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ABSTRACT

The overall objective of this proposed research program was to determine the
combustion characteristics of the blend derived from mixing a plant coal and recovered and
clean coal fines from the pond. During this study, one plant coal and three blend samples
were prepared as 100% plant coal, 90% plant coal/10% fines, 85% plant coal/15% fines, and
80% plant coal /20% fines with a particle size distribution of 70% passing through -200 mesh
size. The plant coal and recovered coal fines were obtained from the Randolph Preparation
Plant of Peabody Coal Co., Marissa, IL. These samples' combustion behavior will be
examined in two different furnaces at Penn State Univeristy, i.e., a down-fired furnace and a
drop-tube furnace. The down-fired furnace was used mainly to measure the emissions and
ash deposition study, while the drop tube furnace was used to determine burning profile,
combustion efficiency, etc.

The buming profile of the plant coal and the three blends was determined in a
thermogravimetric analyzer. Results indicated slower burning of the blends due to low
volatile matter and oxidized coal particles. The feedline blockage was eliminated by drying
the coal samples at a moisture level of 10% or less by weight. Combustion emissions of
these samples were determined in the down-fired combustor, while relative ignition
temperatures were determined in the drop tube furnace. Chemical composition of ashes were
analyzed to establish a correlation with their respective ash fusion temperatures.

Overall study of these samples suggested that the blended samples had combustion
properties similar to the original plant coal. In other words, flames were stable under
identical firing rates of approximately 200,000 Btu's/hr and 25% excess air. CO, NOy and
SOx were similar to each other and within the experimental error. Combustion efficiency of
99*+% was achievable. Ash chemical analysis of each sample revealed that slagging and

fouling should not be different from each other.

This project is funded by the U. S. Department of Energy (PETC) and by the
Illinois Department of Energy and Natural Resources as part of their cost-

shared programs.
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EXECUTIVE SUMMARY .

The overall objective of the research program is to determine the combustion behavior
of plant coal and recovered coal fines blend (ignition temperature, flame stability, emissions
and ash characteristics) in a laboratory scale furnace in which the time and temperature
history of the burning particles are similar to the utility boiler furnace.

Plant coal and recovered coal fines were obtained from the Randelﬁh Prepa.ration Plant
of Peabody Coal Co. in Marissa, IL. Test samples were prepared to the desired quality by
Praxis Engineers. The proximate and ultimate analyses»of‘ all samples were determined by a
comimercial testing laboratory, located in Pennsylvania. Analyses indicated lower sulfur
content in recovered cleaned coal fines than the eriginal plant coal. Thus, blend coals had
lower sulfur than the original plant coal. Particle size distribution indicated that recovered
coal fines had a larger percentage of part1c1es passing through 400 mesh

Each sample was examined to determine the burning profiles representmg the rate of
weight change of part1cles as a function of temperature using a heating rate of 109C/m1nute in
an oxidizing atmoephere, in a thermogravimetric analyzer. These profiles were used for the
relative combustion characteristics of the plant coal and blend. From these tests, it appeared
that the blends will burn slower than the plant coal under identical operating conditions. This
may be due to the lower volatile matter and oxidized coal particles.

Ignition temperatures of each sample were determined in a drop tube furnace and
compared againsf the other coals of similar physical and chemical properties. Again, test
results indicated no significant differences when compared with original plant coal.

Down fired combustor was calibrated and re-examined to ensure its functionability.
Prior to any coal combustion study, the furnace was heated to 1900°F by a gaseous flame.
Then each sample was fired for their combustion properties evaluation. As reported in the
last quarterly report, one of the major concerns with burning these blends was related with
the blockage of the feed line. This problem was solved by drying the blended fuel to below
10% moisture content by we1ght These dried samples were then fired in the down-fired
combustor at ~200,000 Btu/hr at 20-25% excess air to determine the flame properties,
gaseous em1ss1ons, carbon conversion eff1c1ency and ash properties. Maximum flame
temperature of ~1400°C was attainable with all the samples. Emissions from the blends were
similar to the original plant coal, suggesting no advantages or disadvantages from blending
the fines with plant coal are expected during the combustion.

