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Abstract

This report presents work carried out under contract DE-AC22-95PC95144 "Engineering
Development of Coal-Fired High Performance Systems Phase II and III."  The goals of the
program are to develop a coal-fired high performance power generation system (HIPPS) that is
capable of:

◊ thermal efficiency (HHV) ≥ 47%

◊ NOx, SOx, and particulates ≤ 10% NSPS
(New Source Performance Standard)

◊ coal providing ≥ 65% of heat input

◊ all solid wastes benign

◊ cost of electricity ≤ 90% of present plants

Phase I, which began in 1992, focused on the analysis of various configurations of indirectly
fired cycles and on technical assessments of alternative plant subsystems and components,
including performance requirements, developmental status, design options, complexity and
reliability, and capital and operating costs. Phase I also included preliminary R&D and the
preparation of designs for HIPPS commercial plants approximately 300 MWe in size. This phase,
Phase II, involves the development and testing of plant subsystems, refinement and updating of
the HIPPS commercial plant design, and the site selection and engineering design of a HIPPS
prototype plant.

Work reported herein is from:

◊ Task 2.2 HITAF Air Heaters;

◊ Task 2.4 Duct Heater and Gas Turbine Integration



ii



iii

Table of Contents
Abstract ......................................................................................................................... i
Table of Contents ....................................................................................................... iii
List of Exhibits............................................................................................................. v
Executive Summary ................................................................................................... ix

Task 2.2 HITAF Air Heaters................................................................................. ix
Task 2.4 Duct Heater and Gas Turbine Integration........................................... xi

Introduction ...............................................................................................................xii
Task 2.2 HITAF Air Heaters................................................................................2.2-1

Pilot-Sale Testing...............................................................................................2.2-1
Description of Pilot-Scale SFS........................................................................2.2-1

Pilot-Scale SFS Activities..................................................................................2.2-9
Testing of the CAH Tube Bank Tests............................................................2.2-34
Testing of the LRAH Panel ............................................................................2.2-47
HITAF Air Heater Materials .........................................................................2.2-66

Refractory Materials for the Radiant Air Heater ...........................................2.2-66
Laboratory- and Bench-Scale Activities........................................................2.2-78

Task 2.4 Duct Heater and Gas Turbine Integration ..........................................2.4-1
Summary of Tasks Performed .........................................................................2.4-7
Planned Work..................................................................................................2.4-8



iv



v

List of Exhibits
Exhibit 2.2-1 Combustion 2000 Slagging Furnace and Support Systems ............................... 2.2-1
Exhibit 2.2-2 Refractory Properties ......................................................................................... 2.2-5
Exhibit 2.2-3 Illustration of the Uncooled Tubes in the CAH Tube Bank .............................. 2.2-8
Exhibit 2.2-4 Coal Feed Rate Versus Run Time for the April 1999 Test,............................. 2.2-10
Exhibit 2.2-5 Coal Feed Rate Versus Run Time for the May 1999 Test .............................. 2.2-10
Exhibit 2.2-6 Results of Coal and Coal Ash Analysis for Coal-Fired Slagging

Furnace Tests ................................................................................................... 2.2-12
Exhibit 2.2-7 Results of Lignite and Lignite Ash Analysis for Lignite-Fired Slagging

Furnace Tests ................................................................................................... 2.2-13
Exhibit 2.2-8 Furnace and Slag Screen Temperatures Versus Run Time for the April 1999

Test .................................................................................................................. 2.2-14
Exhibit 2.2-9 Furnace and Slag Screen Temperatures Versus Run Time for the May 1999

Test .................................................................................................................. 2.2-15
Exhibit 2.2-10 Slagging Furnace Firing Rate Versus Run Time for the April 1999 Test, ...... 2.2-16
Exhibit 2.2-11 Slagging Furnace Firing Rate Versus Run Time for the May 1999 Test,........ 2.2-17
Exhibit 2.2-12 Slag Screen Differential Pressure Versus Run Time for the April 1999 Test . 2.2-21
Exhibit 2.2-13 Kentucky Coal Ash and Slag Tap Samples ..................................................... 2.2-22
Exhibit 2.2-14 Illinois No. 6 Coal Ash and Slag Pot Samples ................................................ 2.2-24
Exhibit 2.2-15 Photographs of Slag Screen Tubes Following the April (top) and May

(bottom) Tests .................................................................................................. 2.2-25
Exhibit 2.2-16 Process Air Preheater Temperatures Versus Run Time for the April Test ...... 2.2-27
Exhibit 2.2-17 Process Air Preheater Temperatures Versus Run Time for the May Test ....... 2.2-28
Exhibit 2.2-18 Respirable Mass Emission Data for the April (top) and May (bottom) Tests . 2.2-31
Exhibit 2.2-19 Flue Gas Emissions for Kentucky and Illinois No. 6 Coal-fired Slagging

Furnace Tests ................................................................................................... 2.2-33
Exhibit 2.2-20 CAH Tube Surface and Flue Gas Temperatures Versus Run Time for the

April Test ........................................................................................................ 2.2-35
Exhibit 2.2-21 CAH Process Air Temperatures Versus Run Time for the

April Test ........................................................................................................ 2.2-36
Exhibit 2.2-22 CAH Process Air, LRAH Process Air, Quench Gas, and Flue Gas Flow Rates

Versus Run Time for the April Test ............................................................... 2.2-37
Exhibit 2.2-23 Thermocouple Locations in the CAH Tube Bank .......................................... 2.2-38
Exhibit 2.2-24 Description of CAH Thermocouple Locations ................................................ 2.2-39
Exhibit 2.2-25 CAH Heat Recovery Versus Run Time for the April Test ............................. 2.2-40
Exhibit 2.2-26 Photograph of Ash Deposits on the CAH Tubes Following the April Test

Firing Eastern Kentucky and Illinois No. 6 Bituminous Coal ......................... 2.2-42
Exhibit 2.2-27 CAH Tube Surface and Flue Gas Temperatures Versus Run Time for the

May Test ......................................................................................................... 2.2-43
Exhibit 2.2-28 CAH Process Air Temperatures Versus Run Time for the May Test.............. 2.2-44
Exhibit 2.2-29 CAH Process Air, LRAH Process Air, Quench Gas, and Flue Gas Flow Rates

Versus Run Time for the May Test ................................................................. 2.2-45
Exhibit 2.2-30 CAH Heat Recovery Versus Run Time for the May Test  ............................. 2.2-45



vi

Exhibit 2.2-31 Photograph of Ash Deposits on the CAH Tubes Following the May Test
Firing Illinois No. 6 Bituminous Coal ............................................................. 2.2-47

Exhibit 2.2-32 Photograph of New Ceramic Tiles Installed on the LRAH Panel Inside
of the Slagging Furnace in January 1999......................................................... 2.2-48

Exhibit 2.2-33 Photographs of the LRAH Panel Inside of the Slagging Furnace Following
the April (top) and May (bottom) Tests ........................................................... 2.2-50

Exhibit 2.2-34 Illustrations of Cracks Found in the Ceramic Tiles/Bricks of the LRAH
Panel after Testing in April (left) and May (right) 1999.................................. 2.2-51

Exhibit 2.2-35 Photograph of the LRAH Upper Support Brick and Small Upper Tile
Following the May Test ................................................................................... 2.2-52

Exhibit 2.2-36 Photographs of the LRAH Panel from Inside of the Furnace Following
the April (left) and May (right) Tests............................................................... 2.2-53

Exhibit 2.2-37 LRAH Ceramic Tile Temperatures Versus Run Time for the April Test,....... 2.2-54
Exhibit 2.2-38 LRAH Tube Surface Temperatures Versus Run Time for the April Test, ...... 2.2-55
Exhibit 2.2-39 LRAH Tube Process Air Temperatures Versus Run Time for the April Test, 2.2-56
Exhibit 2.2-40 Thermocouple Locations in the LRAH Panel.................................................. 2.2-57
Exhibit 2.2-41 Description of LRAH Thermocouple Locations.............................................. 2.2-58
Exhibit 2.2-42 LRAH Heat Recovery Versus Run Time for the April Test ........................... 2.2-59
Exhibit 2.2-43 LRAH Ceramic Tile Temperatures Versus Run Time for the May Test, ........ 2.2-60
Exhibit 2.2-44 LRAH Tube Surface Temperatures Versus Run Time for the May Test,........ 2.2-61
Exhibit 2.2-45 LRAH Process Air Temperatures Versus Run Time for the May Test, .......... 2.2-62
Exhibit 2.2-46 LRAH Heat Recovery Versus Run Time for the May Test ............................ 2.2-63
Exhibit 2.2-47 LRAH Heat Recovery for Bituminous Coal-Fired Tests Completed

in 1998 and 1999.............................................................................................. 2.2-64
Exhibit 2.2-48 Location of samples taken from refractory tiles

after up to 1006 hours of furnace runs ............................................................. 2.2-67
Exhibit 2.2-49 Sample Description and Test Plan ................................................................... 2.2-67
Exhibit 2.2-50 Slag covered tiles removed from the LRAH after 7 furnace runs.................... 2.2-68
Exhibit 2.2-51 Sample 9A showing corroded/eroded region of Monofrax M tile (LRAH) .... 2.2-69
Exhibit 2.2-52 Cross-section of sample 9A showing channel resulting from high

corrosion/erosion from fluid slags ................................................................... 2.2-70
Exhibit 2.2-53 Location of areas examined by electron microprobe ....................................... 2.2-71
Exhibit 2.2-54 Element maps of sample 9A, area B1 (Monofrax M)...................................... 2.2-73
Exhibit 2.2-55 Element maps of sample 9A, area A2 (Monofrax M) ..................................... 2.2-73
Exhibit 2.2-56 Element maps of sample 9A, area C1 (Monofrax M)...................................... 2.2-74
Exhibit 2.2-57 Element maps of sample 9A, area C10 (Monofrax M).................................... 2.2-74
Exhibit 2.2-58 Photos of 15Cr2O3 •Al2O3 refractory slag test specimen................................. 2.2-75
Exhibit 2.2-59 Electron microprobe element maps of fine grained 15Cr2O3 •Al2O3

refractory.......................................................................................................... 2.2-76
Exhibit 2.2-60 Electron microprobe spectra at two magnifications of fine grained

15Cr2O3 •Al2O3 refractory ............................................................................... 2.2-77



vii

Exhibit 2.2-61 Graph of Recession with Time for the Sintered Chrome-Alumina
Refractory and the Alumina-Based Fusion-Cast Monofrax L and M,
Tested with Illinois No. 6 Slag at 1500ºC Using ............................................. 2.2-79

Exhibit 2.2-62 Photograph of the Chrome-Alumina Block from UTRC after 103 Hours
of Slag Feed at 1500ºC Using Illinois No. 6 Slag............................................ 2.2-80

Exhibit 2.2-63 Photograph of the Monofrax after 100 hours of Slag at 1500ºC Using
Illinois No. 6 Slag ............................................................................................ 2.2-81

Exhibit 2.2-64 Photograph of the Coated Pilcast 98 Material that was Prefired to
1625ºC and Tested at 1500ºC for 103 hours Using Illinois No. 6 Slag........... 2.2-83

Exhibit 2.2-65 Photograph of Uncoated Pilcast 98 Material that was Prefired and
Tested at 1500ºC for 54 hours Using Illinois No. 6 Slag................................. 2.2-85

Exhibit 2.2-66 Illinois No. 6 Slag and Slag Reactant Product Compositions as Determined
by WDXRF...................................................................................................... 2.2-87

Exhibit 2.2-67 Viscosity-Versus-Temperature-Curves for Two Repeat Measurements of the
Rochelle Slag ................................................................................................... 2.2-89

Exhibit 2.2-68 Viscosity-Versus-Temperature-Curves for the Modified Rochelle Slags ....... 2.2-90
Exhibit 2.2-69 Viscosity-Versus-Temperature-Curves for the CCS Lignite Slag and

Modified Slags................................................................................................. 2.2-91
Exhibit 2.2-70 X-ray Diffractograms for the Eastern Kentucky Slag Tap Sample Measured

While Heating to the Melting Point................................................................. 2.2-93
Exhibit 2.2-71 X-ray Diffractograms for the Eastern Kentucky Slag Tap sample Measured

While Cooling from the Melting Point ............................................................ 2.2-94
Exhibit 2.4-1 Duct Heater Test Combustor (Reduced Optical Ports) and Support Stand ....... 2.4-2
Exhibit 2.4-2 Duct Heater Test Facility Air Heater and Combustor Layout ........................... 2.4-3
Exhibit 2.4-3  Injector Bulkhead and Sight Windows .............................................................. 2.4-4
Exhibit 2.4-4 Combustor with One Sample Rake Shown........................................................ 2.4-5
Exhibit 2.4-5  Combustor with Advanced Mixer and Multiple Rakes Shown ......................... 2.4-5
Exhibit 2.4-6 High Efficiency Premixer and Injector Mounted in Injector Flange.................. 2.4-6
Exhibit 2.4-7 Gas Sampling and Thermocouple Rake in Instrumentation Flange .................. 2.4-7



viii



ix

Executive Summary

This report represents work carried out under contract DE-AC22-95PC95144 “Engineering
Development of Coal-Fired High Performance Systems Phase II and III.”  The goals of the
program are to develop a coal-fired high performance power generation system (HIPPS) that is
capable of:

◊ ≥ 47% thermal efficiency (HHV)

◊ NOx, SOx, and particulates ≤ 10% NSPS

◊ coal providing ≥ 65% of heat input

◊ all solid wastes benign

◊ cost of electricity ≤ 90% of present plant

Work reported in this report is from Task 2.2 HITAF Air Heaters, and Task 2.4 Duct Heater
and Gas Turbine Integration.

Task 2.2 HITAF Air Heaters

The following summarizes the results and observations for the April and May SFS tests,
ceramic tile evaluations and slag characterization.

The pilot-scale SFS was fired on natural gas, an eastern Kentucky coal, and Illinois No. 6
coal during the period April 4–16 and on natural gas and Illinois No. 6 bituminous coal during
the period May 2–9. The purpose of the April and May tests was to further evaluate the LRAH
panel and increase the number of hours of exposure to slagging furnace conditions following its
reassembly and installation in early January.

• The fuel feed system was operated in April for 201 hours while firing eastern Kentucky (150
hours) and Illinois No. 6 bituminous coals (51 hours). In May, it operated for 109 hours while
firing Illinois No. 6 bituminous coal. Nominal feed rates were 150 to 160 lb/hr (68 to
73 kg/hr) for the eastern Kentucky coal and 190 to 205 lb/hr (86 to 93 kg/hr) for the Illinois
No. 6 coal.

• The slagging furnace heating rate during the April and May test periods was limited to 100°
F/hr (56°C/hr) while natural gas was fired, as recommended for the LRAH panel by UTRC.
When the furnace reached normal operating temperature (2800°F, 1538°C), the main burner
was switched from natural gas to coal firing. The coal-firing rate through the main burner this
past quarter was 2.1 to 2.3 MMBtu/hr (2.2 to 2.4 × 106 kJ/hr) with an auxiliary burner firing
rate of 0.35 to 0.6 MMBtu/hr (0.4 to 0.7 × 106 kJ/hr). These coal-firing conditions were
maintained for 310 hours while attempting to maintain a furnace flue gas temperature near
the LRAH panel of 2800°F (1538°C).

• Inspection of the slagging furnace interior after the May test revealed that the high-density
refractory in the sloped floor of the furnace had failed. Specifically, a portion of the sloped
floor in the bottom of the slagging furnace slid into and over the slag tap. The high-density
refractory was saturated with slag to the point that its composition had been effectively
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changed, and it began to flow. With the exception of the bottom furnace section, the high-
density refractory lining the furnace was found to be in excellent condition following the May
test. The only area showing any deterioration was below the LRAH panel where slag from the
panel drips onto the horizontal surface below.

• The main and auxiliary burners performed well during the April and May tests.

• The primary factors contributing to material balances of <100% in the SFS are slag
adsorption/absorption into the high-density furnace refractory and unrecovered ash from
refractory surfaces.

• Because of the high ash fusion temperature of the eastern Kentucky coal ash, slag screen
differential pressure began to increase as soon as coal firing began. In order to modify the
slag chemistry and reduce its ash fusion temperature, control slag screen differential pressure,
and avoid plugging problems, a feed system was set up to add - 40-mesh limestone to the
coal at the point it entered the primary air stream.  Slag screen differential pressure was
stabilized and effectively controlled at 0.5 in. WC (3.4 kPa) using a limestone feed rate of 0.5
lb/hr (227 g/hr).

• Slag deposits formed in the vicinity of the FGR nozzles during the April and May tests. As a
result, it was necessary to clean the area of the FGR nozzles on a periodic basis.

• Although the process air preheater heat-transfer rate degraded with time as ash deposits
developed on the tube surfaces, process air temperature and flow rate control was adequate to
support operation of the CAH tube bank and LRAH panel.

• Measured inlet and outlet particulate mass loadings were nominally 0.0634 gr/scf
(145.19 mg/Nm3) and 0.0017 gr/scf (3.8932 mg/Nm3), respectively, resulting in a particulate
collection efficiency of roughly 97% when the Kentucky bituminous coal was fired in April.
Measured inlet and outlet particulate mass loadings were nominally 0.1367 gr/scf (313.1
mg/Nm3) and 0.0016 gr/scf (3.6642 mg/Nm3), respectively, resulting in a particulate
collection efficiency of roughly 98.8% when the Illinois No. 6 bituminous coal was fired in
May.

• In April while natural gas was fired and the tubes were clean, heat recovery from the CAH
tube bank was roughly 40,000 Btu/hr (42,200 kJ/hr). The process air flow rate was 111 scfm
(3.1 m3/min). The inlet process air temperature was 1080°F (582°C), outlet process air was
1270°F (688°C), and flue gas was 1790°F (977°C) entering the CAH tube bank. As ash
deposits developed on the tube surfaces, heat recovery from the CAH tube bank decreased
from roughly 40,000 Btu/hr (42,200 kJ/hr) to 21,200 Btu/hr (22,366 kJ/hr) when the eastern
Kentucky coal was fired.

• In May while natural gas was fired and the tubes were clean, heat recovery from the CAH
tube bank was roughly 40,000 Btu/hr (42,200 kJ/hr). The process air flow rate was 115 scfm
(3.2 m3/min). The inlet process air temperature was 1105°F (596°C), outlet process air was
1250°F (677°C), and flue gas was 1790°F (977°C) entering the CAH tube bank). As ash
deposits developed on the tube surfaces, heat recovery from the CAH tube bank decreased
from roughly 40,000 Btu/hr (42,200 kJ/hr) to 16,000 Btu/hr (16,880 kJ/hr).
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• Heatup/cooldown cycles are believed to be the primary cause of LRAH panel ceramic
tile/brick cracking, with slag contributing to erosion/corrosion of surfaces and imparting
stresses on the ceramic tile as it finds its way into seams between tiles.

