

.0271 0528 19.46 . 0294 .S199€+04

.0332 0430 8.3¢ 01582 +1877E-08

0392 «0364 3.66 » 0080 . 8685E+03

. 0452 0318 1.67 0042 . 1610603

0513 «0278 .70 « 0022 85876602

L0273 0249 .38 0012 . 2249 +02

xS >4

. 143203 .2

PART 1AL TOTAL
FRAEIION OF PRE SSURE TEMPERATURE COMBUS T ION SIZE FRACTION OF PCT. €

TIME(SEC) CwMAK UNBDURMED OF OXYDEN (DEC K) EFFICIENCY CHAR BURNED OFF IN AN
1.83a1 . 9189 1260 1935, 6 49.3% 000000000
1.4373 . 689€ 3119 18%5.% 57,37 000000000
1.8404 . 596€ « 1009 1635. 4 ©3.24 000000000
1.443% . 5235 «OP2% 1852.23 67.6% 0000000 GCO
1.4466 8692 , 0868 16%%.2 71.00 000000COO0C
1.4408 427 <0821 1695, 1 73.%7 0000000 C O
1.4%29 3983 .07€% 16%5.0 75.9%4 00000000 C
1.4%60 3714 . O7SE 18%. 0 77.0% 600000000
1.43¢4 % %1} L0737 16%4.8 768, 1% 0000000GC U0
1. 8627 R Ao jore 7 2, 1 [ BN B Y SR
1,86%4 . 3209 +0711 18%4, T9. ¢! L COao 600
1.468% « 3216 0702 1034, % 80.11 10000000 CO
1.4716 .3140 08O 18%4.¢ 80, 5¢ 1000000000
1.4748 . 306% . 068 10%4. 2 81.06 1000000000
1.4779 2991 0677 18%4.2 8.8 1000000000
1.4810 L2020 + 0069 iesa. 1. 0% 100000C 00O
1.4041 2e%s . 0661 18%4. 0 8. 38 1000000000
1.4873 .278% 0654 18%3.9 84.79 100000000 O0
1.4904 L2720 . 0846 16%3.8 83.1° 1000000000
1.493% . 2697 .0879 18%3.7 83.%6 1000000000
1.49¢ . 2596 . 0622 18%3,7 83.9% 10000600000
1.490g 2537 0826 1853, ¢ 84,32 1000000000
1.302¢ .2680 . 0819 10%3.9% 84,67 1000000000
1.%5060 .2428 0813 1853.4 83.02 1000000000
1.90%) 2373 . 0607 19%3.3 %.33 1000000000
1.5123 .2319 . 0601 16%3.2 8%.67 1000000000
1.51%4 . 22068 0896 1052, 8s. 9@ 1000000000
1.5216 2170 . 088S 16%3.1 96.59 1000000000O0
1.827¢ 2077 .0%74 16%2.9 87.16 1000000000
1.%34: . 1991 » 05064 1052.8 87.70 1000000000
1.5404 « 1909 . 0333 1082.7 8, 20 1000000000
1.%466 .1933 0847 1052.9 88,67 1000000000
1.5829 1761 . 0839 1052, 4 99.12 1000000000
1.9%91 . 1693 « 0531 1852.2 29.34 1 000000000
1.56%4 . 1630 0524 1852.1 89,93 1000000000
1.9716 1871 « 0827 1031.9 90,29 1000000000
1.5779 .1518 <0814 10%1.60 90,63 1000000000
1.95041 11463 . 0508 19%1.7 90,96 1000000000
1.9966 <1366 0894 18%1.5 1.5 1000000000
1.6091 . 1283 . 0403 1851.2 2,07 1000000000
1.6216 .1210 0477 1050.9 92,52 1000000000
1.6341 « 1149 + 0470 1850.7 2. 90 10600000000
1.6993 1033 . 0439 1930.4 93.49 1200000000
1.604) 0976 . 0450 1047.0 93.97 1200000000
1.709) « 0903 0843 1041.0 94,41 1200000000
1.738) . 0841 .043% 1834.1 94,080 1200000000
1.7%01 .0782 <0429 1627.3 .17 1200000000
1.7841 0729 0423 1020.9 .30 1200000000
1.834) 0832 0412 1013.7 96.10 1200000000
1.6041 « 0554 +0403 1800.2 9. %0 1200000000
1.9341 049} 0396 17e7.1 . % 1200000000
1.984] 0843 <0991 1773.9 97.26 1200000000
2.038) <0406 .03087 1760.8 97.48 1230000000
2.0e4) 0376 . 0382 1749.3 97.66 1320000000
2.1341 0351 . 0390 1733.9 ?7.03 1230000000
2.1041 . 0326 .0378 1723.9 ?7.98 1230000000
2.2341 . 0304 . 0373 1713.3 8.12 1230000000
2.2041 0263 .0373 1699. 8 95.2% 1220000000
2.3341 .026% .0371 1687.5 8. 36 1220000000
2.384) 0246 0369 1073.5 96.47 12320000000
2.434) . 0233 . 0367 1661.2 98.56 1230000000
2.4841 .0219 . 0386 1646.8 98, 64 12306000000
2.%341 . 0207 . 0304 1632.93 98.72 1220000000
2.95641 ,0197 . 0363 te1e. 2 9. 78 t2x0000000
2.638} .0187 L0362 1604.0 96. 64 1230000000
2.4861 .017% .0301 1%ev.8 98. 90 123230000000
2.734) L0173 L0360 1973.6 oy, ¢4 1230000000

END OF PROFLEM
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