Ash fusion temperature samples and their chemical composmon of ash analysm
revealed no change in ash slagging and fouling properties.



OBJECTIVE

The objective of the proposed research project is to determine the combustion behavior
of plant coal and recovered coal fines blend (ignition temperature, flame stability, ash
behavior and unburned fuel composition) in a laboratory scale furnace in which the residence
time and temperature history of the burning particles are similar to the utility boiler furnace.
To understand the combustion phenomenon, the blend compositions will be varied by adding
different percentages of coal fines to the plant coal by maintaining 75% of the particles
passing through -200 mesh size, but the weight percentage of coal fines will not exceedd 20%
in the total mixture. Praxis Engineers will guide the selection and appropriate composition of
the fuel due to their experience and involvement in other similar projects. The overall
combustion study will be done in the down-fired furnace and the drop tube furnace of the
combustion laboratory at the Penn State University.

The objective of this study is to have three blends of plant coal mixed with recovered
coal fines with approximately constant moisture content. The blends and the plant coal will
be bumed in the Penn State combustion laboratory furnaces at different firing rates to—
determine the ignition temperature, carbon burnout, ash behavior, SOx, CO, NOx,
particulates, etc.

INTRODUCTION AND BACKGROUND

Use of recovered coal fines from a slurry effluent as a part of the blended fuel for utility
will not be possible unless a systematic study is conducted to identify the variables that
influence its economic advantage. The proposed research program is designed to understand
the impact of the variables, i.e., the blend composition, moisture, etc. The proposed concept
utilizes a mixture of certain percentage of recovered coal fines with the plant coal as a plant
fines coal fuel. When this new fuel is prepared, the bulk properties of this fuel change and
thus, the combustion characteristics change as well. It is not certain how this will affect the
overall economics of the operation of a utility. Therefore, to systematically investigate this
issue, a number of samples will be prepared and stored in a controlled manner to prevent
contamination. These samples will then be analyzed using standard analytical tools.
Simultaneously, a literature review of similar work done on other coal and blend will be
conducted to establish the research methodology for the proposed program. In addition, a
thermogravimetric analyzer will be used to determine the burning profile, while the down-
fired combustor will be used to measure the emissions, flame properties and ash particles
behavior.




EXPERIMENTAL PROCEDURE

Four samples (100% plant coal, 90% plant coal/10% recovered coal fines, 85% plant
coal/15% recovered coal firies, 80% plant coal and 20% recovered coal fines) were prepared
~ to meet the size distribution of 70% passing throiigh 200 mesh. These samples were ... > .
collected from the Randolph Preparaton Plant of Peabody Coal Co. in Marissa, IL. The test
samples were prepared by Praxis Engineers. The physical and chemical propetties of these
samples were determined by & commercial testing laboratory located in Somerset,

' Pennsylvania. The details of the equipment and experimental procedures are described
below.

Determination of Burning Profiles in a Thermogravimetric Analyzer

A burmng profile is a plot of the rate at which a solid fuel sample changes weight as a
function of temperature, when heated ata constant rate. The burmng profiles were |
determined usmg a Perkin Elmer 7 Series Thermal Analysis System A sample welght of 10
+0.5 mg and a heating rate of 5 °C/min were used to prevent ignition and to minimize the
temperature gradient between the furnace and the sample. The air flow rate used was 100
cm3/min and was of regular compressed air grade. The weight change of the sample was
monitored continuously until the sample attained a constant weight. Reproducibility of the
burning profile using the chosen conditions was very good. The characteristic temperatures
were reprodncibie to within + 7°C.