• Data indicate that the heat recovery rate for the LRAH panel is decreasing with each week of
operation since the slagging furnace high-density refractory was replaced in late 1998, and
the LRAH panel was reassembled in January 1999. One or two possible factors are causing
this change in LRAH panel performance relative to heat transfer from the furnace to the
radiation cavity. One possibility is a potential change to the LRAH ceramic tiles resulting in a
decrease in the heat transfer to the radiation cavity. Another potential contributing factor to
the decreasing heat flow may be the high-density furnace refractory color change observed
with each week of operation. As the high-density refractory has darkened with each week of
operation, it is possible that the reflectivity or emissivity characteristics of the furnace liner
have changed resulting in a decrease in radiation to the LRAH panel.

• An examination and analysis of the various samples of Monofrax M tiles taken from various
locations in the radiant air heaters showed that furnace exposure times up to 1000 hours to
the various coal and lignite slags did not cause significant erosion or deterioration of the
Monofrax M material.  The main effect was a discoloration of the tile due to the penetration
of the slag elements (Fe, Ca, Na, K, Al) into the open connecting voids up to depths of 6-8
mm.  In addition, the original tile dimensions (thickness) did not change with furnace time,
except at the lower crosspiece, where local corrosion and erosion (channeling) occurred

• A test matrix was developed to plot the effect of the addition of alumina, calcia, and or silica
on the viscosity-versus-temperature curves for the Rochelle subbituminous slag for which
data have been previously reported.  Additions of 10% silica or alumina to the slag have
insignificant impacts on the T250, the temperature at which the slag has a viscosity of 250
poise, although the alumina addition may increase the propensity for the slag to solidify
suddenly upon cooling. The addition of calcia, however, substantially reduces the T250 of the
slag.

Task 2.4 Duct Heater

• All electrical supply systems for the Phoenix Heater are in place, including the power supply,
main contactor, vacuum contactor, and supply cables.

• The heated air piping with valves is complete.

• The combustor design was completed, and combustor fabrication is complete.  All ancillary
components such as window frames, windows, gas sampling probes, support structures,
interface flanges, and transition ductwork are nearly complete.
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Introduction

The High Performance Power Systems (HIPPS) electric power generation plant integrates a
combustion gas turbine and heat recovery steam generator (HRSG) combined cycle arrangement
with an advanced coal-fired boiler.  The unique feature of the HIPPS plant is the partial heating
of gas turbine (GT) compressor outlet air using energy released by firing coal in the high
temperature advanced furnace (HITAF).  The compressed air is additionally heated prior to
entering the GT expander section by burning natural gas.  Thermal energy in the gas turbine
exhaust and in the HITAF flue gas are used in a steam cycle to maximize electric power
production.  The HIPPS plant arrangement is thus a combination of existing technologies (gas
turbine, heat recovery boilers, conventional steam cycle) and new technologies (the HITAF
design including the air heaters, and especially the heater located in the radiant section).

The HITAF provides heat to the compressor outlet air using two air heaters, a convective air
heater (CAH), and a radiant air heater (RAH).  The HITAF is a slagging furnace which contains
the radiant air heater, as well as waterwalls and steam drum for the high pressure (HP) steam
system.  Hot flue gas leaving the HITAF furnace passes over the CAH prior to entering a heat
recovery steam generator (HRSG).  Hot exhaust gas from the gas turbine is ducted to another
HRSG in a typical combined cycle arrangement.  The HITAF, gas turbine and HRSGs are
configured to achieve the required high efficiency of  the HIPPS plant.

The key to the success of the concept is the development of integrated combustor/air heater
that will fire a wide range of US coals with minimal natural gas and with the reliability of current
coal-fired plants.  The compatibility of the slagging combustor with the high temperature radiant
air heater is the critical challenge.
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Task 2.2 HITAF Air Heaters

Pilot-Scale Testing

EERC pilot-scale activities this past quarter involved HITAF Testing. They included system
modifications, observations, and results from SFS operating periods completed in April and May
1999. Funding for the May SFS test period was provided through the subcontract to UTRC for
Combustion 2000 work. However, funding for the April SFS test was provided through the
Cooperative Agreement between the EERC and the Federal Energy Technology Center (FETC)
under Task 3.3, High-Temperature Heat Exchanger Testing in a Pilot-Scale Slagging Furnace
System (Contract No. DE-FC26-98FT40320).

Description of Pilot-Scale SFS

Exhibit 2.2-1 is a simplified illustration of the overall slagging furnace system. There have
been no changes to the exhibit in the past quarter nor has there been any additional equipment
procured. Instrumentation work this past quarter focused on the repair of a failed carbon
monoxide analyzer. Ultimately, the analyzer had to be removed from the instrument panel and
shipped to the vendor for repairs. The vendor returned the instrument in mid-May and it was
installed in the instrument panel in June. Other activities were limited to miscellaneous
maintenance items in support of overall system operation.

Exhibit 2.2-1
Combustion 2000 Slagging Furnace and Support Systems

No equipment or operational failures occurred during the April 200-hour SFS test. However,
the May SFS test was terminated after completing only 109 of a planned 200-hour test because
the slag tap plugged and could not be reopened. Inspection of the furnace following the May test
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revealed that the slag tap plug was the result of a high-density refractory failure in the bottom of
the furnace. A discussion of the high-density refractory failure is presented later in this report.

Fuel Feed System

In addition to routine maintenance and cleaning, new mechanical seals with a nitrogen purge
were installed in the coal feeder following the April test. This modification was necessary to
correct a coal feed system leak that developed near the end of the April test and the general
repeated failure of seals in the coal feeder in the past 24 months. Coal feed system leaks were not
observed during the May test. EERC personnel are uncertain at this time what the required seal
replacement rate will be since installing the nitrogen purged mechanical seals. It is likely that the
replacement frequency will depend on the fuel type, feed rate, and the need to change the feeder
screws.

Slagging Furnace

The pilot-scale slagging furnace design is intended to be as fuel-flexible as possible, with
maximum furnace exit temperatures of 2700° to 2900°F (1483° to 1593°C) to maintain the
desired heat transfer to the LRAH panel and slag flow. The furnace has a nominal firing rate of
2.5 MMBtu/hr (2.6 × 106 kJ/hr) and a range of 2.0 to 3.0 MMBtu/hr (2.1 to 3.2 × 106 kJ/hr) using
a single burner. The design is based on Illinois No. 6 bituminous coal (11,100 Btu/lb or 25,800
kJ/kg) and a nominal furnace residence time of 3.5 s.  Flue gas flow rates range from roughly
425 to 645 scfm (12.0 to 18.6 m3/min), with a nominal value of 530 scfm (15 m3/min) based on
20% excess air. Firing a subbituminous coal or lignite increases the flue gas volume, decreasing
residence time to roughly 2.6 s. However, the high volatility of the low-rank fuels results in high
combustion efficiency (>99%). The EERC oriented the furnace vertically (downfired) and based
the burner design on that of a swirl burner used on two smaller EERC pilot-scale pulverized
coal- (pc)-fired units (600,000 Btu/hr [633,000 kJ/hr]). Slagging furnace internal dimensions are
47 in. (119 cm) in diameter by roughly 16 ft (4.9 m) in total length.

The vertically oriented furnace shell was designed to include four distinct furnace sections.
The top section of the furnace supports the main burner connection, while the upper middle
furnace section provides a location for installation of the RAH panels. The lower middle furnace
section supports the auxiliary gas burner; the bottom section of the furnace includes the furnace
exit to the slag screen as well as the slag tap opening. Flue gas temperature measurements are
made using two Type S thermocouples protruding 1 in. (2.5 cm) into the furnace through the
refractory wall and three optical pyrometers (flame temperature, flue gas temperature along the
furnace wall near the LRAH panel, and flue gas temperature at the furnace exit). Furnace
temperature is also measured using thermocouples located at the interface between the high-
density and intermediate refractory layers as well as between the intermediate and insulating
refractory layers. A pressure transmitter and gauges are used to monitor static pressures in order
to monitor furnace performance. These data (temperatures and pressures) are automatically
logged into the data acquisition system and recorded manually on data sheets on a periodic basis
as backup.

The slag tap is intended to be as simple and functional as possible. To that end, the design is
a simple refractory-lined hole in the bottom of the furnace. The diameter of the slag tap is
nominally 4 in. (10 cm), with a well-defined drip edge. A two-port natural gas-fired tap hole
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burner is used to maintain slag tap temperature for good slag flow. Although some slag tap
deposits did form and slag tap erosion was observed, no severe slag tap plugging was
encountered during the April test. When the slag tap has plugged in the past year, the plug was
typically removed on-line after a switch was made to natural gas firing for a short period of time
(2 hours) in the main burner. To minimize heat losses, slag is collected in an uncooled, dry
container with refractory walls.

The slag tap plugged in May as a result of the failure of a section of high-density refractory
in the bottom of the slagging furnace. Specifically, a portion of the sloped floor of the slagging
furnace slid into and over the slag tap. This refractory slide looked much like a mud slide
resulting from water-saturated soil. However, in this case, the high-density refractory was
saturated with slag to the point that its composition had been effectively changed, and it began to
flow. EERC personnel had observed the high-density refractory deterioration in this section of
the furnace and planned to replace it following the May test. This section of castable high-
density refractory was originally poured in 1997 when the furnace was originally assembled.
This section of refractory had experienced 873 hr of coal firing and 1379 hr of natural gas firing
for a total of 2252 hr of furnace operation and 18 thermal cycles.

As a result of this high-density refractory failure, it will be necessary to replace the high-
density refractory in the bottom section of the furnace as well as the slag tap. Samples of the
failed refractory were collected for analysis to determine the change in composition that caused
the refractory slide. In an attempt to improve the durability of the slag tap high-density castable
refractory, the slag tap will be poured in two halves to facilitate curing in a muffle furnace at
temperatures (3000°F or 1650°C) higher than those that can be achieved with the slag tap
burners. This approach to fabricating the slag tap should also facilitate the application, curing,
and evaluation of slag-resistant coatings that may be selected for testing.

The refractory walls in the slagging furnace are composed of three layers of castable
refractory. They consist of:

• an inner 4-in. (10.2-cm) layer of high-density (14-Btu-in./ft2°F-hr or 2.0-W/m-K) slag-
resistant material,

• a 4 in. (10.2 cm) of an intermediate refractory (4.0-Btu-in./ ft2°F-hr or 0.6 W/m-K), and

• a 3.25-in. (8.3-cm) outer layer of a low-density insulating refractory (1.3-Btu-in./ft2°F-hr
or 0.2 W/m-K).

Three refractory layers were selected as a cost-effective approach to keep the overall size and
weight of the system to a minimum while reducing slag corrosion and heat loss.

Complete replacement of the high-density furnace refractory was anticipated in the original
Combustion 2000 scope of work, although the lifetime of the material was uncertain because of
the variable slag deposition that was anticipated. Most of the original high-density refractory
lasted until after the August 1998 test period, after which the decision was made to replace it
because of extensive cracking caused by differences in the expansion and contraction of the inner
and middle liners during each heating and cooling cycle. Actual corrosion of the high-density
liner was minimal, except for newer patches that were not completely sintered and for areas of
flame impingement. The timing worked out well with the need to replace/reassemble ceramic
components in the LRAH panel. Exhibit 2.2-2 summarizes properties for refractories used in the
SFS.
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Because of its greater structural strength and high corrosion resistance, Plibrico Plicast
Cement-Free 98V alumina castable was used to replace the high-density refractory in the bottom
furnace section. Based on vendor information and bench-scale data, Plicast Cement-Free 98V
was expected to be less prone to shrinkage than the 98V KK and 99V KK materials originally
used in this furnace section while having comparable slag corrosion resistance. Before pouring
the high-density refractory, the middle refractory layer was lined with plastic and alumina-fiber
paper to prevent the newly poured layer from sticking to the middle layer upon firing. In
addition, plastic dividers were added to separate the high-density refractory into approximately
2.2-ft by 2.2-ft sections that could move independently to reduce fracturing.

The condition of the high-density refractory in the upper sections of the furnace appears to be
excellent following the tests completed in April and May. However, the high-density refractory
layer is getting darker with each test as a result of slag penetration. This change in the high-
density refractory is discussed further in conjunction with the LRAH panel later in the report.
The approach used for high-density refractory replacement resulted in a complete separation of
the high-density and intermediate refractory surfaces. This separation appears to have limited
cracking and other refractory damage resulting from differential thermal expansion during
heating and cooling cycles. At this time, the EERC is anticipating that no further major
refractory repairs or replacement will be required prior to completing the remaining 10 weeks
(five 200-hr coal-fired tests) of SFS operation.
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Exhibit 2.2-2
Refractory Properties

Refractory:

Plicast
Cement-Free

99V
KK/99V1

Plicast
Cement-Free

98V KK/98V1

Plicast
Cement-Free

96V KK/96V1
Narco

Cast 60
Plicast

LWI-28
Plicast

LWI-20
Harbison-
Walker 26

Function High density High density High density High density Insulating Insulating Insulating
Service Limit, °F 3400 3400 3300 3100 2800 2000 2600
Density, lb/ft3 185 185 185 145 80 55 66
K, Btu-in./ft2 °F-hr @ 2000°F 14.5 14.5 14.0 6.5 4.0 NA2 2.2
K, Btu-in./ft2 °F-hr @ 1500°F 14.7 14.7 14.2 6.0 3.0 1.7 1.9
K, Btu-in./ft2 °F-hr @ 1000°F 15.5 15.5 15.0 5.6 2.7 1.3 1.7
Hot MOR3 @ 2500°F, psi 650 750 1400 NA NA NA NA
Hot MOR @ 1500 °F, psi − – 2000 1000 250 100 110

Cold Crush Strength @ 1500 °F, psi – – 10000 NA 750 400 350
    Typical Chemical Analysis, wt%
(calcined)
         Al2O3 99.6 98.6 95.5 62.2 54.2 39.6 53.8
         SiO2 0.1 1.0 3.8 28.0 36.3 31.5 36.3
         Fe2O3 0.1 0.1 0.1 1.0 0.8 5.4 0.5
         TiO2 0.0 0.0 0.0 1.7 0.5 1.5 0.6
         CaO 0.1 0.1 0.1 2.8 5.7 19.5 7.2
         MgO 0.0 0.0 0.0 0.1 0.2 0.8 0.2
         Alkalies 0.2 0.2 0.2 0.2 1.5 1.4 1.4
1 The “KK” designation indicates the presence of fibers that promote dewatering during curing.
2 Not applicable.
3 Modulus of rupture.
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Main and Auxiliary Burners

The main burner is natural gas- and pulverized fuel-capable. The basic design is an
International Flame Research Foundation (IFRF)-type adjustable secondary air swirl generator
which uses primary and secondary air at approximately 15% and 85% of the total air,
respectively, to adjust swirl. Increasing swirl to provide flame stability and increased carbon
conversion can also affect the formation of NOx. Carbon conversion has been >99% when
bituminous and subbituminous coal and lignite are fired. High carbon conversions can be
obtained at low swirl settings because of the high operating temperature and adequate residence
time. Combustion air flow rates through the main burner range from about 400 to 600 scfm (11
to 17 m3/min), depending on furnace firing rate and the fuel type (bituminous, subbituminous, or
lignite) fired.

An auxiliary gas burner (850,000 Btu/hr or 896,750 kJ/hr) is located near the furnace exit to
control furnace exit temperature, ensuring desired slag flow from the furnace and the slag screen.
This auxiliary burner is used to compensate for heat losses through the furnace walls, sight ports,
and LRAH test panel. Use of the auxiliary gas burner is beneficial during start-up to reduce
heatup time and to prevent slag from freezing on the slag screen when the switch is initially
made to coal firing.

Radiant Air Heater Panels

The LRAH test panel arrived at the EERC on September 15, 1997. Final assembly and
installation of the LRAH panel into the furnace took place in November 1997. A key design
feature of the furnace is accessibility for installation and testing of one LRAH panel and one
SRAH panel. The furnace design will accept one LRAH panel with a maximum active size of 1.5
× 6.4 ft (0.46 × 1.96 m). This size was selected based on panel-manufacturing constraints
identified by UTRC as well as a desire to minimize furnace heat losses. Flame impingement on
the LRAH panel is not necessarily a problem. Process air for the LRAH panel is provided by an
existing EERC air compressor system having a maximum delivery rate of 510 scfm (14.4
m3/min) and a maximum stable delivery pressure of 275 psig (19 bar). Backup process air is
available from a smaller compressor at a maximum delivery rate of 300 scfm (8.5 m3/min) and
pressure of <100 psig (<7 bar). A tie-in to an existing nitrogen system is also available as a
backup to the existing air compressor system. In the event of a failure of inlet process air piping,
a backflow emergency piping system was installed so that overheating of the LRAH panel could
be avoided. UTRC designed and fabricated the LRAH test panel.

Slag Screen

The slag screen design for the pilot-scale SFS is the result of a cooperative effort between
EERC, UTRC, and PSI personnel. The primary objective for the pilot-scale slag screen is to
reduce the concentration of ash particles entering the CAH. The walls of the slag screen consist
of two refractory layers. The inner, high-density layer is a Plicast Cement-Free 98V KK with an
outer insulating layer of Harbison-Walker Castable 26. The high-density refractory is 2.25 in.
(5.7 cm) thick in the sidewalls and 4 in. (10.2 cm) thick in the roof and floor of the slag screen.
The insulating refractory is 3.75 in. (9.5 cm) thick in the sidewalls, roof, and floor. A Plicast
LWI-28 refractory was used around the sight ports in the wall of the slag screen. Properties for
the high-density and insulating refractories selected for use in the slag screen are summarized in
Exhibit 2.2-2. Water-cooled surfaces were installed inside of the refractory tubes to cool the
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tubes and reduce the erosion/corrosion observed during shakedown tests. Specific details
concerning slag screen modifications and performance this quarter are addressed later in this
report.

Dilution/Quench Zone

The dilution/quench zone design was a cooperative effort between the EERC and UTRC. The
circular dilution/quench zone is oriented vertically and maintains a 1.17-ft (0.36-m) diameter in
the area of the flue gas recirculation (FGR) nozzles, with the duct diameter expanding to 2 ft (0.6
m) to provide adequate residence time within duct length constraints. The duct section containing
the flue gas recirculation nozzles is a spool piece to accommodate potential changes to the size,
number, and orientation of the flue gas recirculation nozzles. The vertically oriented dilution/
quench zone is refractory-lined and located immediately downstream of the slag screen and
upstream of the CAH duct.

Routine cleaning of the dilution/quench zone has been required during each weeklong
bituminous and subbituminous coal-fired test. In order to monitor and document the slag
deposition in the dilution/quench zone, a pressure transmitter is used to monitor and record
differential pressure. On the basis of observations during the August 1998 test and the frequent
cleaning required, the EERC modified the spool piece section of the dilution/quench zone. The
specific modification involved the addition of a water-cooled wall around the FGR nozzles. This
water-cooled wall appears to embrittle the slag deposits that form in this area, making them more
prone to spontaneous shedding and generally easier to remove on-line. Performance observations
as a result of the April and May tests are summarized later in this report.

Convective Air Heater (CAH)

The CAH design was a cooperative effort between the EERC and UTRC. It was constructed
by UTRC and installed in September 1997. The flue gas flow rate to the CAH tube bank has
been calculated to range from 3553 to 4619 acfm at 1800°F (101 to 131 m3/min at 982°C). A
rectangular inside duct dimension of 1.17 ft2 (0.11 m2) results in a flue gas approach velocity of
50 to 73 ft/s (15 to 22 m/s) to the CAH. The CAH originally consisted of twelve 2.2-in. (5-cm)-
diameter tubes installed in a staggered three-row array. The first five tubes in the flue gas path
were uncooled ceramic material, with the remaining seven tubes cooled by heated air. The
uncooled ceramic tubes were replaced in May 1998 with uncooled stainless steel tubes.
Replacement of the ceramic tubes was necessary because they were repeatedly damaged when
the tube bank was removed from the duct after the test periods in February, March, and April.

In September 1998, the uncooled tubes were again replaced. The replacement tubes
represented three high-temperature alloy types (Incoloy MA956, Incoloy MA956HT, and
PM2000) and three pipe sizes (1.5-in. [3.8-cm] Schedule 80, 1-in. [2.5-cm] Schedule 40, and
0.75-in. [1.9-cm] Schedule 40, respectively). Exhibit 2.2-3 illustrates the position, size, and alloy
type for the five uncooled tubes. There are no plans at this time to remove the uncooled tubes for
characterization.
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Exhibit 2.2-3
Illustration of the Uncooled Tubes in the CAH Tube Bank

Emission Control

A pulse-jet baghouse is used for final particulate control on the pilot-scale SFS. The
baghouse design permits operation at both cold-side (250° to 400°F, 121° to 205°C) and hot-side
(600° to 700°F, 316° to 371°C) temperatures. The primary baghouse chamber and ash hopper
walls are electrically heated and insulated to provide adequate temperature control to minimize
heat loss and avoid condensation problems on start-up and shutdown. The main baghouse
chamber was designed with internal angle iron supports to handle a negative static pressure of
20 in. W.C. (37 mm Hg).

During the past quarter, a single tube sheet was used, permitting the installation of 36 bags
arranged in a six-by-six array. Bag dimensions are nominally 6 in. (15.2 cm) in diameter by 10 ft
(3.0 m) in length, providing a total filtration area of (565 ft2 [52.5 m2]). The bag type being used
at this time is a 22-oz/yd2 (747-g/m2) woven glass bag with a polytetrafluoroethylene (PTFE)
membrane. Pulse cleaning of the bags was accomplished on-line using a reservoir pulse-air
pressure of nominally 40 psig (2.8 bar). Baghouse performance observations as a result of the
April and May tests are summarized later in this report.

Instrumentation and Data Acquisition

The instrumentation and data acquisition components for the pilot-scale SFS address
combustion air, flue gas, process air, process water, temperatures, static and differential
pressures, and flow rates. The data acquisition system is based on a Genesis software package
and three personal computers. Two sets of flue gas instrumentation (oxygen, carbon dioxide,
carbon monoxide, sulfur dioxide, and nitrogen species) are dedicated to support the operation of
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the SFS. Flue gas is transferred from the sample point through a heated filter and sample line to
the sample conditioner before it reaches the analyzers. Flue gas is routinely sampled in the slag
screen at the furnace exit and the exit of the baghouse. Total flue gas flow rate through the SFS is
measured using a venturi. The only instrumentation work completed this past quarter involved
repairs to a carbon monoxide analyzer and routine maintenance.

Pilot-Scale SFS Activities
The pilot-scale SFS was fired on natural gas, an eastern Kentucky coal, and Illinois No. 6

coal during the period April 4–16 and on natural gas and Illinois No. 6 bituminous coal during
the period May 2–9. The purpose of the April and May tests was to further evaluate the LRAH
panel and increase the number of hours of exposure to slagging furnace conditions following its
reassembly and installation in early January. Data evaluation and sample analysis have been
completed. Therefore, this report summarizes the results and observations for the April and May
tests as well as SFS maintenance and modification activities.

Fuel Feed System

The fuel feed system was operated in April for 201 hours while firing eastern Kentucky and
Illinois No. 6 bituminous coals. In May, it operated for 109 hours while firing Illinois No. 6
bituminous coal. Nominal feed rates were 150 to 160 lb/hr (68 to 73 kg/hr) for the eastern
Kentucky coal and 190 to 205 lb/hr (86 to 93 kg/hr) for the Illinois No. 6 coal. Adjustments to
coal feed rate were made in order to maintain a flue gas temperature near the LRAH tile surfaces
of 2800°F (1538°C). In April, the EERC had planned to fire the eastern Kentucky coal for 200
hours. However, the quantity of available fuel was only adequate to complete 150 hours of coal
firing. Therefore, Illinois No 6 coal was fired for the final 51 hours. Exhibits 2.2-4 and 2.2-5
illustrate the coal feed rate data for the April and May tests, respectively. During both tests, the
coal feed rate was quite stable except for a few minor spikes (high and low) associated with coal
hopper refill cycles.
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Exhibit 2.2-4
Coal Feed Rate Versus Run Time for the April 1999 Test, SFS-RH8-0399

Exhibit 2.2-5
Coal Feed Rate Versus Run Time for the May 1999 Test, SFS-RH9-0499



2.2-11

Exhibits 2.2-6 and 2.2-7 summarize analytical results for the Illinois No. 6 bituminous,
Kentucky bituminous, and Rochelle subbituminous coal and the Coal Creek Station (CCS) and
Milton R. Young Station (MRYS) lignites, respectively, that have been fired in the pilot-scale
slagging furnace. For the April test, the analyses of the composite eastern Kentucky coal sample
indicated that the as-fired fuel contained 2.3 wt% moisture, 4.7 wt% ash, and 1.0 wt% sulfur.
The heating value was 13,861 Btu/lb (32,210 kJ/kg) on an as-fired basis. Coal ash was analyzed
for ash fusion properties under oxidizing conditions. Results indicate a softening temperature of
2603°F (1429°C) and a fluid temperature of 2684°F (1474°C). The fluid temperature of the
Kentucky coal ash was >100°F (56°C) higher than any of the previous fuels fired. The Illinois
No. 6 as-fired fuel contained 4.4 wt% moisture, 11.2 wt% ash, and 3.6 wt% sulfur. The heating
value was 11,257 Btu/lb (26,159 kJ/kg). Coal ash was analyzed for ash fusion properties under
oxidizing conditions. Results indicate a softening temperature of 2396°F (1314°C) and a fluid
temperature of 2518°F (1381°C).

For the May test, the analyses of the composite Illinois No. 6 bituminous coal sample
indicated that the as-fired fuel contained 5.1 wt% moisture, 11.5 wt% ash, and 4.1 wt% sulfur.
The heating value was 11,015 Btu/lb (25,597 kJ/kg) on an as-fired basis. Ash fusion test results
under oxidizing conditions indicate a softening temperature of 2387°F (1309°C) and a fluid
temperature of 2513°F (1379°C).

Dry-sieve analysis indicated that the pulverized Illinois No. 6 coal was nominally 50 wt% -
200 mesh (74 microns [µm]) in April and May. Typically, the Illinois No. 6 coal is at least 70
wt% - 200 mesh (74 µm). The EERC will investigate the reason for the change in pulverizer
performance. Dry-sieve analysis data for the pulverized Kentucky coal indicated nominally 65
wt% - 200 mesh (74 µm) which is consistent with previous data for this fuel. However, because
of the high furnace operating temperature, combustion efficiency was not affected by poor
pulverizer performance. For both fuels, the carbon content of the fly ash collected in the
baghouse was low, 0.50 wt% for the Illinois No. 6 coal and 0.7 wt% for the Kentucky coal.

X-ray fluorescence (XRF) analysis results for the various ashed fuels are summarized in
Exhibits 2.26 and 2.2-7 and reported as oxides. The Illinois No. 6 coal fired this past quarter had
very similar ash properties to the Illinois No. 6 coal fired previously in the SFS. Kentucky coal
ash analysis indicates that the Kentucky coal fired in April had a somewhat different ash
composition than the Kentucky coal fired in February. Although these compositional differences
(higher silica and alumina and lower iron and calcium) appear small, they did result in significant
differences in the ash fusion properties of the coal ash. With the exception of the fluid
temperature, ash fusion temperatures were >100°F (56°C) higher for the April coal ash sample
versus the February coal ash sample. The fluid temperature difference was nearly 100°F (56°C).
The impact of the higher ash fusion temperatures observed in April will be discussed later with
respect to the performance of the slag screen.
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Exhibit 2.2-6
Results of Coal and Coal Ash Analysis for Coal-Fired Slagging Furnace Tests1

Illinois No. 6
Bituminous Coal

Kentucky
Bituminous Coal

Rochelle
Subbituminous Coal

Proximate Analysis, wt%
   Moisture 4.4–10.3 2.3–2.5 21.6–24.3
   Volatile Matter 35.9–39.5 38.2–38.7 35.6–37.4
   Fixed Carbon 43.3–46.3 54.7–54.9 35.8–36.7
   Ash 10.6–11.5 3.9–4.7 4.3–4.7

Ultimate Analysis, wt%
   Hydrogen 4.8–5.8 5.2–5.5 6.1–6.4
   Carbon 61.6–64.9 77.5–78.2 53.0–55.2
   Nitrogen 0.8–1.6 1.8 0.6–0.7
   Sulfur 3.2–4.1 0.8–1.0 0.3
   Oxygen 14.2–17.6 9.6–9.7 32.9–33.4
   Ash 10.6–11.5 3.9–4.7 4.3–4.7

Heating Value, Btu/lb 11,015–11,658 13,861–14,120 9021–9328

Percent as Oxides, wt%
   SiO2 50.2–53.9 42.5–44.8 26.7–27.1
   Al2O3 19.8–21.2 28.9–29.8 15.5–16.3
   Fe2O3 13.6–16.0 13.7–14.5 6.3–6.6
   TiO2 0.9 1.1 1.2–1.4
   P2O5 0.1–0.2 0.1 0.7–0.9
   CaO 3.0–3.6 1.9–2.8 21.6–24.3
   MgO 1.5–2.0 2.2–2.4 6.7–6.9
   Na2O 1.1–1.4 1.1–1.3 1.5
   K2O 1.9–2.1 2.7–3.0 0.1–0.4
   SO3 2.5–4.0 2.4–3.8 15.6–17.0

Ash Fusion Temp., °F
   Initial 2315–2361 2398–2577 2202–2295
   Softening 2342–2417 2440–2603 2205–2308
   Hemisphere 2392–2448 2474–2621 2214–2311
   Fluid 2491–2534 2588–2684 2221–2325

Sieve Analysis
   Screen Mesh Size Weight Percent Retained
   100 1.8–25.2 8.1–11.4 7.6–8.8
   140    0–14.9 12.9–13.9 14.2–15.4
   170    0–14.9 NA2 NA
   200 9.6–13.5 11.4–13.5 14.3–14.4
   230   0–16.2 8.7–9.4 8.4–9.1
   270 0.5–14.6 0.7–1.6 2.0–5.6
   325 7.4–14.7 11.9–12.7 4.8–11.6
   400  0–4.7 NA NA
   Pan 29.7–57.8 41.2–42.6 39.7–43.4
   Total %    99–100.2 99.9–100.1 98.6–100.6
1 Coal analysis is presented on an as-fired basis.
2 Not available.
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Exhibit 2.2-7
Results of Lignite and Lignite Ash Analysis for Lignite-Fired

Slagging Furnace Tests1

Coal Creek Station Lignite Milton R. Young Station
Lignite

Proximate Analysis, wt%
   Moisture 31.6–37.9 33.8–37.1
   Volatile Matter 29.4–31.5 30.4–32.1
   Fixed Carbon 26.4–26.8 26.9–27.9
   Ash 6.3–10.2 5.6–6.2

Ultimate Analysis, wt%
   Hydrogen 6.4–6.8 7.0–7.2
   Carbon 38.5–40.9 41.1–43.4
   Nitrogen 0.6 0.6
   Sulfur 0.5–0.7 0.7–0.9
   Oxygen 41.1–47.3 42.1–44.9
   Ash 6.3–10.2 5.6–6.2

Heating Value, Btu/lb 6300–6708 6933–7144

Percent as Oxides, wt%
   SiO2 31.8–35.5 11.2
   Al2O3 11.7–12.0  8.6
   Fe2O3 6.4–8.0 13.2
   TiO2 0.5  0.2
   P2O5 0.3  0.1
   CaO 17.0–18.7 21.3
   MgO 6.5–7.0  7.3
   Na2O 2.9–3.2 11.7
   K2O 1.3  0.2
   SO3 16.0–19.0 26.2

Ash Fusion Temp., °F
   Initial 2170–2188 2370–2371
   Softening 2181–2196 2381–2384
   Hemisphere 2189–2203 2384–2387
   Fluid 2196–2219 2392–2428

Sieve Analysis
   Screen Mesh Size Weight Percent Retained
   100 6.4–10.3 14.9
   140 12.3–13.8 15.7
   170 NA2  4.6
   200 11.9–12.3  8.5
   230 3.7–8.5 NA
   270 6.2–10.2  3.1
   325 6.4–6.5 14.9
   400 NA NA
   Pan 41.5–48.2 38.2
   Total % 98.3–99.9 99.9
1 Lignite analysis is presented on an as-fired basis.
2 Not available.
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Slagging Furnace Operation

The slagging furnace heating rate during the April and May test periods was limited to
100°F/hr (56°C/hr) while natural gas was fired, as recommended for the LRAH panel by UTRC.
When the furnace reached normal operating temperature (2800°F, 1538°C), the main burner was
switched from natural gas to coal firing. The coal-firing rate through the main burner this past
quarter was 2.1 to 2.3 MMBtu/hr (2.2 to 2.4 × 106 kJ/hr) with an auxiliary burner firing rate of
0.35 to 0.6 MMBtu/hr (0.4 to 0.7 × 106 kJ/hr). These coal-firing conditions were maintained for
310 hours while attempting to maintain a furnace flue gas temperature near the LRAH panel of
2800°F (1538°C). This temperature measurement was made using an optical pyrometer with
secondary measurements using Type S thermocouples. Summaries of furnace and slag screen
temperatures are presented as a function of run time in Exhibits 2.2-8 and 2.2-9 for the April and
May tests, respectively. Corresponding slagging furnace firing rate data are summarized in
Exhibits 2.2-10 and 2.2-11.

Exhibit 2.2-8
Furnace and Slag Screen Temperatures Versus Run Time for the April 1999

Test, SFS-RH8-0399
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Exhibit 2.2-9
Furnace and Slag Screen Temperatures Versus Run Time for the May 1999

Test, SFS-RH9-0499
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Exhibit 2.2-10
Slagging Furnace Firing Rate Versus Run Time for the April 1999 Test,

SFS-RH8-0399
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Exhibit 2.2-11
Slagging Furnace Firing Rate Versus Run Time for the May 1999 Test,

SFS-RH9-0499

During the weeks of April 4–15 (SFS-RH8-0399), the furnace was fired with eastern
Kentucky coal for 150 hours and Illinois No. 6 coal for 51 hours. The main burner swirl setting
was maintained at about 20% for both fuels. After 184 hours of continuous coal firing, it was
necessary to switch to natural gas firing in the main burner in order to facilitate the replacement
of the slag pot. Once the slag pot was changed, coal firing resumed for an additional 17 hours to
complete the 200-hour test. If it had not been necessary to switch to the Illinois No. 6 coal, the
200-hour test could have been completed without having to change out the slag pot. The total
furnace-firing rate (main plus auxiliary burners) ranged from 2.7 to 2.8 MMBtu/hr (2.8 to
2.9 × 106 kJ/hr). The main burner-firing rate ranged from 2.1 to 2.2 MMBtu/hr (2.2 to 2.3 ×
106 kJ/hr), accounting for 76% to 81% of the total energy input. The resulting flue gas
temperature near the furnace wall/LRAH panel was 2740° to 2830°F (1505° to 1555°C).

Furnace refractory temperatures ranged from 1055° to 1300°F (569° to 705°C) for the hot
side of the insulating refractory to as high as 2430°F (1333°C) for the cold side of the high-
density refractory. Compared to a previous test period with the eastern Kentucky coal, the
insulating refractory temperatures are 20°F (11°C) lower, and high-density refractory
temperatures are 60°F (33°C) lower. These lower refractory temperatures appear to be the result
of a narrower firing rate range in April, 2.7 to 2.8 MMBtu/hr (2.8 to 2.9 × 106 kJ/hr) versus 2.7 to
2.9 MMBtu/hr (2.8 to 3.0 × 106 kJ/hr) in February. Higher firing rates were unsuccessfully used
in February to raise the slag screen temperature in an attempt to mitigate the slag plugging that
was encountered.

No operating problems were encountered during the April test. Mitigating steps taken to
avoid the slag screen performance problems encountered in February are addressed later in this
report. During the April test, the slag tap never plugged, and slag flow was not a problem. Excess
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slag deposits were found in the slag tap at the conclusion of the April test as a result of very
viscous slag flowing from the slag screen during cooldown. However, these deposits did not plug
the slag tap. The deposits were removed from the slag tap as a function of routine maintenance,
and it was not necessary to rebuild the slag tap prior to the SFS test in May. The refractory in the
slag tap was last replaced in the fourth quarter of 1998 in conjunction with the replacement of the
high-density refractory furnace liner.