Drop-Tube Reactor

Determination of the igm'tion temperatures of the was carried out in a vertical,
electrically-heated drop-tube reactor (DTR) capable of siinulating the heating rate,
temperature profile, and particle residence time of a utility boiler. A schematic diagram of
the reactor is shown in Figure 1. The drop-tube reactor has an alumina muffle tube which is
6.35 cm in internal diameter and 95.25 cm long with a maximum temperature zone of 50.8
cm. The tube was heated by 20 Silicon Carblde "glow bars" and can maintain a maximum
temperature of 1550 °C. The preheater/mjector system has two heating coils to heat the
secondary air to a maximum temperature of 1100 °C pnor to entering the main furnace. A
Mullite flow stralghtener w1th 1.6 mm square cells was used to provide laminar flow of
secondary air from the preheat/mJector system A thin stream of coal pamcles was
introduced into the muffle tube along with a primary air stream of about 1 liter/min usmg a
rotary coal feeder. The feeder was capable of feeding pulverized coal (80% through -200



N

mesh) at a feed rate of 0.33 +0.02 g/min. The coal feed rate was checked before the start
and after the completion of a test. The mixture of coal and primary air was injected into the
furnace through a water cooled injector probe. The secondary air, preheated to 800°C, was
introduced at a rate of 3 liters/min. A total combustion air flow rate of 4 liters/min
corresponds to about 20 - 30% excess air for a pulverized coal feed rate of 0.33 g/min used in
the study. |

Char was collected using a water-cooled probe placed at the furnace exit. A
schematic diagram of the char collector probe is shown in Figure 2. The char /fly ash was
collected on a filter and was analyzed for carbon conversion using an ash tracer technique.

The govering equation used is:

Ao(100-A")

where, AW = weight loss calculated on a dry-ash-free basis (% burmout) o
A'= ASTM ash of the dry char .
Ao= ASTM ash of the dry coal

The assumption involved in using this equation is that the mineral matter in the coal
does not undergo transformations which would change the quantity of ash produced upon
ashing the chars. The carbon conversion of each sample was determined twice and the mean
difference between the duplicate tests was + 1.3%. The procedure was repeated at
temperatures from 400 to 700 °C at 50°C intervals. Carbon conversion at various
temperatures was plotted as a fanction of temperature. The temperature at which the carbon
conversion (on a dry basis) exceeds the dry ash- free volatile matter of the parent coal is

defined as the ignition temperature of the coal.

Description of the Down-Fired Combustor

A schematic diagram of the down-fired combustor used in the study is shown in
Figure 3. The total combustor height is 10.2 ft. The main radiant section of the combustor is
modular and consists of four 18 inch tall and 16 inch diameter circular refractory sections. A
divergent refractory cone, commonly called a quarl, is positioned on top of the circular
refractory sections. The quarl is 32.5 inches high. The pulverized fuel burner is located on
top of the quarl. The divergent cone top has a half-angle of approximately ten degrees and is
used to minimize recirculation and swirl in the combustor. Below the four circular refractory

sections is a constrictor segment and a flue gas exit section. The flue gas passes through the



convective section and enters a spray chamber to decrease the gas temperature prior to
existing the system via the induced draft fan and the stack. ‘

A series of 3-inch sampling ports is located the length of the combustor Sample
ports are numbered 1 through 10 starting at the top. Gas samples were obtained at port 7.
On-line gas analyzers for oxygen, carbon monoxide, carbon dioxide, sulfur dioxide, and
oxides of nitrogen were used to monitor the gas composition. Wall temperatures were
monitored with type-S thermocouples at eight locations along the length of the combustor.

Operating Procedure

Before the pulverized coal was fired, the combustor was prehcated for 4-5 hours
firing natural gas at a thermal input of 385,000 Btu/h. After heating the combustor to a
suitable temperature (approximately 1300°C) and achieving a steady-state wall temperature
profile, pulverized coal was slowly introduced while reducing the natural gas support. A
typical steady-stdte wall temperatuié profileé when firing natural gas is shown in Figure 4.
Steady-state was assumed when the variation in wall temperature at any location was less
than 1°C/min. The pulverized coal feed rate was.controlled with'an Accurate model 302 dry
material feeder. The coal feed rate was adjusted to a thermal input of 200,000 Btu/h (as
fired) for all the tests in this study which yields a volumetric heat release rate of 20,000
Btu/h/cu.ft. A new steady-state wall temperature profile was established in approximately an
hour after the fuel switching was completed and the natural gas burner was completely shut
off.