For the May 2–9 (SFS-RH9-0499) test, the main burner natural gas-firing rate was
2.7 MMBtu/hr (2.8 × 106 kJ/hr) during preheating of the furnace prior to switching to coal. The
Illinois No. 6 coal-firing rate through the main burner in May was nominally 2.25 to
2.3 MMBtu/hr (2.2 to 2.4 × 106 kJ/hr). The auxiliary burner firing rate was 0.35 to
0.45 MMBtu/hr (0.4 to 0.5 × 106 kJ/hr). These firing conditions were maintained for 109 hours
of coal firing while attempting to maintain a furnace flue gas temperature of 2800°F (1538°C)
near the LRAH panel. Initially, an attempt was made to minimize the auxiliary burner firing rate
and successful performance was achieved at a firing rate of 0.35 MMBtu/hr (0.4 × 106 kJ/hr) for
a period of 44 hours. However, because of plugging problems in the slag tap, the auxiliary burner
firing rate was increased to 0.6 MMBtu/hr (0.7 × 106 kJ/hr) in an attempt to mitigate the problem.

The total furnace firing rate (main plus auxiliary burners) ranged from nominally 2.6 to 2.75
MMBtu/hr (2.7 to 2.8 × 106 kJ/hr). This total firing rate is lower than that used when the Illinois
No. 6 coal was fired in January. However, the main burner firing rates were identical. The reason
for the difference in total firing rate was the higher auxiliary burner firing rate in January, 0.65 to
0.8 MMBtu/hr (0.7 to 0.9 × 106 kJ/hr), employed in an attempt to mitigate plugging in the slag
screen. In May, the main burner firing rate accounted for 84% to 87% of the total energy input.
The resulting flue gas temperature near the furnace wall/LRAH panel was 2775° to 2830°F
(1524° to 1555°C).

During the May test, furnace refractory temperatures ranged from 1080° to 1330°F (582° to
721°C) for the hot side of the insulating refractory to as high as 2480°F (1360°C) for the cold
side of the high-density refractory. Compared to the January test with the Illinois No. 6 coal, the
refractory temperatures were 20° to 30°F (11° to 17°C) higher in May. These slightly higher
refractory temperatures may be the result of fuel moisture differences or changes in high-density
refractory properties with slag accumulation in the high-density refractory.

Operating problems encountered during the May test were related to slag tap performance.
Plugging problems began to develop in the slag tap after about 60 hours of coal firing. Initial
efforts to clear the slag tap on-line were successful. However, after 109 hours of coal firing, the
slag tap plugged and could not be reopened. Subsequent inspection of the slagging furnace
interior after cooldown revealed that the high-density refractory in the sloped floor of the furnace
had failed. Specifically, a portion of the sloped floor in the bottom of the slagging furnace slid
into and over the slag tap. This refractory slide looked much like a mud slide resulting from
water-saturated soil. However, in this case, the high-density refractory was saturated with slag to
the point that its composition had been effectively changed, and it began to flow.

EERC personnel had observed the high-density refractory deterioration in this section of the
furnace and planned to replace it following the May test. This section of castable high-density
refractory was originally poured in 1997 when the furnace was assembled. This refractory had
experienced 873 hours of coal/lignite firing and 1379 hours of natural gas firing for a total of
2252 hours of furnace operation and 18 thermal cycles. As a result of the refractory failure, it
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will be necessary to replace the high-density refractory in the bottom section of the furnace as
well as the slag tap. Samples of the failed refractory were collected for analyses. However, the
results were not available for inclusion in this report.

Minor pressure surges (a few inches of W.C.) are not uncommon in the slagging furnace.
They happen on a periodic basis as a result of baghouse cleaning, opening of access ports to
clean the dilution/quench zone and CAH tube bank, opening of access ports to insert or remove
sampling probes, and when flue gas flow distribution through the baghouse or cyclone is altered.
However, pressure surges in the furnace did not cause any operating problems during the April
or May tests.

With the exception of the bottom furnace section, the high-density refractory lining the
furnace was found to be in excellent condition following the May test. The only area showing
any deterioration was below the LRAH panel where slag from the panel drips onto the horizontal
surface below. Refractory repairs/replacement is this area will be considered in conjunction with
the refractory replacement in the bottom section of the furnace. The only observed change in the
high-density liner in the past two quarters is that the color appears to get a little darker with each
test indicating slag penetration into the refractory. This change in appearance may indicate the
potential for a failure of the high-density furnace liner similar to that experienced in the bottom
section of the furnace if the refractory chemistry is sufficiently modified. However, the degree of
slag impaction on the vertical walls is believed to be much less severe than that experienced by
the floor of the furnace. Also, this refractory liner will not be exposed to low melting temperature
slag resulting from lignite firing. Therefore, the potential failure of the high-density furnace liner
is not expected to become an issue for the balance of the current project.

Main and Auxiliary Burners

The main and auxiliary burners performed well during the April and May tests. As
previously stated, the main burner swirl was maintained at about 20% while the auxiliary burner
swirl setting was 80%–100%. Carbon efficiency for both bituminous coals was 99.3% or greater
because of the high furnace operating temperature and residence time. On the basis of slagging
furnace operating experience, the EERC intends to continue minimum main burner swirl as
necessary to establish a stable flame, to establish uniform temperatures over the length of the
furnace, and to minimize NOx emissions.

Slag Screen

As a result of the plugging of the slag screen during the February 1999 test because of the
higher viscosity of the slag formed when the eastern Kentucky coal was fired, the slag screen
was modified when it was rebuilt in preparation for the April test. Rows 2, 4, and 6 were
removed, leaving only Rows 1, 3, and 5, each containing three tubes, in the slag screen used for
the April and May tests.

Slag screen flue gas temperatures during the April test when the eastern Kentucky coal was
fired were typically 2650° to 2700°F (1455° to 1483°C) at the inlet and 2600° to 2700°F (1427°
to 1483°C) at the outlet. After the Illinois No. 6 coal was used, slag screen flue gas temperatures
were typically 2600° to 2670°F (1427° to 1466°C) at the inlet and 2570° to 2650°F (1410° to
1455°C) at the outlet. Slag screen operating temperature is selected on the basis of ash fusion
data for the fuel to be fired. The EERC tries to operate the slag screen at flue gas temperatures of
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100° to 200°F (56° to 112°C) above the fluid temperature of the fuel ash to ensure slag flow
from the slag screen to the slag tap. The ash fluid temperature (under oxidizing conditions) of the
composite samples of eastern Kentucky and Illinois No. 6 coal analyzed following the April test
period were determined to be 2684°F (1474°C) and 2518°F (1381°C), respectively.

Because of the high ash fusion temperature of the eastern Kentucky coal ash, slag screen
differential pressure began to increase as soon as coal firing began. In order to modify the slag
chemistry and reduce its ash fusion temperature, control slag screen differential pressure, and
avoid plugging problems, a feed system was set up to add - 40-mesh limestone to the coal at the
point it entered the primary air stream. The effectiveness of the limestone addition was evaluated
for limestone feed rates ranging from 0.25 to 2 lb/hr (113 to 908 g/hr). An initial limestone feed
rate of 1 lb/hr (454 g/hr) was used, and slag screen differential pressure began to decrease
immediately. However, after a few hours, slag screen differential pressure began to rise again. A
check of the limestone feeder revealed that the screw had stopped turning. The screw feeder was
subsequently repaired, and the limestone feed was increased to 2 lb/hr (908 lb/hr). Again, the
slag screen differential pressure immediately decreased as soon as limestone feed was initiated.
Subsequent test periods were completed at limestone feed rates of 1.25, 1.0, 0.75, 0.5, and
0.25 lb/hr (568, 454, 340, 227, and 114 g/hr). Ultimately, slag screen differential pressure was
stabilized and effectively controlled at 0.5 in. WC (3.4 kPa) using a limestone feed rate of
0.5 lb/hr (227 g/hr). Exhibit 2.2-12 presents slag screen differential as a function of Run Time for
the April test. The 0.5 lb/hr (227 g/hr) limestone feed rate increased the total solids rate into the
slagging furnace by nominally 0.3 wt%. The corresponding increase in the ash rate into the
slagging furnace was nominally 3.7 wt% based on the calcium oxide addition to the ash.
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Exhibit 2.2-12
Slag Screen Differential Pressure Versus Run Time for the April 1999 Test,

SFS- RH8-0399

The composition of the eastern Kentucky coal ash as compared to the composition of slag
samples collected from the slag pot during the individual limestone injection tests is shown in
Exhibit 2.2-13. Analyses were completed for limestone feed rates of 0.25, 0.5, 1, and 2 lb/hr
(114, 227, 454, and 908 g/hr). The oxide values for the slag samples are reported on a
normalized oxide basis, while the coal ash sample is normalized to an SO3-free basis.

As expected, the data show that the calcia content of the slag samples increased with
increased limestone feed rate relative to the coal ash chemistry. However, the calcia content did
not increase as much as it would have if the limestone were depositing in the slag at the same
rate as the coal ash, indicating some limestone fragmentation. Also, the composition of the slag
was sufficiently variable that a direct dilution effect for other slag components was not
consistently evident in the samples. Ash fusion temperature data generated under oxidizing
conditions did show the desired effect of limestone addition to the fuel. The highest ash fusion
temperatures were observed for the coal ash, with ash fusion temperatures decreasing as the
limestone feed rate was increased.
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Exhibit 2.2-13
Kentucky Coal Ash and Slag Tap Samples

Oxides,1 wt%
Kentucky

Coal Ash2
Limesto
ne,

2 lb/hr

Feed,
1 lb/hr

Rate,
0.5 lb/hr

Rate,
0.25 lb/hr

SiO2 45.9 43.4 42.2 44.6 44.8
Al2O3 29.6 28.4 30.1 27.9 26.2
Fe2O3 14.8 14.5 15.2 16.4 19.9
TiO2 1.1 1.0 0.9 0.9 1.0
P2O5 0.1 0.1 0.1 0.1 0.1
CaO 2.0 7.1 6.1 5.0 2.6
MgO 2.3 2.2 2.2 2.2 2.0
Na2O 1.1 0.8 0.7 0.7 0.6
K2O 3.1 2.4 2.3 2.2 2.9
SO3 ---- 0.1 0.1 0.1 0.1

Ash Fusion Temp., °F
  Initial 2577 2436 2441 NM3 NM
  Softening 2603 2441 2446 NM NM
Hemisphere 2621 2467 2474 NM NM
   FLUID 2684 2537 2537 NM NM
1 Oxide concentrations normalized to 100% closure.
2 SO3 -free basis.
3  Not measured.

Following the April test, slag and ash samples from system components and piping were
collected and weighed in order to prepare a mass balance. A total theoretical ash quantity was
calculated (2273 lb or 1032 kg) on the basis of the total coal feed and the measured ash content
of the composite coal sample and the quantity of calcium oxide introduced as limestone. Total
slag and ash recovery from the April test was 86% (1958 lb or 889 kg). Slag recovery from the
furnace, slag pot, and dilution/quench zone represented 69% of the theoretical ash. Additional
slag is evident on the furnace wall, on the LRAH panel, in the bottom of the furnace, in the slag
screen, and in the upper section of the dilution/quench zone. However, this material is not
recoverable from the high-density refractory.

Fly ash recovered from other system components (drawdown gas line, CAH duct, process air
preheater tubes, tube-and-shell heat exchangers, cyclone, baghouse, and flue gas piping)
represented 17% of the theoretical ash for the April test. Nominally 10% to 15% of the ash in the
fuels fired in the SFS has been reaching the baghouse. In April that value was 9.2% of the total
ash/slag. However, the bags were not removed from the baghouse and thoroughly cleaned
following the April test; therefore, the residual dust cake on the bags would definitely increase
the baghouse ash to more than 10% of the total.

Slag screen flue gas temperatures during the May test when the Illinois No. 6 coal was fired
were typically 2585° to 2660°F (1419° to 1460°C) at the inlet and 2575° to 2650°F (1413° to
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1455°C) at the outlet. Slag screen operating temperature is selected on the basis of ash fusion
data for the fuel to be fired. The coal ash fluid temperature (under oxidizing conditions) of the
composite sample of Illinois No. 6 coal analyzed following the May test period was determined
to be 2513°F (1379°C). Slag samples recovered from the slag pot had fluid temperatures ranging
from 2562°F to >2800°F (1406° to >1538°C).

Exhibit 2.2-14 summarizes results from analyses completed for the four slag samples
collected after the May test and compares them with the Illinois No. 6 coal ash composition. The
values for the slag samples are reported on a normalized oxide basis, while the coal ash sample is
normalized to an SO3-free basis. A comparison of the ash/slag chemistry and the ash fusion
temperature data for these samples indicates that the alumina content is the primary factor
affecting ash fusion temperature, with the calcia content acting as a modifier if present in
sufficient quantity. The high alumina content observed in two of the four slag samples is
believed to be the result of the high-density refractory failure in the bottom of the slagging
furnace. The variable calcia content was the result of intermittent limestone injection used in an
attempt to mitigate slag tap plugging problems resulting from the refractory failure.

Following the May test, slag and ash samples were again collected from system components
and piping and weighed in order to prepare a mass balance. The total theoretical ash input was
calculated as 2579 lb (1171 kg) on the basis of the total coal feed and the measured ash content
of the composite coal sample, the calcium oxide content of the limestone fed with the coal, and
the calcium oxide injected at the inlet of the baghouse. Total slag and ash recovery from the May
test was only 97% (2500 lb or 1135 kg). This is the highest level of mass closure achieved for an
SFS test to date. Slag recovery from the furnace, slag pot, and dilution/quench zone represented
nominally 76% of the theoretical ash. However, based on furnace and slag pot inspection, there
is evidence that some high-density refractory from the bottom section of the furnace flowed
through the slag tap into the slag pot. Therefore, the 97% mass closure calculated and the 57%
mass recovery in the slag pot are artificially high because of the presence of refractory that could
not be separated from the slag. In addition, additional slag that was observed to have pooled and
solidified in the bottom of the furnace was not included in the recovered amount.

Fly ash recovered from other system components (drawdown gas line, CAH duct, cooling air
preheater tubes, tube-and-shell heat exchangers, cyclone, baghouse, and flue gas piping)
represented 21% of the theoretical ash for the May test. For most SFS tests, 10% to 15% of the
ash in the fuels fired in the SFS has been reaching the baghouse. Baghouse ash recovered
following the May test period represented about 11% of the total ash/slag. Again, the bags were
not removed from the baghouse and thoroughly cleaned following the May test. However, the
residual dust cake on the bags would likely be comparable to that present following the April
test. Therefore, recovery of the ash from the bags would not be an appropriate contribution to the
May mass balance.
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Exhibit 2.2-14
Illinois No. 6 Coal Ash and Slag Pot Samples

Oxides,1 wt%
Illinois No. 6

Coal
Glassy

Slag Mass
Glassy
Slag

Nodules

Dull Slag
Mass

Dull Slag
Nodules

SiO2 52.3 32.4 49.5 51.4 39.3
Al2O3 20.6 43.4 21.2 21.7 39.2
Fe2O3 16.7 10.6 20.5 16.2 12.8
TiO2 0.9 0.5 0.9 0.8 0.5
P2O5 0.2 0.1 0.1 0.1 0.2
CaO 3.8 8.1 3.2 5.2 4.3
MgO 2.0 3.5 1.6 1.7 1.8
Na2O 1.3 0.3 1.1 0.8 0.3
K2O 2.1 1.1 2.0 2.0 1.4
SO3 ---- 0.0 0.0 0.0 0.0

Ash Fusion Temp., °F
INITIAL 2344 2526 2499 2367 2649
Softening 2387 2537 2533 2377 2690
Hemisphere 2418 2681 2542 2513 +2800
Fluid 2513 +2800 2562 2565 +2800
1 Oxide concentrations normalized. Illinois No. 6 coal ash presented on an SO3 -free basis.

The EERC believes that the primary factors contributing to material balances of <100% in
the SFS are slag adsorption/absorption into the high-density furnace refractory and unrecovered
ash from refractory surfaces. Mass balances will be completed for all future test periods to
further document the distribution of slag and ash in the system.

Exhibit 2.2-15 presents photographs of the slag screen inlet following the April (top) and
May (bottom) tests. The upper photograph shows that some erosion/corrosion of the slag screen
tubes has occurred and refractory aggregate is visible on the tube surfaces. However, the general
condition of the tubes following the April test was good, and no modifications or repairs were
necessary. The lower photograph illustrates the condition of the slag screen tubes following the
May test. All of the tubes are intact. However, the degree of tube erosion/corrosion is much more
pronounced, with <50% of each tube still present with most of the tubes having developed one or
more cracks. Therefore, the slag screen will be rebuilt prior to the next SFS test scheduled for
September. Because of the lack of slag screen plugging this quarter and plans to fire the eastern
Kentucky coal in September, the slag screen will be rebuilt, as it was before the April test, using
a total of nine tubes arranged in three rows (1, 3 and 5) of three. Installation of 18 tubes (six rows
of three) would have been appropriate if future tests would be limited to the Illinois No. 6 coal
and the firing of subbituminous coal.
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Exhibit 2.2-15
Photographs of Slag Screen Tubes Following the April (top) and May

(bottom) Tests



2.2-26

Errata In the quarterly report for the period January through March 1999, 48% closure on
ash and slag was reported for the January test firing Illinois No. 6 coal. This value is incorrect.
After reviewing the calculations, it was determined that the actual mass balance closure was
81%, a degree of closure comparable to other Illinois No. 6 coal-fired test periods.

Dilution/Quench Zone

Slag deposits formed in the vicinity of the FGR nozzles during the April and May tests. As a
result, it was necessary to clean the area of the FGR nozzles on a periodic basis. The
dilution/quench zone was initially cleaned after nearly 43 hours of coal firing. Cleaning
frequency was somewhat variable during the balance of the 200-hour test, ranging from 3 to 26
hours, with more frequent cleaning required following the switch to the Illinois No. 6 bituminous
coal. About 19% of the ash/slag recovered from the SFS was recovered in the dilution/quench
zone. This quantity of material is comparable to that from previous tests.

During the May test, the dilution/quench zone was initially cleaned after nearly 20 hours of
coal firing. Cleaning frequency was somewhat variable during the balance of the 109-hour test,
ranging from 3 to 21 hours, with more frequent cleaning as the test progressed. Changes in
differential pressure across the dilution/quench zone suggest some spontaneous cleaning may
have been taking place. About 19% of the ash/slag recovered from the SFS was recovered in the
dilution/quench zone. This result is consistent with the April test.