Data and Sample Collection Procedure

The tests were continued for at least 20 minutes after the new equilibrium was
reached. The wall temperature at various locations was recorded every ten minutes in order
to determine the temperature profile and thereby obtain information on the heat release
patterns of the various coals. A gas sample was extracted from port 7 and the composition
was ana]yzed using a bank of on-lme analyzers The data (03, CO3, CO, SOz, NOx
concentranons in the flue gas) were manually recorded every two minutes. Particulates were
sampled at the same height in the combustor but from a port located 180° from the gas
sampling port usmg a water cooled char/ash collection probe. Particulate samples were
collected twice for 10 minute periods to obtain enough sample to analyze for carbon burnout
(combustion efficiencly)» and to check reproducibility. ' :



Technical Work Completed

Analysis of the Coals

The proximate analysis of the Plant Coal and blends of Plant Coal and Recovered
Coal (in three different proportions) is given in Table 1. The values given in the table are
average of triplicate analyses. The calorific values of the samples are also listed in Table 1
and were determined just prior (on the same day) to firing the fuels in the down-fired
combustor. Table 2 lists the ash fusion temperatures of the Plant Coal and the blends. The
results show that the differences between the Plant Coal and the blends are minor and would

not be predicted to cause potential problems.

Fuel Handling Characteristics

Although the differences between the Plant Coal and the blends are minor, the
moisture content of the Plant Coal and blends of Plant Coal and Recovered Coal (asi,lzéceived
basis) was sufficiently high to cause handing problems in the coal feeding systems. During
initial combustion tests in the down-fired combustor, coal agglomerated at the end of the
screw and slugs of coal dropped into the entrainer, which caused fluctuations in the gas
composition in the combustor resulting in unstable operation. After experiencing these coal
feeding problems, the samples were air-dried to reduce the moisture content to about 4-5%.
Subsequent to air-drying no handling problems were encountered. The feeding rates of the

air-dried coal samples were within + 0.1 1b/min of the required feed rate over a test period.

Burning Profiles

The burning profiles of 100% Plant Coal and blends of 90, 85 and 80% Plant Coal
with 10, 15 and 20% Recovered Coal, respectively, were determined in a thermogravimetric
analyzer (TGA).

Typically, a burning profile can be divided into several stages, which are represented
by various characteristic temperatures. The ' Initial Temperature' (IT) is the temperature at
which the sample weight loss exceeds 0.1%/min. The ' Peak Temperature' (PT) is the
temperature at which the burning rate is the maximum. The ' Bumout Temperature' (BT)
represents the temperature at which the rate of weight loss is less than 1%/min.

In general, the height of the oxidation peak is proportional to the intensity of the
reaction and the area under the peak is approximately proportional to the total heat liberated.



Samples with high weight loss at low temperatures ate easier to ignite and bum. Such fuels
are also expected to burn more completely in the lower part of a boiler furnace releasing most
of their heat in this region. The initial temperature has been correlated Wwith carbon burnout
ina drop- tube reactor.

The burnmg proﬁles of the Plant Coal and the blends of the Plant Coal and Recovered
Coal are shown in Figures 5-8. Figures a and b on each F1gure show the reproducrblhty of
the test. The characterrsttc temperatures are summarized i inT able 3. These are average
values of at least three detenmnanons on each sample. The reproduc1b111ty of the
characteristic temperatures is+ 7°C The burning proﬁle of the Plant Coal shows a single
peak with a narrow range between the Initial and the Burnout Temperatures indicating that
most of the burning would take place in a short residence time in a combustion chamber. The
burning profiles of the blends of plant and Recovered Coal show multiple peaks indicating
that there are various components in the coals that react at different temperatures. As the
percent Recovered Coal in the blend increases, an initial peak mdtcauve of oxidized material
appears. Thls peak may be due to the decomposmon of vanous oxygen-contammg functional
groups which release CO2 and H2O upon heatmg This peak may not, therefore indicate the

"'presence of exotherrmc reactions which release heat. The burnout temperatures of the blends
are higher than that for the Plant Coal indicating that longer res1dence tunes are needed for
combust1on of the Recovered Coal. The difference between the burnout temperature and the
initial temperature also increased as the percent Recovered Coal in the blend increased
(broader peaks) mdtcatmg that the release of heat occurs over a longer penod of time. This
indicates that combustion chambers designed for short resrdence times may not be suitable
for achieving complete burnout of the blends.

In summary, the burning profile data indicated that the Recovered Coal seems to be
oxidized, hence there is a difference in the burning profile when this coal is blerided with the
Plant Coal. The burning of the blends occurs over a longer period of time than that for the
Plant Coal. '

Deétermination of Relative Ignition Behavior

Since the ignition temperature in a practical flame is not well defined, a method which
simulates some of the conditions in the practical situation should give a fair ranking of coals
in terms of ignitability. As previously indicated, a drop-tube reactor was used to determine
the relative ignition temperature of the fresh and the crop coals.  The ignition temperature of
a coal is also a function of particle size. Various particles ex;ist,,ln a standard pulverized grind
with particle sizes ranging from 1-100 pm likely to ignite at various temperatures. Therefore,



in the current study an average relative ignition behavior was determined. The carbon
conversion was obtained by operating the DTR at various temperatures ranging from 400 to
700°C and the relative average ignition temperature was arbitrarily defined as the
temperature at which the carbon conversion exceeded the dry-ash-free proximate volatile
matter. The relative ignition temperatures were determined by interpolating between the
weight loss values obtained at 50 °C intervals.

The relative ignition temperatures as determined in the DTR are given in Table 4.
Relative ignition temperatures ranged from 672 to 708°C. These temperatures indicate that
the differences between the Plant Coal and its blends with Recovered Coal are not significant

enough to alter the combustion performance.

Combustion Behavior in a Pilot-Scale Down-Fired Combustor

The combustion behavior of the Plant Coal and its blends with Recovered Coal was
evaluated using the wall temperature profiles and carbon burnouts obtained in the down-fired
combustor. The firing rate used was 200,000 Btu/h and the coal feed rate was adjusted to the
same thermal input for all the samples. Any temperature variation in the combustor when the
coal sample is changed can be attributed to the change in heat release pattern (reactivity).
The flue gas composition was monitored to evaluate the differences in the emissions levels of
SO7 and NOx.

The wall temperature profile before fuel switching is shown in Figure 4. The profile
at steady state operation after switching to the Plant Coal is shown in Figure 9. Figure 9
shows the wall temperature at various axial locations in the combustor measured at 10 minute
intervals. The variation in wall temperature at any given location during the 30-minute test
period was minimal, indicating that the combustor achieved steady state. The wall
temperature profiles for the Plant Coal when blended with Recovered Coal in the proportion
of 90, 85, and 80% are given in Figures 10-12. A comparison of the average wall
temperature profile for the Plant Coal and its blends with the Recovered Coal is given in
Figure 13. The comparison indicates that the gradient of the profile is similar for all the
samples. The slight shift in the profile towards lower temperatures for the blends of 90%
Plant Coal and 10% Recovered Coal and 85% Plant Coal and 15% Recovered Coal is
possibly due to a slight change in the excess air levels. Figure 13 indicates that the heat
release rates and patterns (reactivity) of the samples are similar. These profiles confirm the
earlier observations that the differences in combustion behavior between the Plant Coal and
blends with Recovered Coal are minimal. The carbon bumout (combustion efficiency)
obtained for the Plant Coal and blends with Recovered Coal is given in Table 5. The



combustion efficiency obtained in the combustor for the Plant Coal and the blends was:
‘between 99.4 and 99.8%, indicating no significant difference when the Plant Coal was
blended with Recovered Coal under the conditions used in the study.