Material recovered from the dilution/quench zone as a result of SFS tests prior to this past
quarter typically represented <13% of the total ash. The larger percentage of total ash showing
up in the dilution/quench zone in April and May is a direct result of reducing the number of tubes
in the slag screen from 18 to 9. As discussed in previous reports, reducing the number of tubes in
the slag screen was necessary to successfully fire the eastern Kentucky bituminous coal in the
SFS. Downstream of the FGR nozzles, the small quantity of ash observed on the refractory walls
was weakly sintered for both the April and May tests.

Process Air Preheaters

The process air for the CAH tube bank and the LRAH panel is heated using air preheater
tube bundles located downstream of the CAH. Further heating of the process air entering the
LRAH panel is achieved electrically. Process air for the CAH tube bank is supplied by the first
process air preheater tube bundle. During the April test, process air entering the CAH tube bank
was controlled at set points ranging from 1075° to 1140°F (580° to 616°C) for nominal process
air flow rates of 77 to 108 scfm (2.2 to 3.1 m3/min). Process air temperatures at the exits of the
other four preheater tube bundles were nominally 1205° to 1320°F (652° to 716°C) for combined
flow rates totaling 100 to 150 scfm (2.8 to 4.2 m3/min).

During the May test, process air entering the CAH tube bank was controlled at set points
ranging from 1075° to 1110°F (580° to 599°C) for nominal process air flow rates of 82 to
116 scfm (2.3 to 3.3 m3/min). Process air temperatures at the exits of the other four preheater
tube bundles were nominally 1215° to 1320°F (658° to 716°C) for combined flow rates totaling
100 to 150 scfm (2.8 to 4.2 m3/min).

Process air preheater temperatures are shown as a function of run time in Exhibits 2.2-16 and
2.2-17. Although the process air preheater heat-transfer rate degraded with time as ash deposits
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developed on the tube surfaces, process air temperature and flow rate control were adequate to
support operation of the CAH tube bank and LRAH panel.

Exhibit 2.2-16
Process Air Preheater Temperatures Versus Run Time for the April Test,

SFS- RH8-0399
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Exhibit 2.2-17
Process Air Preheater Temperatures Versus Run Time for the May Test,

SFS-RH9-0499

Emission Control

During gas- and coal-fired furnace operation in April and May, baghouse temperatures and
temperature profiles were nominal, and the electrical heaters worked well, limiting the potential
for condensation on start-up and shutdown. Baghouse temperature ranged from 330° to 367°F
(166° to 186°C) in April and 320° to 353°F (160° to 179°C) in May. Flue gas flow rates were
935 to 1030 scfm (26.5 to 29.2 m3/min) and 911 to 1003 scfm (25.8 to 28.4 m3/min),
respectively, in April and May. Actual flue gas flow rates through the baghouse were 1420 to
1640 acfm (40.2 to 46.4 m3/min) in April and 1366 to 1568 acfm (38.7 to 44.4 m3/min) in May.

The 36 bags (total filtration area of 565 ft2 [52.5 m2]) used in the baghouse this past quarter
were a 22-oz/yd2 (747 g/m2) woven glass with a PTFE membrane. The filter face velocities when
the Kentucky and Illinois No. 6 bituminous coals were fired were 2.5 to 2.9 ft/min (0.76 to 0.88
m/min) and 2.4 to 2.8 ft/min (0.74 to 0.84 m/min), respectively. These filter face velocities are
low compared to conventional pulse-jet filtration systems typically operating at or near
4 ft/min (1.2 m/min). However, a detailed evaluation of baghouse performance has not been a
specific objective within the scope of work to date.

Measured inlet and outlet particulate mass loadings were nominally 0.0634 gr/scf
(145.19 mg/Nm3) and 0.0017 gr/scf (3.8932 mg/Nm3), respectively, resulting in a particulate
collection efficiency of roughly 97% when the Kentucky bituminous coal was fired in April.
These inlet particulate loadings are a factor of 2 to 5 lower than what was measured previously
when the Illinois No. 6 bituminous coal was fired. The reason is the smaller theoretical quantity
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of ash entering the SFS with the Kentucky fuel for a given firing rate, about 30% of that for the
Illinois No. 6 fuel.

Calculated particulate emissions from the pulse-jet baghouse were 0.0068 lb/MMBtu. This is
a factor of two reduction in particulate emissions compared to the February test and yet nearly an
order-of-magnitude higher emission rate compared to tests with other coals and lignite (0.0004 to
0.0074 lb/MMBtu). Visual inspection of the outlet filters resulting from April sampling did not
indicate the presence of ash agglomerates on the filters, and no evidence of a dust cake was
noted. Therefore, the EERC believes that the outlet filters in April (when the eastern Kentucky
fuel was fired) were affected by acid condensation but to a degree much less significant than
observed in February. Evidence of acid condensation was found in the clean air plenum of the
pulse-jet baghouse and downstream flue gas piping after the April test. However, this material
most likely formed while Illinois No. 6 coal was fired during the last 50 hours of the test. The
acid condensation deposits were removed prior to the May test.

Measured inlet and outlet particulate mass loadings were nominally 0.1367 gr/scf
(313.1 mg/Nm3) and 0.0016 gr/scf (3.6642 mg/Nm3), respectively, resulting in a particulate
collection efficiency of roughly 98.8% when the Illinois No. 6 bituminous coal was fired in May.
The measured inlet particulate loading was consistent with results observed in January but
remained 40% to 50% lower than what was measured during SFS shakedown tests when the
Illinois No. 6 bituminous coal was fired. Slag screen performance is believed to be the reason for
the variations, based on SFS mass balances.

During shakedown tests, the performance of the slag screen dramatically deteriorated as the
uncooled alumina tubes were eroded with time. A higher fly ash mass loading at the inlet to the
pulse-jet baghouse was the result. Since early 1998, slag screen performance has improved with
cooled tubes, although plugging and slag dam problems have been encountered on occasion.
However, slag screen operating condition - higher flue gas velocity and differential pressure (the
result of the slag damming observed) - may have increased the slag screen particulate collection
efficiency resulting in a lower mass loading at the inlet of the baghouse during specific tests.
Particulate-sampling data from future SFS tests should assist in determining the cause of the
reduced baghouse inlet mass loading observed during recent bituminous coal-fired tests (August
1998 and January, February, April, and May 1999).

Calculated particulate emissions from the pulse-jet baghouse were 0.0057 lb/MMBtu in May.
This is a higher emission rate compared to other tests with Illinois No. 6 bituminous coal (0.0014
to 0.0030 lb/MMBtu). Again, acid condensation is believed to be the primary contributing factor
to the higher particulate emissions rate observed in May.

Sulfur trioxide concentration measurements were made downstream of the pulse-jet
baghouse in April and May. Measurements in April indicated that when the eastern Kentucky
and Illinois No. 6 bituminous coals were fired, the sulfur trioxide concentrations at the pulse-jet
baghouse outlet were 3 and 45 ppm, respectively. These values are somewhat consistent with the
fuel sulfur content where theoretical sulfur dioxide emissions rates are 1.4 and 6.4 lb/MMBtu,
respectively, for the eastern Kentucky and Illinois No. 6 coal. However, firing the Illinois No. 6
coal resulted in a proportionally higher concentration of sulfur trioxide.

During the May test (firing Illinois No. 6 coal), calcium oxide was injected upstream of the
pulse-jet baghouse in order to capture sulfur trioxide as calcium sulfate and reduce the sulfur
trioxide concentration at the baghouse outlet. A calcium oxide injection rate of 0.5 lb/hr (227
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g/hr) resulted in a sulfur trioxide concentration of 4 ppm at the baghouse outlet. This represents a
91% reduction compared to the 45 ppm sulfur trioxide concentration measured in April when
firing the Illinois No. 6 coal. However, inspection of the baghouse clean-air plenum and
downstream piping after the May test revealed that acid condensation had occurred, although to a
less significant degree.

X-ray diffraction analysis of the baghouse ash sample collected following the May test
indicated that the only crystalline form of calcium in the ash was calcium sulfate. Therefore, the
utilization rate of the calcium oxide injected to reduce the sulfur trioxide concentration
downstream of the pulse-jet baghouse was >90%. Other sulfur-containing species identified in
the sample included a hydrated form of magnesium sulfate, which showed up as a minor
constituent. Calcium oxide injection will be used during future tests when Illinois No. 6 or other
medium to high sulfur coals are fired to limit the concentration of sulfur trioxide downstream of
the pulse-jet baghouse.

In addition to the standard EPA Method 5 sampling completed in April and May, respirable
mass emissions (defined below) were measured at the outlet of the pulse-jet baghouse using a
TSI Inc. aerodynamic particle sizer (APS-33). This real-time measurement method measures
particle mass in the range of 0.5 to 15 µm. The primary advantages of this system are the high
spatial resolution and the short sampling time. In the APS-33, particle-laden air is passed through
a thin-walled orifice, with the particles lagging behind the gas because of their higher inertia.
The velocity lag is related to the aerodynamic diameter of the particles, allowing the
determination of the aerodynamic dynamic diameter of a particle by measuring the velocity of a
particle as it exits from the orifice. To measure the particle velocity, the APS-33 employs a laser
beam split into two beams and refocused onto two rectangular planes a set distance apart in front
of the orifice. The light scattered by a particle passing through these beams is collected and
focused onto a photomultiplier tube, which emits two pulses separated by the time taken for the
particle to cross the distance between the two planes. This time interval is measured
electronically and used to calculate the particle’s aerodynamic diameter.

Respirable mass is a calculated value defined by the American Council of Governmental and
Industrial Hygienists for particles in the size range of 2 to <10 µm based on aerodynamic
diameter. Exhibit 2.2-18 presents the respirable mass emissions data for the April (top) and May
(bottom) test periods with both data sets representing Illinois No. 6 coal firing. Data are not
available for the eastern Kentucky coal-fired period in April because of an instrument
malfunction. The data are presented on a mg/m3 basis versus sampling time. For the Illinois No.
6 coal-fired test in April, the average respirable mass emission rate integrated over 2 hours was
nominally 0.0024 mg/m3, versus 0.016 mg/m3 for a 2.2-hour period in May. For the April test,
individual measurements ranged from 0.0006 to 0.05 mg/m3. In May, individual measurements
ranged from 0.0045 to 0.055 mg/m3. Therefore, these data indicate that actual particulate
emissions were much lower than the mass rates indicated by EPA Method 5 sampling and
support the probable contamination of the EPA Method 5 outlet filters by acid condensation in
April and May. However, the APS data from the May test firing Illinois No. 6 coal indicate a
particulate emission rate that is a factor of five higher than observed in either January or April.
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Exhibit 2.2-18
Respirable Mass Emission Data for the April (top) and May (bottom) Tests
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The higher particulate emission rate indicated by the APS data did not specifically result
from the injection of calcium oxide at the inlet of the baghouse to control sulfur trioxide
emissions. The emission rate was observed to be higher prior to initiating calcium oxide
injection. As a result, several bags were removed from the pulse-jet baghouse for inspection. The
bags were found to be in good condition. Therefore, a specific explanation for the increase in
particulate emissions based on APS sampling is not available at this time. Particulate sampling
during future SFS tests will hopefully provide an explanation for this apparent change in
baghouse performance.

Particle-size analysis was completed for a composite ash sample collected from the baghouse
hopper for both tests this past quarter. The data show the ash to be 100 wt% <25 µm, 80 wt%
<10 µm, and 50 wt% <6 µm for the eastern Kentucky coal. These values indicate an ash particle
size significantly larger than that observed when this fuel was fired in February (100 wt% <10
µm, 80 wt% <5 µm, and 50 wt% <3 µm).

Two possible explanations exist. First, limestone was fed with the coal in April to mitigate
plugging problems in the slag screen. In addition, prior to the April test, the slag screen was
modified (the number of tubes was reduced from 18 to 9), possibly resulting in a decrease in its
particle collection efficiency. Multicyclone sampling data indicated a comparable particle size
with nominally 50 wt% <7.5 µm. For the May Illinois No. 6 coal test, the baghouse ash data
show the ash to be 100 wt% <11 µm, 80 wt% <6 µm, and 50 wt% <3 µm. Multicyclone data
were not available for comparison because the May test was terminated early as a result of the
slag tap plug.

Carbon content was also measured in the baghouse ash to determine combustion efficiency.
The carbon content was 0.70 wt% for the eastern Kentucky coal in April and 0.52 wt% for the
Illinois No. 6 coal in May. Baghouse ash carbon content for the Illinois No. 6 coal-fired test in
May is consistent with the value (0.50 wt%) reported for the January test even though the degree
of coal pulverization was less efficient (50 wt% versus 80 wt% -200 mesh). Therefore, a high
carbon burnout consistently observed in the slagging furnace appears to be primarily a function
of the residence time and high operating temperature of the slagging furnace. The baghouse ash
carbon content for the Kentucky coal-fired test in April is somewhat higher than the value
(0.24 wt%) reported for February. No explanation is available concerning this difference at this
time.

Pulse cleaning of the bags was accomplished on-line using a reservoir pulse-air pressure of
nominally 40 psig (2.8 bar) for both fuels. The baghouse differential pressure cleaning set point
was 6 in. W.C. (11 mm Hg). Once the initial dust cake was formed, the cleaning period was 4 to
8 hours when the eastern Kentucky coal was fired (with limestone injection to mitigate slag
screen plugging), and 3 to 6 hours when the Illinois No. 6 coal was fired (with and without
calcium oxide injection to control sulfur trioxide emissions). The bags consistently cleaned to a
differential pressure of <2 in. W.C. (<4 mm Hg).

Exhibit 2.2-19 shows the average gaseous emissions measured during the April and May
tests. The data are based on furnace exit measurements made in the slag screen outlet. Carbon
monoxide (CO) data are not available for the April and May tests at this sample location because
of a failed analyzer. The CO analyzer has been repaired and will be installed and available for
the next SFS test period. Typically, CO concentrations in the slag screen are <10 ppm, with
occasional values as high as 40 ppm. However, CO is not observed at the baghouse outlet
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sampling location unless the slag tap burners are operated at substoichiometric conditions,
indicating that any CO observed in the slag screen is oxidized in the dilution/quench zone and
CAH section.

Exhibit 2.2-19
Flue Gas Emissions for Kentucky and Illinois No. 6 Coal-Fired

Slagging Furnace Tests

Concentration lb/MMBtu

April (Kentucky
Coal)

    O2 3.5%–5.0%

    CO2 13.2%–14.1%

    CO Not available

    NOx 530–630 ppm 0.9–1.1

    SO2 390–560 ppm 1.2–1.6

April (Illinois Coal)

    O2 3.2%–4.3%

    CO2 13.4%–14.0%

    CO Not available

    NOx 460–550 ppm 0.8–1.0

    SO2 1830–2120 ppm 6.0–6.9

May (Illinois Coal)

    O2 2.8%–5.0%

    CO2 13.3%–14.4%

    CO Not available

    NOx 390–610 ppm 0.7–1.1

    SO2 1680–2170 ppm 5.2–6.7

NOx concentrations in the flue gas ranged from 390 to 630 ppm. Total NOx emissions
(reported as nitrogen dioxide) were determined to range from 0.7 to 1.1 lb/MMBtu. NOx

emissions were higher during individual test periods, represented by higher average coal feed
rates. Also, NOx emissions were marginally higher when the eastern Kentucky fuel was fired
compared to the Illinois No. 6 fuel. The auxiliary burner firing condition is also believed to have
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affected the NOx concentrations and emissions; however, no specific tests have been conducted
to document the effect of the auxiliary burner on NOx emissions.

No attempt at controlling sulfur emissions was made. Calculated maximum theoretical sulfur
dioxide emissions were 2.9 to 3.5 lb/hr (1.3 to 1.6 kg/hr) or 1.4 lb/MMBtu for the eastern
Kentucky coal in April and 11.8 to 17.2 lb/hr (5.4 to 7.8 kg/hr) or 6.4 to 7.4 lb/MMBtu for the
Illinois No. 6 coal in April and May. These rates are based on the main burner firing rate and the
sulfur content and heating value of the fuel determined for the composite fuel samples analyzed.
For the eastern Kentucky coal sulfur dioxide emissions, calculated based on measured sulfur
dioxide in the flue gas, flue gas flow rate, and the coal firing rate, resulted in values ranging from
1.2 to 1.6 lb/MMBtu. The most likely explanation for the difference in calculated maximum
sulfur dioxide emission rates, 1.4 versus 1.6 lb/MMBtu, is that the composite fuel sample did not
adequately represent a fuel sulfur spike documented by the flue gas sulfur dioxide analyzers.

Testing of the CAH Tube Bank

The CAH tube bank was installed and initially evaluated during a shakedown test completed
in October 1997. Process air flow was adequate for temperature control and to evaluate the
performance of the CAH tube bank during the April and May tests. Exhibits 2.2-20 through 2.2-
22 summarize CAH tube bank surface and flue gas temperatures, process air temperatures, and
process air flow rate data for the April test. Exhibit 2.2-23 illustrates the location of
thermocouples in the CAH tube bank, and Exhibit 2.2-24 presents a list of thermocouple
descriptions.
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Exhibit 2.2-20
CAH Tube Surface and Flue Gas Temperatures Versus Run Time for the

April Test, SFS-RH8-0399
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Exhibit 2.2-21
CAH Process Air Temperatures Versus Run Time for the April Test,

SFS-RH8-0399
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Exhibit 2.2-22
CAH Process Air, LRAH Process Air, Quench Gas, and Flue Gas Flow Rates

Versus Run Time for the April Test, SFS-RH8-0399
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Exhibit 2.2-23
Thermocouple Locations in the CAH Tube Bank

Prior to the August 1998 test, all of the CAH thermocouples were replaced or repaired in
conjunction with the installation of fins on the air-cooled tubes. However, one tube surface
thermocouple (CAHIT3) was damaged when the tube bank was installed in the flue gas duct.
One additional CAH thermocouple failed during both the August and December 1998 tests, and
a fourth thermocouple failed at the beginning of the January 1999 test. Therefore, during the
April and May tests, one of the five surface thermocouples was functioning properly. There are
no plans to replace these thermocouples at this time because of the time and expense that would
be required. Based on the single thermocouple measurement, the clean tube surface temperatures
were nominally 1565°F (852°C) with the surface temperature decreasing to 1340°F (982°C) as
ash deposits developed and adjustments were made to the process air flow rate.

While natural gas was fired and the tubes were clean, heat recovery from the CAH tube bank
was roughly 40,000 Btu/hr (42,200 kJ/hr). The process air flow rate was 111 scfm (3.1 m3/min).
The inlet process air temperature was 1080°F (582°C), outlet process air was 1270°F (688°C),
and flue gas was 1790°F (977°C) entering the CAH tube bank. Exhibit 2.2-25 presents heat
recovery in the CAH as a function of run time for the April test.
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Exhibit 2.2-24
Description of CAH Thermocouple Locations

Category No. Label Description

Air Inlet 1 CAHTC1 Bulk flow entering the inlet header

2 CAHTC2 Air entering center tube

3 CAHTC3 Air entering most downstream tube

Air Outlet 4 CAHTC6 Air leaving center tube

5 CAHTC7 Air leaving most downstream tube

6 CAHTC5 Air leaving most upstream tube

7 CAHTC8 Air leaving side tube

Air in Active Region 8 CAHTC10 Bottom of center tube

9 CAHTC11 4 in. up outside annulus, center tube

10 CAHTC9 8 in. up outside annulus, center tube

Tube Surface 11 CAHIT1 1 in. up center tube, facing upstream (failed)

12 CAHIT2 5 in. up center tube, facing upstream

13 CAHIT3 8 in. up center tube, facing upstream (failed)

14 CAHIT4 5 in. up center tube, facing to side (failed)

15 CAHIT5 5 in. up center tube, facing downstream (failed)

Header Shell 16 CAHTC4 Next to shell on outside, between return air pipes
(failed)

1 Thermocouple locations are illustrated in Exhibit 2.2-23.
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Exhibit 2.2-25
CAH Heat Recovery Versus Run Time for the April Test, SFS-RH8-0399

When coal firing (eastern Kentucky) began, surface temperatures initially decreased at a rate
of nominally 5°F/hr (3°C/hr) over nearly 10 hours as ash deposits developed on the surface of
the tubes. After 40 hours of coal firing, the rate of decrease was 0.7°F/hr (0.4°C/hr). No further
decrease in tube surface temperature was noted, other than changes related to flue gas flow rates,
flue gas temperatures, process air flow rates, and process air temperatures, until the eastern
Kentucky coal was replaced by the Illinois No. 6 coal. It must be noted that process air flow rates
were also decreasing (0.1 scfm/0.003 m3/hr) over these time frames in an attempt to maintain a
relatively constant process air exit temperature. The minimum cooling air flow rate through the
CAH tube bank was 77 scfm (2.2 m3/min). As ash deposits developed on the tube surfaces, heat
recovery from the CAH tube bank decreased from roughly 40,000 Btu/hr (42,200 kJ/hr) to
21,200 Btu/hr (22,366 kJ/hr) when the eastern Kentucky coal was fired. Heat recovery from the
CAH tube bank remained at this level for nearly 42 hours prior to switching to the Illinois No. 6
coal. One reason for the steady heat recovery rate may have been spontaneous shedding of the
ash-fouling deposits from the CAH tubes, as indicated by piles of ash at the bottom of the tubes.
As reported in the January through March 1999 quarterly technical progress report, the CAH
deposits formed when the eastern Kentucky coal was fired contained around 50% silica, and all
alkali and alkaline earth species were present in very low concentrations, so limited sintering at
the temperatures of the CAH would be expected.

Over the final 51 hours of coal firing (Illinois No. 6), the heat recovery from the CAH tube
bank decreased and eventually stabilized at 16,000 Btu/hr (16,880 kJ/hr) prior to termination of
the coal feed. These data are generally consistent with the February test firing eastern Kentucky
coal as well as previous tests firing Illinois No. 6 coal. A comparison of the results shows a
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nominal 30% higher heat recovery rate in the CAH tube bank when the eastern Kentucky coal is
fired, probably because of spontaneous ash deposit shedding. However, these data do not address
the potential for improved heat recovery for either fuel type as a function of an effective
sootblowing system.

These data continue to support the conclusion that the addition of the fins to the air-cooled
tubes improves heat recovery during the coal-fired test periods. The fins appear to reduce the rate
of heat-transfer degradation as ash deposits developed and help to maintain a higher heat-transfer
rate once the deposits have formed. However, no improvement in heat recovery is observed
during the initial natural gas-fired periods with clean tube surfaces.

EERC personnel did not clean the CAH tube bank during the April test, and ash deposits
were not characterized as a result of the need to switch fuels during the 200-hour test. CAH tube
bank plugging was not a problem. No deposits were observed bridging the flue gas paths
between the tubes. The deposits that formed were limited to the leading and trailing edges of the
tubes. However, these deposits did bridge the area between the tubes in the direction of the flue
gas flow.

Exhibit 2.2-26 presents a photograph of ash deposits on the surface of the tubes following the
April test. The photograph shows three of the five uncooled tubes as well as two of the seven air-
cooled finned tubes. The leading- and trailing-edge deposits are readily visible, with bare metal
surfaces visible on the back half of the uncooled tubes. The pieces of tube deposit missing from
the photograph of the air-cooled tubes fell off as the tube bank was removed from the duct.
Because two different fuels were fired during this test, a discussion of deposit strength, weight,
and deposition rate is not warranted.
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Exhibit 2.2-26
Photograph of Ash Deposits on the CAH Tubes Following the April Test

Firing Eastern Kentucky and Illinois No. 6 Bituminous Coal

Exhibits 2.2-27 through 2.2-29 summarize CAH tube bank surface and flue gas temperatures,
process air temperatures, and process air flow rate data for the May test. While natural gas was
fired and the tubes were clean, heat recovery from the CAH tube bank was roughly 40,000
Btu/hr (42,200 kJ/hr). The process air flow rate was 115 scfm (3.2 m3/min). The inlet process air
temperature was 1105°F (596°C), outlet process air was 1250°F (677°C), and flue gas was
1790°F (977°C) entering the CAH tube bank. Exhibit 2.2-30 presents heat recovery in the CAH
as a function of run time for the May test.
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Exhibit 2.2-27
CAH Tube Surface and Flue Gas Temperatures Versus Run Time for the

May Test, SFS-RH9-0499
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Exhibit 2.2-28
CAH Process Air Temperatures Versus Run Time for the May Test,

SFS-RH9-0499
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Exhibit 2.2-29
CAH Process Air, LRAH Process Air, Quench Gas, and Flue Gas Flow Rates

Versus Run Time for the May Test, SFS-RH9-0499

Exhibit 2.2-30
CAH Heat Recovery Versus Run Time for the May Test, SFS-RH9-0499
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When coal firing (Illinois No. 6) began, surface temperatures initially decreased at a rate of
nominally 8°F/hr (4°C/hr) over nearly 12 hours as ash deposits developed on the surface of the
tubes. After roughly 40 hours of coal firing, there was no further decrease in tube surface
temperature other than changes related to flue gas flow rates, flue gas temperatures, process air
flow rates, and process air temperatures. It must be noted that process air flow rates were also
decreasing (0.3 scfm/0.008 m3/min) over these time frames in an attempt to maintain a relatively
constant process air exit temperature. The minimum process air flow rate through the CAH tube
bank was 82 scfm (2.3 m3/min). As ash deposits developed on the tube surfaces, heat recovery
from the CAH tube bank decreased from roughly 40,000 Btu/hr (42,200 kJ/hr) to 16,000 Btu/hr
(16,880 kJ/hr). These data are consistent with results observed during previous tests with the
Illinois No. 6 coal.

EERC personnel did not clean the CAH tube bank during the May test in order to facilitate
the development of ash deposits for characterization. However, because of funding limitations, a
determination concerning the characterization of these samples is pending. CAH tube bank
plugging was not a problem. No deposits were observed bridging the flue gas paths between the
tubes. The deposits that formed were limited to the leading and trailing edges of the tubes.
However, these deposits did bridge the area between the tubes in the direction of the flue gas
flow.

Exhibit 2.2-31 presents a photograph of ash deposits on the surface of the tubes following the
May test. The photograph shows three of the five uncooled tubes as well as two of the seven air-
cooled finned tubes. The leading- and trailing-edge deposits are readily visible, with bare metal
surfaces visible on the back half of the uncooled tubes in the first row. The pieces of tube deposit
missing from the photograph of the air-cooled tubes fell off as the tube bank was removed from
the duct.
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Exhibit 2.2-31
Photograph of Ash Deposits on the CAH Tubes Following the May Test

Firing Illinois No. 6 Bituminous Coal

Deposit strength is a function of ash chemistry, particle size, and temperature history. The
deposits generally remained intact when the CAH tube bank was removed from the duct,
indicating moderate deposit strength. Even the portion of the deposits missing from the
photograph remained intact in the duct after falling off of the tubes.

The total weight of the deposits collected from the CAH tubes and duct was 55 lb (25 kg).
The total weight of the deposits collected from the CAH tubes was 12 lb (5.4 kg). On a mass per
unit time basis, the ash deposition rate for this Illinois No. 6 coal-fired test would be 0.11 lb/hr
(49.9 g/hr) of coal firing. Incorporating the surface area of the tube bank (6.28 ft2 or 0.58 m2)
results in a value of 0.018 lb/hr-ft2 (86.0 g/hr-m2). On a coal-firing-rate basis, the CAH ash
deposition rate would be 0.05 lb/MMBtu (21 g/106 kJ). These calculated values are about 25%
higher than values previously reported for Illinois No. 6 coal-fired tests. However, the higher
mass deposition rate is believed to be the result of limestone injection with the fuel in an attempt
to mitigate plugging problems in the slag tap.

Testing of the LRAH Panel

Initial shakedown and testing of the LRAH panel took place in December 1997. Testing of
the LRAH panel continued this past quarter following its reassembly in January 1999.
Reassembly of the LRAH panel was necessary because of ceramic tile failures in August 1998.
The primary purpose of the April and May tests was to evaluate the LRAH panel performance
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relative to heat transfer, tile and tube temperatures, and process air temperatures and flow rates.
In addition, a critical aspect of LRAH panel performance is the ability of the ceramic tiles to
withstand the slag attack and thermal cycling conditions in the slagging furnace. Therefore,
further exposure of the ceramic tiles to slagging furnace conditions was also important.
Generally, the performance of the LRAH panel this past quarter was as anticipated, with no
significant process or material problems observed.

The LRAH panel ceramic tiles were thoroughly inspected upon initial installation and
following each week of operation. The initial inspection revealed the presence of minor cracks in
two of the five ceramic tiles. Cracks were not visible in either of the top or bottom support
blocks. Exhibit 2.2-32 is a photograph of the new ceramic tiles installed on the LRAH panel
inside the slagging furnace prior to the January 1999 test. The cracks visible at the time were
hairline cracks in the large upper and lower tiles. The large upper tile had five visible cracks
originating from the left edge and one crack originating from the top edge. Cracks originating
from the left edge were about 0.75 in. (1.9 cm) in length and are not visible in the photograph.
The vertical crack is visible in the photograph as a result of the application of a blue dye. In
addition, rough surface pitting of the tile is evident at the end of the vertical crack in the upper
center of the tile. The large lower tile had one crack originating on the left edge and a few rough
surface pits along the right edge near the middle of the tile. Neither the crack nor the surface pits
in the large lower tile are visible in the photograph.

Exhibit 2.2-32
Photograph of New Ceramic Tiles Installed on the LRAH Panel Inside

of the Slagging Furnace in January 1999
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Exhibit 2.2-33 presents photographs of the furnace interior after the April (top) and May
(bottom) tests. Both photographs illustrate the good condition of the high-density furnace
refractory as well as the darkening of the refractory with exposure to slag. With each week of
coal firing, the high-density furnace refractory gets darker. The high-density refractory
immediately below the LRAH panel is showing signs of deterioration as a result of slag dripping
off the bottom LRAH support brick onto the refractory. Replacement of the high-density
refractory in this area will be considered in conjunction with the replacement of high-density
refractory in the bottom section of the slagging furnace.
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Exhibit 2.2-33
Photographs of the LRAH Panel Inside of the Slagging Furnace Following

the April (top) and May (bottom) Tests
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A residual slag layer on the surface of the LRAH ceramic tiles following coal firing in
January caused the tiles surface to darken. No additional tile color change is evident following
the April or May test. Although not obvious in the photos, the slag layer on the tiles is thin and
appears to be uniform with no evidence of any extensive slag buildup. While there is slag present
in the seams between the tiles, there is no evidence of any fusion between adjacent tiles.
Therefore, the 4-hour period of natural gas firing prior to SFS cooldown appears to be adequate
to prevent buildup of excess slag on the surface of the tiles or in the seams between tiles for the
Illinois No. 6 and Kentucky bituminous coals. Also, any quantity of slag present in the seams
between tiles appears to crack as a result of cooldown and tile movement.

Exhibit 2.2-34 illustrates the visible cracks found in the LRAH tiles following the April (left)
and May (right) tests. Overall, the condition of the tiles is deteriorating with each test. Following
the completion of the May test, only the upper and lower support bricks and the lower small tile
were observed to be free of cracks. However, the small lower tile is showing the greatest degree
of erosion/corrosion. This is believed to result from the combination of its higher surface
temperature and the greater quantity of slag flowing over its surface relative to the other tiles.
The surface temperature of the small lower tile, although not measured, is believed to be higher
than the three larger tiles because the backside of this tile is insulated within the radiation cavity
and is not directly cooled by the heat-transfer surfaces. The greatest quantity of slag also flows
over this tile because of its location below the other tiles.

Exhibit 2.2-34
Illustrations of Cracks Found in the Ceramic Tiles/Bricks of the LRAH

Panel after Testing in April (left) and May (right) 1999
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The cracks in the large lower and middle tiles are hairline cracks posing no concern at this
time. The large upper tile has the most extensive cracking and, therefore, poses a concern with
respect to potential failure. The five cracks originating from the left edge were visible prior to
exposure of the tile to furnace conditions, although one of the cracks has grown in length and
intersects the vertical crack originating from the top edge. The vertical crack in the large upper
tile does not appear to have changed as a result of the April and May tests. However, the
combination of the vertical crack, the crack extending from the left edge, and the new crack
extending towards the right edge could be problematic with further heating and cooling cycles.

Damage to the small upper tile appears to make it the most likely candidate for failure. The
lower right corner of the tile is broken and fused to the upper right corner of the large upper tile.
In a cold condition, this opens up a direct gas path from the furnace into the radiation cavity.
Upon heating, it is possible the opening will close. It is also possible that upon heating, this piece
of tile will fall out and either become stuck to the surface of a lower tile or fall into the bottom of
the furnace, leaving a direct gas path from the furnace into the radiation cavity. In addition, the
small upper tile has a crack that originates at the lower left edge, extends horizontally across the
face of the tile, and terminates at the lower edge. The damage to this tile is evident in the Exhibit
2.2-35 photograph.

Exhibit 2.2-35
Photograph of the LRAH Upper Support Brick and Small Upper Tile

Following the May Test
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Based on discussions held in May, EERC and UTRC personnel have decided to remove the
piece of broken tile fused to the large upper tile and attempt to reattach it to the small upper tile
using a ceramic cement. The objective is to determine if ceramic cement can be used
successfully for these types of repairs. If the ceramic cement is not effective at ambient
conditions, the small upper tile will be replaced prior to the next SFS test. If the ceramic cement
is effective at ambient conditions, it is most likely to fail upon cooldown at the conclusion of the
SFS test at which time its failure would not result in any potential damage to the LRAH panel.

Heatup/cooldown cycles are believed to be the primary cause of LRAH panel ceramic
tile/brick cracking, with slag contributing to erosion/corrosion of surfaces and imparting stresses
on the ceramic tile as it finds its way into seams between tiles. Exhibit 2.2-36 presents
photographs of the LRAH panel from inside of the furnace following the April (left) and May
(right) tests. The photographs show where the flow of slag has caused erosion/corrosion of the
tile surfaces. This observation is consistent with those made concerning the original LRAH tiles
installed in December 1997 and removed subsequent to failure in August 1998. In addition, the
photograph illustrates the small quantity of slag found in the seams between the tiles.

    

Exhibit 2.2-36
Photographs of the LRAH Panel from Inside of the Furnace Following

the April (left) and May (right) Tests
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Exhibits 2.2-37 through 2.2-39 summarize the LRAH ceramic tile temperatures, tube surface
temperatures, and process air temperatures for the April test. The process air flow rate data for
the LRAH panel were summarized in Exhibit 2.2-22. Exhibit 2.2-40 illustrates the location of
thermocouples in the LRAH panel, and Exhibit 2.2-41 describes the LRAH thermocouples. The
indicated ceramic tile surface temperatures (cavity-side) ranged from nominally 2000° to 2140°F
(1094° to 1171°C), based on measurements made at the center of each of the three large tiles
once the SFS had stabilized thermally (Run Hours 50 through 248). Higher tile surface
temperatures (furnace-side), 2400° to 2630°F (1316° to 1444°C), were measured near the center
of the large middle tile. Tile surface temperatures during the April test were somewhat lower
than the temperatures observed during the LRAH coal-fired tests in January and February. Also,
there is no obvious explanation for the drop in the furnace-side tile surface temperature that
occurred just prior to Run Hour 100. One possibility is the degradation of the thermocouple
junction as a result of slag erosion/corrosion of the tile surface. The thermocouple must be
effectively attached and measuring a furnace-side temperature or the reading would have
decreased to a value at or below the values indicated by TC19, TC22, and TC25 (cold/cavity-
side tile surface temperatures).

Exhibit 2.2-37
LRAH Ceramic Tile Temperatures Versus Run Time for the April Test,

SFS-RH8-0399
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Exhibit 2.2-38
LRAH Tube Surface Temperatures Versus Run Time for the April Test,

SFS-RH8-0399
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Exhibit 2.2-39
LRAH Tube Process Air Temperatures Versus Run Time for the April Test,

SFS-RH8-0399
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Exhibit 2.2-40
Thermocouple Locations in the LRAH Panel

LRAH process air flow rates during the April test were controlled at 180, 190, and
200 scfm (5.1, 5.4, and 5.7 m3/min), with most of the operational time making use of 200 scfm
(5.7 m3/min). Changes in process air flow rates had a definite effect on indicated tile surface
temperatures. As process air flow rates were reduced, tile surface temperature increased.
Subsequently, when process air flow rates were increased, tile surface temperatures decreased.
This effect is most evident for process air flow rate changes at Run Hours 80, 95, 109, and 200.