Vatiations in oxygen and carbon dioxide concentrations and in carbon monoxide,
sulfur dioxide and oxides of nitrogen during the test period when firing 100% Plant Coal are
shown in Figures 14 and 15, respectively. Similar plots are given for other blends in Figures
16-21. Table 5 shows the gas composition data averaged over the test period for the Plant
Coal and blends. Figures 23 and 24 compare the average concentrations of O3, CO2, and
CO, SO3 and NOx, respectively for various coal blends. The differences in the sulfur
emissions values are insignificant because the sulfur contents of the parent coal (3.52% on
dry basis) and the Recovered Coal (2.96% on dry basis) are similar and the Recovered Coal is
only blended in small proportions.

Conclusions and Recoinmendations

'The high moisture content of the Recovered Coal caused coal feeding problems which
was eliminated by air-drying the coal samples. The burning profile data indicated that the
Recovered Coal appears to be oxidized and hence, there is a difference in the burning profile
when this coal is blended with the Plant Coal. The difference between the burnout
temperature and the initial temperature increased as the percent Recovered Coal in the blend
‘increased (broader peaks) indicating that the release of heat release occurs over a longer
period of time and that combustion chamber designed for short residence times may not be
suitable for achieving complete bumout of the blends. Howefver, the combustion efficiency
data obtained from the down-fired combustor at higher temperatures indicated that the
residence time in the down-fired combustor was sufficient to achieve the similar combustion
efficiency for the Plant Coal and the blends. The relative ignition temperatures, as
determined in a drop-tube reactor, corroborated the observations. Hence, it can be concluded
that the differences in the combustion behavior of the Plant Coal and the blends of Plant Coal
and Recovered Coal (up to 80% Plant Coal and 20% Recovered Coal) was not significantly
different the combustion behavior under the conditions used in the study. The ash fusion
temperatures show that the differences between the Plant Coal and the blends are minor and

would not be predicted to cause potential problems.



Table 1. Proximate Analysis of the Samples (as received, wt%)

Coal Moisture Volatile Fixed Ash Calorific
Matter Carbon Value(air-

dried
samples)

100% Plant Coal 11.9 334 439 10.8 11,903

90% Plant Coal and 10% 13.2 32.9 43.7 10.2 11,932

Recovered Coal

85% Plant Coal and 15% 13.4 32.5 44.0 10.1 12,012

Recovered Coal

80% Plant Coal and 20% 13.7 32.2 443 9.9 11,824

Recovered Coal
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Table 3. Summary of Burning Profiles

Coal Initial Peak Temperature | Burnout Peak Rate of
Temperature (°C) | (°C) Temperature (°C) | Weight
Change(%/min)
Plant Coal 307.6 453.9 560.7 16.5
90% Plant Coal |315.6 480.4 636.5 20.8
and 10%
Recovered Coal
85% Plant Coal | 306.6 464.2 630.7 21.7
and 15%
Recovered Coal
80% Plant Coal |308.9 468.5 636.2 20.0
and 20%
Recovered Coal
Table 4. Relative Ignition Temperatures
Coal Relative Ignition Temperature O
100% Plant Coal 686
90% Plant Coal and 10% Recovered Coal 677
85% Plant Coal and 15% Recovered Coal 672
80% Plant Coal and 20% Recovered Coal 708
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"PROJECT MANAGEMENT REPORT
September 1, 199! through August 31, 1992

Project Title: Combustion Characterization of the Blend of
Plant Coal and Recovered Coal Fines

Principal Investigator: Shyam Singh, SS Energy
Environmental International, Inc.

Other Investigators: Dr. Alan Scaroni & Mr. Bruce Miller

Combustion Laboratory, Penn State Univ.

Vas Choudhry
Praxis Engineers, Inc.

Project Monitor: Dr. Ken Ho, CRSC

COMMENTS

No problems were encountered during this quarter in either
the technical or financial aspects of the project. Although
a few adjustments made in the original budget keeping, the
aggregate amount remained unchanged.

This project is funded by the U. S. Department of Energy (PETC) and by the
Illinois Department of Energy and Natural Resources as part of their cost-

shared programs.
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COSTS BY QUARTER

Combustion Characterizatiori of the’B_:Iend of Plant Coal
and Recovered Coal Fines
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Months and Quarters
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