LRAH tube surface temperatures ranged from nominally 1390° to 1900°F (755° to
1038°C). The low end of the temperature range represents the back side of the tube surfaces near
the process air inlet, with the high end of the temperature range representing the front side of the
tube surfaces near the process air outlet. Changes in process air flow rates had noticeable effects
on all tube surface temperatures. Tube surface temperature step changes were most noticeable for
surface temperature measurements near the process air exit and on the front side of the tubes.
Tube surface temperatures in April were comparable to all previous bituminous coal-fired tests.
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Exhibit 2.2-41
Description of LRAH Panel Thermocouple Locations1

Category No. Label Description
Air Inlet 1 HP Air

In
Provided by the EERC, in pipe before inlet header

2 RAHT11 Air entering RAH through center tube
Air Outlet 3 RAHT18 Air leaving left (south) tube

4 RAHT9 Air leaving middle tube
5 RAHT12 Air leaving right (north) tube

MA Tube
Surface

6 RAHT1 Top of middle tube facing cold side

7 RAHT2 Middle of middle tube facing other tube
8 RAHT3 Top of middle tube facing toward furnace
9 RAHT4 Middle of middle tube facing cold side
10 RAHT5 Middle of middle tube facing toward furnace
11 RAHT6 Bottom of middle tube facing cold side
12 RAHT7 Removed
13 RAHT8 Removed
14 RAHT10 Bottom of the middle tube facing toward furnace
15 RAHT13 Removed
16 RAHT14 Top of north tube facing toward furnace
17 RAHT15 Bottom of north tube facing toward furnace
18 RAHT16 Removed
19 RAHT17 Bottom of north tube facing toward side wall
20 RAHT28 Top of south tube facing toward furnace
21 RAHT29 Bottom of south tube facing toward furnace

Inner Surface of
Monofrax bricks

22 RAHT19 Top tile, center

23 RAHT20 Removed
24 RAHT21 Removed
25 RAHT22 Middle tile, center
26 RAHT23 Middle tile, right center hot-side surface
27 RAHT24 Middle tile, left side rail
28 RAHT27 Removed
29 RAHT25 Lower tile, center
30 RAHT26 Removed

1 Thermocouple locations are illustrated in Exhibit 2.2-40.

Process air inlet temperatures ranged from 1145° to 1195°F (619° to 646°C) but was
nominally 1160° to 1190°F (644° to 666°C) for most of the coal-fired operational period. Outlet
process air temperatures ranged from nominally 1610° to 1710°F (877° to 932°C). The effect of
process air flow rate can be seen in the process air outlet temperature data. As process air flow
rate decreases, process air exit temperature increases, as expected. These process air flow rate
changes are noted at Run Hours 80, 95, 109, and 200.
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Heat recovery data from the LRAH panel are presented in Exhibit 2.2-42 for the April test.
At process air flow rates of 180, 190, and 200 scfm (5.1, 5.4, and 5.7 m3/min), the heat recovered
from the LRAH panel during Kentucky coal firing was 115,385 to 118,750 Btu/hr (121,731 to
125,281 kJ/hr), 115,385 to 119,710 Btu/hr (121,731 to 126,294 kJ/hr), and 120,670 to
125,000 Btu/hr (127,307 to 131,875 kJ/hr), respectively. The heat recovery ranges are a function
of minor adjustments to the coal feed rate and combustion air flow rates. The main burner firing
rate was nominally 2.1 to 2.3 MMBtu/hr (2.2 to 2.4 × 106 kJ/hr).

Exhibit 2.2-42
LRAH Heat Recovery Versus Run Time for the April Test, SFS-RH8-0399

A comparison of the LRAH panel data for the April eastern Kentucky bituminous coal-fired
test and the February test firing the same fuel indicates that there has been a significant decrease
in the heat recovery rate. The decrease appears to be 10% to 15%. During the February test, the
heat recovery rate in the LRAH panel was 131,730 to 140,385 Btu/hr (138,975 to 148,106 kJ/hr).
However, the heat recovery rate observed in April was somewhat higher than the heat recovery
rate observed during slagging furnace test periods in 1997 and 1998. EERC personnel believe
that the lower heat recovery rate observed in April when compared to February may be the result
of the aging of the high-density refractory in the furnace, specifically related to the darkening of
the refractory and a potential reduction in its reflectivity. Observed changes in the heat recovery
rate of the LRAH panel are discussed later in this report.

Exhibits 2.2-43 through 2.2-45 summarize the LRAH ceramic tile temperatures, tube surface
temperatures, and process air temperatures for the May test. The process air flow rate data for the
LRAH panel were summarized in Exhibit 2.2-29. Once the SFS had stabilized thermally (Run
Hours 50 through 150), the indicated ceramic tile surface temperatures (cavity side) ranged from
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nominally 2050° to 2265°F (1121° to 1241°C), on the basis of measurements made at the center
of each of the three large tiles. Higher tile surface temperatures (furnace-side), 2565° to 2645°F
(1408° to 1452°C), were measured near the center of the large middle tile. Tile surface
temperatures during the May test (Illinois No. 6 coal) were higher than those observed in April
(Kentucky coal) but somewhat lower when compared to those observed in January (Illinois No. 6
coal). The higher temperatures observed relative to the April test are the result of test periods
using lower process air flow rates in May, as low as 100 scfm (2.8 m3/min). However, if process
air flow rate were the only factor, tile surface temperatures in May should have also been higher
than those observed in January.

Exhibit 2.2-43
LRAH Ceramic Tile Temperatures Versus Run Time for the May Test,

SFS-RH9-0499
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Exhibit 2.2-44
LRAH Tube Surface Temperatures Versus Run Time for the May Test,

SFS-RH9-0499
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Exhibit 2.2-45
LRAH Process Air Temperatures Versus Run Time for the May Test,

SFS-RH9-0499

LRAH process air flow rates during the May test were controlled at various levels ranging
from 100 and 200 scfm (2.8 and 5.7 m3/min), with most of the operational time making use of a
process air flow rate of <150 scfm (4.2 m3/min). The objective of operating at low process air
flow rates was to increase the process air exit temperature from the LRAH panel without
exceeding temperature limits for the ceramic tiles or the tube surfaces. Changes in process air
flow rates had the anticipated effect on indicated tile surface temperatures. As process air flow
rates were reduced, tile surface temperature increased. Subsequently, when process air flow rates
were increased, tile surface temperatures decreased. This effect is evident for process air flow
rate changes at Run Hours 35, 45, 48, 52, 84, 86, 96, 97, 106, 109, 114, 116, 129, 132, 135, and
150.

LRAH tube surface temperatures ranged from 1405° to 2120°F (763° to 1160°C). The low
end of the temperature range represents the back side of the tube surfaces near the cooling air
inlet at a process air flow rate of 180 scfm (5.1 m3/min). The high end of the temperature range
represents the front side of the tube surfaces near the process air outlet at a process air flow rate
of 100 scfm (2.8 m3/min). Changes in process air flow rates had noticeable effects on all tube
surface temperatures. Tube surface temperature step changes were most noticeable for surface
temperature measurements near the process air exit and on the front side of the tubes. Tube
surface temperatures in May were generally higher when compared to previous bituminous coal-
fired tests because of the lower process air flow rates employed. Higher tube surface
temperatures (2210°F/1210°C) were measured in August 1998, when process air flow rates were
dropped to 100 scfm (2.8 m3/min) and the slagging furnace firing rate was increased to achieve a
process air outlet temperature of 2000°F (1094°C).
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Process air inlet temperature ranged from 1130° to 1190°F (610° to 644°C) but was
nominally 1130° to 1170°F (610° to 632°C) for most of the coal-fired operational period. Outlet
process air temperatures ranged from 1615° to 1900°F (880° to 1038°C). The effect of process
air flow rate can be seen in the process air outlet temperature data. As process air flow rate
decreases, process air exit temperature increases, as expected. These process air flow rate
changes are noted at Run Hours 35, 45, 48, 52, 84, 86, 96, 97, 106, 109, 114, 116, 129, 132, 135,
and 150.

Heat recovery data from the LRAH panel are presented in Exhibit 2.2-46 for the May test. At
process air flow rates of 100, 130, and 180 scfm (2.8, 3.7 and 5.1 m3/min), the heat recovered
from the LRAH panel during coal firing was 90,380 to 91,350 Btu/hr (95,351 to 96,374 kJ/hr),
97,115 to 103,365 Btu/hr (102,465 to 109,050 kJ/hr), and 111,530 to 112,980 Btu/hr (117,664 to
119,194 kJ/hr), respectively. For these process air flow rates, the heat recovery ranges are a
function of minor adjustments to the coal feed rate and combustion air flow rates. The main
burner firing rate was nominally 2.25 to 2.3 MMBtu/hr (2.37 to 2.43 × 106 kJ/hr).

Exhibit 2.2-46
LRAH Heat Recovery Versus Run Time for the May Test, SFS-RH9-0499

A comparison of the LRAH panel data for the May and January tests firing Illinois No. 6
bituminous coal shows that the heat recovery rate in May was lower by 13% to 20%. However,
the May heat recovery rates are comparable to the Illinois No. 6 bituminous coal-fired test in
August 1998 where heat recovery rates in the LRAH panel were <120,000 Btu/hr
(<126,600 kJ/hr) for a process air flow rate of 180 scfm (5.1 m3/min). A similar comparison to
data generated in February 1998 shows that the LRAH heat recovery rate in May was 25%
higher at comparable SFS operating conditions.
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Exhibit 2.2-47 presents heat recovery data for the LRAH panel resulting from bituminous
coal-fired tests and process air flow rates of 180 and 200 scfm (5.1 and 5.7 m3/min). The data in
the exhibit show that the lowest heat recovery rate was observed in February 1998, with the
highest heat recovery rate observed in February 1999. Because of slight differences in slagging
furnace configuration (the presence or absence of the SRAH panel and water-cooled blank door),
direct comparisons of LRAH heat recovery are only valid for tests completed in the past
6 months (RH6, RH7, RH8, and RH9). Specifically, a comparison of RH6 and RH9 (firing
Illinois No. 6 coal) shows a decrease in the LRAH panel heat recovery rate. A similar reduction
is observed when comparing results from RH7 and RH8 (firing eastern Kentucky coal). These
data indicate that the heat recovery rate for the LRAH panel is decreasing with each week of
operation since the slagging furnace high-density refractory was replaced in late 1998 and the
LRAH panel was reassembled in January 1999.

Exhibit 2.2-47
LRAH Heat Recovery for Bituminous Coal-Fired Tests Completed

in 1998 and 1999

EERC personnel believe that one or two possible factors are causing this change in LRAH
panel performance relative to heat transfer from the furnace to the radiation cavity. One
possibility is a potential change to the LRAH ceramic tiles resulting in a decrease in the heat
transfer to the radiation cavity. The flame-side surface of the LRAH ceramic tiles did darken as a
result of slag coating and absorption during the January 1999 test. However, it is not clear what
the effect would be on radiant heat absorption or emission, or thermal conductivity. Also, no
additional color changes were noted following subsequent test periods. In addition, the changing
heat flow may be related to the deterioration with each week of coal-fired furnace operation as a
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result of slag erosion/corrosion. Erosion/corrosion of the ceramic tiles may be affecting their
heat-transfer properties.

Another potential contributing factor to the decreasing heat flow may be the high-density
furnace refractory color change observed with each week of operation. As the high-density
refractory has darkened with each week of operation, it is possible that the reflectivity or
emissivity characteristics of the furnace liner have changed resulting in a decrease in radiation to
the LRAH panel. Further testing and data review will be necessary to determine if the observed
decrease in LRAH panel heat recovery rate continues with each week of testing or if an alternate
explanation can be identified.

To date, the LRAH panel has been exposed to a range of furnace-firing conditions for a total
of 1673 hours. Natural gas firing represents 880 hours, and coal/lignite firing represents 793
hours. In addition, the LRAH panel has been exposed to eleven heating and cooling cycles. The
LRAH ceramic tiles that were installed in January 1999 have been exposed to four heating and
cooling cycles and 668 hours of slagging furnace operation: 260 hours of natural gas firing
(including heatup and cooldown) and 408 hours of coal firing. The longest continuous coal-fired
period was 184 hours, completed in April 1999. The next SFS operating period is tentatively
scheduled for August to cure new furnace refractory. A 200-hour coal-fired test is tentatively
scheduled for September.
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HITAF Air Heater Materials

Refractory Materials for the Radiant Air Heater

One of the Monofrax M radiant air heater tiles exhibited local corrosion and erosion during
1000 hours of furnace exposure.  This was not observed generally in the other radiation panel
tiles.  The eroded regions in this tile (bottom crosspiece) were examined in detail and are
reported herein.  Unlike the other tiles, the flowing slag partially dissolved the alumina grains
and caused a wash out of the grains, which accelerated the erosion.  It is likely that higher local
temperatures caused this accelerated erosion, since the tile was backed up with insulation.

A new, slag-resistant alumina composition is being considered as a candidate tile material.
This material exhibits a superior resistance to the corrosive attack by the coal slags, as shown by
the results of the UNDEERC dynamic slag tests.  The material is described briefly in this report.

Evaluation of Refractory Tiles From the RAH Furnace

Sample Location and History.

Refractory tiles were removed from the LRAH and SRAH after various run times in the
UNDEERC slagging furnace.  The location of the samples is shown in Exhibit 2.2-48.  The
results and the reporting on the examination of each of the samples are summarized in
Exhibit 2.2-49.  During this reporting period, the remaining sample (sample 9A) was examined
and analyzed.  This sample was the bottom LRAH crosspiece (Exhibit 2.2-50) and had
undergone 1006 hours of furnace time (385 hours of coal firing and 620 hours of gas firing).
Unlike the upper tiles shown in Exhibit 2.2-50, this sample had undergone localized
corrosion/erosion in the form of deep grooves or channels.  This may have been due to higher
temperatures (since it was backed by insulation) and/or due to changing slag compositions during
the flow over the upper refractory tiles.

Characterization of Sample 9A

A cross-section of this sample is shown in Exhibit 2.2-51.  The irregular surface over the
slag-penetrated (dark) region can be seen.  This is in contrast to the other Monofrax M tiles
where the surface was much smoother, and where there was little or no removal of material from
the surface layer of the refractory.  It should be noted, however, that the Monofrax M was
selected primarily because of its high thermal conductivity and availability, even though its
resistance to attack by coal slag would be marginal.  Other slag-resistant candidate refractory
materials are being considered.
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Exhibit 2.2-48
Location of samples taken from refractory tiles

after up to 1006 hours of furnace runs

Exhibit 2.2-49
Sample Description and Test Plan*

Sample RAH Location
(Fig. 2)

Material
(Monofrax)

Flex. Test Metallography Electron
Probe

Report Source

1A S CR L √ √ --- 4Q98 UTRC

1B S CR L --- IP --- --- MI

2 S CL M √ √ √ 1Q99 UTRC

1 /  2 S CR/CL L,M --- √ --- 4Q98 UTRC

3C S E1 M √ √ √ 3+4Q98 UTRC

X L A1 M --- IP --- --- MI

Y L A1 M --- √ √ 2Q98 UTRC

5 L B M --- IP --- --- MI

6 L B M √ √ √ 1Q99 UTRC

9 L A2 M --- IP --- --- MI

9A L A2 M --- √ --- 2Q99 UTRC

*  √ = completed;  S = small;  L = large;  IP = in progress;  MI = Monofrax, Inc.
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sample 5
sample 6

sample 9A sample 9

TOP

Exhibit 2.2-50
Slag covered tiles removed from the LRAH after 7 furnace runs
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Exhibit 2.2-51
Sample 9A showing corroded/eroded region of Monofrax M tile (LRAH)
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The combined corrosion and erosion behavior in one of the channels can be seen more clearly in
Exhibit 2.2-52.  It is obvious that the slag dissolved the matrix around the alumina grains, and
that the grains were being washed out into the flowing slag.  In the inset photo of Exhibit 2.2-52,
some of the remaining surface grains of alumina (white), surrounded by a gray and slag-
penetrated matrix, can be seen protruding into the channel.

 (A) (B)

Exhibit 2.2-52
Cross-section of sample 9A showing channel resulting from high

corrosion/erosion from fluid slags

 (C)
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Several areas, approximately 1mm x 1mm, are shown in Exhibit 2.2-53.  These areas were
scanned by the electron microprobe in order to examine the compositional changes that occurred
during the time that the refractory tile was exposed to the flowing slag.  The tile had been
discolored by the slag constituents up to a depth of approximately 8mm from the surface.  The
remaining unpenetrated region was the white color of the original material.

dark

white

8 
m

m

A1

A2

A3

A4

B1B1

C1

C2
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C4

C5

C6

C7

C8

C9

C10

C11

Exhibit 2.2-53
Location of areas examined by electron microprobe

Areas B1, A2, C1, and C10 are discussed in this report (sample 9A)
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Exhibit 2.2-54 shows electron probe element maps of area B1, which is located at the upper
left side of the channel.  A matrix (blue region) that consists largely of slag constituents,
including silicon, calcium, iron, sodium and dissolved alumina, surrounds the alumina grains
(light green).  The iron map shows that there is a high concentration of iron-rich particles
decorating the boundaries of the alumina grains.  It is also notable that iron also diffused into the
alumina grains.  The silicon, calcium and sodium remained primarily in the matrix.  The sodium
in the original βAl2O3 grains was no longer present, and the grains were converted to αAl2O3.

Thus the original mix of α and β gains had been changed to α grains.  This would tend to make
the altered Monofrax M material more sensitive to crack-propagation.

Exhibit 2.2-55 shows electron probe element maps of area A2, which is a region that includes
the surface of an eroded channel wall.  The elemental maps are very similar to those in Exhibit
2.2-54, except that some of the protruding alumina grains had not yet been washed out into the
flowing slag.  The area in Exhibit 2.2-55 is a reverse image of those shown in Exhibits 2.2-52
and 2.2-53.

The elemental maps of the region at the base of the eroded channel (area C1) are shown in
Exhibit 2.2-56.  Here, the packing of alumina grains is much denser than in the previous exhibits,
and is more like the original Monofrax material (see Exhibit 2.2-57).  The slag elements have
penetrated into the voids, which are highlighted by the aluminum (blue areas) and silicon maps.
The blue color indicates a lower concentration of alumina than in the light yellow areas.  The slag
in this area has not had time to dissolve the alumina grains.  The elemental maps of Monofrax M
in a region that is remote from the slag (area C10) are shown in Exhibit 2.2-57.  In this region,
the aluminum maps of original αAl2O3 and βAl2O3 grains can be seen.  The silicon and calcium
maps, which surround the alumina grains, are from the original residual glassy layer that formed
in the fusion casting process and are not from the slag.  The sodium map coincides with the
aluminum map of the βAl2O3 grains (which contain Na2O).

In summary, an examination and analysis of the various samples of Monofrax M tiles, which
were taken from various locations in the radiant air heaters, showed that furnace exposure times
up to 1000 hours to the various coal and lignite slags, did not cause significant erosion or
deterioration of the Monofrax M material.  The main effect was a discoloration of the tile due to
the penetration of the slag elements (Fe, Ca, Na, K, Al) into the open connecting voids up to
depths of 6-8 mm.  In addition, the original tile dimensions (thickness) did not change with
furnace time, except at the lower crosspiece, where local corrosion and erosion (channeling)
occurred.  In this case there was considerable local dissolution around the alumina grains and
grain washout due to the flowing slag.  It may be that the local temperatures were greater in this
tile, since it was backed up with insulation.  However, for the long-term furnace applications,
more slag- resistant refractory compositions are being investigated.
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B.S.E. SiliconAluminum

Iron SodiumCalcium

Exhibit 2.2-54
Element maps of sample 9A, area B1 (Monofrax M)

B.S.E. SiliconAluminum

Iron SodiumCalcium

Exhibit 2.2-55
Element maps of sample 9A, area A2 (Monofrax M)
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B.S.E. SiliconAluminum

Iron SodiumCalcium

Exhibit 2.2-56
Element maps of sample 9A, area C1 (Monofrax M)

B.S.E. SiliconAluminum

Iron SodiumCalcium

Exhibit 2.2-57
Element maps of sample 9A, area C10 (Monofrax M)
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New Slag-Resistant Material

Kyocera Industrial Ceramics has developed a new refractory composition based on a fine-
grained alumina with 15% chromia.  Its composition was designed to be resistant to coal slag
corrosion.  This material can be cold pressed and machined in the green state to a near net shape
prior to final densification by a high temperature sintering process.  Some machining would be
required to meet the final net-shape tile dimensions (approximately 19" x 18" x 1-2" taper [483
mm x 457 mm x 25-51 mm taper]), but the machining costs should be reduced significantly by
this process.

Samples of this material were machined into 4" x 4" x 9" [102 mm x 102 mm x 229 mm]
slag test specimens, shown in Exhibit 2.2-58, for testing in the dynamic slag application furnace
at UNDEERC.  The tests were performed and the results are presented elsewhere in this Report
in the next section.

Exhibit 2.2-58
Photos of 15Cr2O3 •Al 2O3 refractory slag test specimen.

Exhibit 2.2-59 shows the back-scattered electron (BSE) image and the element maps of a
polished surface of this material.  The element maps show that the material consists primarily of
the oxides of aluminum and chromium (oxygen map not shown).  A few silica and magnesia
particles are also present.  Exhibit 2.2-60 shows higher magnifications of the BSE images and the
spectra of the elements present (essentially Al and Cr, and some Si).
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B.S.E.                                       100x ChromiumAluminum

Magnesium IronSilicon

Exhibit 2.2-59
Electron microprobe element maps of fine grained 15Cr2O3 •Al 2O3 refractory
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B.S.E. 100x B.S.E. 400x

Exhibit 2.2-60
Electron microprobe spectra at two magnifications of fine grained 15Cr2O3 •Al 2O3 refractory



2.2-78

Laboratory- and Bench-Scale Activities

Dynamic Slag Corrosion Testing
In April, three modifications were made to the sample mold used to make the castable

refractory blocks used for testing in the bench-scale dynamic slag application furnace (DSAF).
The first two were done to reduce the amount of slag which adheres to the block and flows back
under the block and drips into the furnace rather than out the exit port. The area directly behind
the drip lip was deepened to reduce this effect. The second modification was to attach a piece of
nonwetting platinum foil to the base of the drip lip. The third modification was to deepen the slag
well at the top of the block to allow the slag to pool longer before flowing down the vertical
channel. This is especially important later in a test when the exit from the slag pool is corroded,
allowing the slag to flow out of the pool too rapidly.

In May, a block of the experimental Plicast 98 alumina castable was prepared and fired to
2958°F (1625°C). The slag pool and flow channel were then coated with a mixture of colloidal
alumina and silica, and submicron alumina powder in an effort to seal the continuous porosity
and reduce slag penetration. It was then evaluated for its corrosion resistance along with a
sintered high-alumina material containing 10%–12% chromia, supplied by Kyocera to UTRC, in
the DSAF. The test was performed at 2732°F (1500°C) using Illinois No. 6 slag from the
Baldwin Plant (the standard slag for these tests). The airflow rate into the furnace was also
reduced from 125 cm3/min per entry port to approximately 12.5 cm3/min to reduce the amount of
rebound and splash when the unmelted slag particles drop onto the top of the test block.

During the 103-hour test, slag dripped freely from both blocks and did not flow back along
the bottom of the blocks and into the furnace. Surface recession measurements were made on
each block after the test. Exhibit 2.2-61 is a plot comparing the recession rates with time for the
sintered chrome–alumina refractory and the alumina-based fusion-cast Monofrax L and M, which
were tested with Illinois No. 6 slag at 1500°C (2732°F). The plot shows the chrome-alumina
refractory had a much lower recession rate, but it should be noted that the slag feed rates were
different. It was determined after the test that the feed rate was approximately 41g/hour per entry
port, compared to approximately 51 g/hour per entry port when the Monofrax L and M were
tested with Illinois No. 6 slag.
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Exhibit 2.2-61
Graph of Recession with Time for the Sintered Chrome-Alumina

Refractory and the Alumina-Based Fusion-Cast Monofrax L and M,
Tested with Illinois No. 6 Slag at 1500ºC Using

Exhibit 2.2-62 is a photograph of the chrome-alumina block after 103 hours of slag feed. The
photograph shows that the surface of the block has very little corrosion and the discoloration
caused by slag penetration into the block, on either side of the vertical channel, is minimal. The
erosion of the chrome–alumina block was mainly concentrated at the center creating a v-shaped
channel instead of the usual broad u-shape observed in the Monofrax M block, as shown in
Exhibit 2.2-63.
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Exhibit 2.2-62
Photograph of the Chrome-Alumina Block from UTRC after 103 Hours

of Slag Feed at 1500ºC Using Illinois No. 6 Slag
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Exhibit 2.2-63
Photograph of the Monofrax after 100 hours of Slag at 1500ºC Using

Illinois No. 6 Slag
After 103 hours of slag feed, the chrome-containing block had an average measured recession

of 0.09 inches, which is a rate of 0.0009 inches/hour. This is a 70% reduction compared with
0.35 inches (0.003 inches/hour) for Monofrax M and a 91% reduction compared to the 0.73
inches (0.01 inch/hour) after 70 hours for Monofrax L. In addition, because of the difference in
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corrosion channel shapes, the relative volume loss by the chrome-alumina material was much
less than the ratios of recession depths would indicate. The much more narrow erosion channel
for the chrome-alumina bricks should also substantially reduce the formation of slag flow rivulets
that focus the slag corrosion of the Monofrax M panels in the SFS. The recession would most
likely have been slightly higher for the chrome–alumina refractory at a slag feed rate of 51
g/hour, but it is still apparent this refractory holds up very well in the presence of flowing slag.

Exhibit 2.2-64 is a photograph of the coated Plicast 98 material that was prefired to 1625°C
(2957°F) and tested at 1500°C (2732°F) for 103 hours using Illinois No. 6 slag. The corrosion is
much more visible and the discoloration caused by the slag penetration is much more extensive
than with the chrome-alumina block or the Monofrax materials. The average recession after 103
hours of slag feed for the coated Plicast 98 sample prefired to 1625°C (2957°F) and tested at
1500°C (2732°F) was 0.28 inches. This is compared to 0.62 inches after 54 hours of slag feed for
an uncoated Plicast 98 sample prefired and tested at 1500°C (2732°F), indicating that the coating
and higher prefiring temperature dropped the corrosion rate by 75%. However, as was mentioned
with the chrome-alumina block, the feed rate was approximately 10 g/hour less for this test. This
makes it unclear whether the coating and higher prefiring temperature are the only factors
responsible for the lower recession rate.
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Exhibit 2.2-64
Photograph of the Coated Pilcast 98 Material that was Prefired to

1625ºC and Tested at 1500ºC for 103 hours Using Illinois No. 6 Slag
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Exhibit 2.2-65 is a photograph of the uncoated block of Plicast 98, which was prefired and
tested at 1500°C (2732°F). When comparing Exhibit 2.2-64 to Exhibit 2.2-65, it is clear that the
corrosion/erosion effects are much greater for the uncoated lower-prefired-temperature block
shown in Exhibit 2.2-65. The vertical channel is much rougher and more eroded than the coated
block that was fired to the higher temperature. The amount of visible slag penetration is similar.
In the next quarter, tests will be performed at the 51-g/hour feed rate on uncoated blocks fired to
the higher temperature to separate the effects of the coating from the higher prefired temperature.
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Exhibit 2.2-65
Photograph of Uncoated Pilcast 98 Material that was Prefired and

Tested at 1500ºC for 54 hours Using Illinois No. 6 Slag
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To address environmental issues related to the disposal of chrome-containing refractories and
their spent slag, chemical analysis using TCLP (toxicity characteristic leaching procedure), EPA
Test Method 1311, has been completed on a sample of spent slag from the chrome-alumina
fusion cast material. The spent slag sample was collected after 9 hours of slag feed. The leachate
contained approximately 5 µg of chrome per liter. The measured value is three orders of
magnitude below the EPA disposal limit of 5 mg/L and one order of magnitude below the
drinking water limit of 50 µg/L.

Wavelength-dispersive x-ray fluorescence (WDXRF) analyses were done on two spent slag
samples for the chrome-alumina refractory and Plicast 98 materials to determine the amount of
chrome removed from the chrome-alumina refractory and to monitor the remaining oxide
concentrations. The spent slag samples were collected from the water quench vessel. The first
sample was taken after 9 hours of slag feed and the second was taken at the end of the test, after
103 hours of slag feed. Exhibit 2.2-66 summarizes the compositions for the slag (Illinois No. 6)
and the refractory reactant products as a function of slag flow time.

In general, the numbers stayed fairly constant for both refractory samples. Very little chrome
was removed from the chrome–alumina refractory. The greatest changes in oxide concentrations
were found in silica and alumina in the slag reactant product for the coated Plicast 98 sample.
The silica decreased from 53.8% to 50.6%, and the alumina increased from 19.0% to 21.5% after
103 hours of slag feed. These results are typical, as the recession was also higher for the Plicast
98 material (0.28 inches), than the chrome–alumina sample (0.09 inches). It was found in
previous tests using the Plicast materials, because of their higher porosity than the brick samples,
that the silica is lost through penetration into the refractory, and the alumina is removed from the
refractory material and dissolved into the slag.
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Exhibit 2.2-66
Illinois No. 6 Slag and Slag Reactant Product Compositions

as Determined by WDXRF

Oxides, wt%
Illinois

No. 6 Slag,
as received

9-hour
Slag Chrome–

Alumina

103-hour
Slag Chrome–

Alumina

9-hour
Slag

Coated
Plicast

103-
hour Slag
Coated

Plicast 98

SiO2

Al 2O3

Fe2O3

TiO2

P2O5

CaO
MgO

54.4
19.0
15.6
0.7
0.0
7.1
1.3

52.4
19.3
16.5
0.9
0.2
6.5
1.7

52.0
19.3
16.8
0.9
0.2
6.6
1.8

51.6
20.0
16.5
0.9
0.2
6.5
1.8

50.6
21.5
16.4
0.8
0.2
6.4
1.8

Na2O 0.0 0.6 0.6 0.6 0.6

K2O 1.8 1.8 1.8 1.9 1.8

SO3 0.0 0.0 0.0 0.0 0.0

Cr 0.0 0.06 0.07 0.02 0.02

Effect of Additives on Slag Viscosity

Proper slag flow and slag corrosion are major operational concerns for the HITAF. Since the
viscosity for the slag controls its flow characteristics as well as the rate of mass transport of
corrodents, it is important to delineate the factors affecting slag viscosity so that accurate
predictions of flow and corrosion in different regions of the HITAF can be made. The factors
affecting viscosity include slag composition, local atmosphere, and slag temperature. The
variable over which the operator has the most control is composition through coal selection or
the use of additives. By manipulating the composition of the slag, it may be possible to control
slag behavior in ways such as assuring slag flow through taps or reducing the corrosiveness of
the slag by reducing the rate of mass transport of corrodents to the refractory.

During this quarter, changes in viscosity-versus-temperature curves were determined for
the Rochelle subbituminous slag for which data have been previously reported and a slag formed
in the SFS while Coal Creek Station lignite was tested in April 1998. The tests were performed
under simulated coal combustion conditions as functions of additive composition. These
measurements were repeats of others reported in earlier quarterly technical progress reports to
show the effects of changes in test procedures on the measured data.

A test matrix was developed to plot the effect of the addition of alumina, calcia, and or silica
on the viscosity-versus-temperature curves for both slag sources. The test matrix included mix
proportions at 10% of each additive. This level of additive should have a minute economic
impact on the operation of a HITAF. A 10% addition on a slag basis is approximately one-fifth of
the relative addition on a coal basis as compared to the addition of limestone for capturing sulfur
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in a pressurized fluidized-bed combustor (PFBC). Also, the additives used in a HITAF melt into
the slag and are easily disposed of, even sold as a commercial product, as compared to the highly
leachable bed materials produced from a PFBC which are difficult to dispose.

The slags for the viscosity measurements were prepared by first grinding the slag to a -20-
mesh size. A total of 100 g of the powdered slag with the appropriate amount of the selected
additive oxide was placed in an attrition mill with about 200 mL of isopropanol. The slag slurry
was mixed and milled for 1 hour. The slurry was then vacuum-dried and placed in a drying oven
at 60°C (140°F) for about 24 hours. The slags were prepared by melting each ash or ash blend in
air in a platinum crucible and then quenching them on a brass plate at room temperature. The
slags were crushed, placed in a platinum/rhodium crucible, and reheated to 1500°C to start and
the viscosity measured as the temperature was dropped, holding at each temperature until the
viscosity stabilized.

Modifications to the viscosity testing procedure were incorporated to better ensure the testing
environment was closed to outside contaminants. First, platinum/rhodium crucibles were used
instead of alumina. It was determined that measurable amounts of aluminum were dissolving into
the slag, which consequently could affect the viscosity measurements. This was considered a
potential problem generally while testing slags from lignite and subbituminous coals. The
addition of 10% rhodium adds to the rigidity of the crucible. The viscometer furnace is a box-
type furnace with an alumina tube aligned from the top to the bottom of the furnace. The tube
exiting out the bottom of the furnace is sealed with a cap. This is designed to prevent outside
gases from entering, as well as minimizing the test gas mixture from seeping out of, the test
chamber environment. In addition, an electric steam generator is now being used to regulate the
moisture output into the test gas mixture.

Viscosities were measured with a Haake Viscometer® VT550 system, with a measuring head,
which is a rotating-bob viscometer. The bob is submerged into the slag until the slag just covers
its top, and then it is rotated at 45.3 rpm. Testing in a reducing environment requires the use of a
shaft and bob fabricated from a molybdenum alloy. The bob is 9 mm in diameter and 20 mm
long and has a 45 degree taper at each end. The torque applied to the viscometer is read and
converted to an electrical signal which is then sent to a computer with a data acquisition program
that determines the viscosity of the slag.

The viscosity of the slags was measured over the range of 45 to as high as 280 poise unless
crystallization was seen to occur along the walls of the alumina container, at which point the
measurement were terminated. In all cases, crystallization occurred before higher-viscosity
measurements were able to be taken. Viscosities over 1000 poise are certainly attainable with the
VT550 system. The viscometer was calibrated with National Bureau of Standards silicate glass
710a. The accuracy of the viscosity test is approximately 5%. The tests were run in an oxidizing
gas environment of 14% CO2, 4% O2, 1000 ppm SO2, a nitrogen balance, and 10% H2O.

Exhibit 2.2-67 shows the viscosity-versus-temperature curves for two repeat measurements of
the original Rochelle slag. The exhibit indicates that the temperature at which the slag has a
viscosity of 250 poise, or T250, is approximately 1200°C.  Although this measured temperature
can vary up or down by 30°C between tests (250 poise is a benchmark viscosity because at higher
viscosities the slag does not flow easily from a combustor). This variability degree of is often
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seen in more basic slags because, in some difficult-to-reproduce instances, they are prone to rapid
solidification.

Exhibit 2.2-67
Viscosity-Versus-Temperature-Curves for Two Repeat Measurements of the

Rochelle Slag
Exhibit 2.2-68 shows the viscosity-versus-temperature curves for the original Rochelle slag

and the three modified Rochelle slags. The curves indicate that the additions of 10% silica or
alumina to the slag have insignificant impacts on the T250, although the alumina addition may
increase the propensity for the slag to solidify suddenly upon cooling. The addition of calcia,
however, substantially reduces the T250 of the slag. This is in contrast to the data reported in the
January through March 1998 quarterly technical progress report, which showed that the addition
of calcia dropped the T250 of the slag only slightly, whereas the addition of alumina and silica
greatly increased the T250. The difference in behavior is most likely an indication of the effect of
the dissolution of a small amount of the alumina crucible into the slag in the earlier test, which
substantially increased the alumina content of the slag above that attributable to the additive.
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Exhibit 2.2-68
Viscosity-Versus-Temperature-Curves for the Modified Rochelle Slags

Exhibit 2.2-69 shows the viscosity-versus-temperature curves for the slag produced in the
SFS while firing the Coal Creek Station lignite in April of 1998. It indicates that the lignite slag
has a T250 approximately 150°C lower than that of the Rochelle slag. The addition of calcia to the
lignite slag appears to slightly reduce the T250 whereas the addition of alumina and silica appear
to slightly increase it, although the changes are on the order of the natural variability in the
measurement. As was also true for the addition of the alumina to the Rochelle slag, adding
alumina to the lignite slag increases its propensity to rapidly solidify near the T250.
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Exhibit 2.2-69
Viscosity-Versus-Temperature-Curves for the CCS Lignite Slag and

Modified Slags

Heated-Stage XRD Analysis of Slags

In order to develop a better model of the viscosity-versus-temperature behavior of coal slags,
it is necessary to understand the temperature-related crystallization behavior of the slags. To
determine the temperature-versus-crystallization behavior of coal slag, a heated-stage x-ray
diffraction system is being used. It employs a Philips X=Pert-MPD x-ray diffraction system
utilizing a PW3040 console. Attached is a removable Buhler HDK 1.4 high-temperature chamber
(heated stage). This system arrangement, called theta–theta, allows the sample to sit still in the
heated stage chamber while the x-ray source and detector rotate about an arc, allowing the
sample to be heated to the melting point. The high-temperature chamber consists of a cylindrical,
double-walled, water-cooled pot made of stainless steel. It is equipped with a beryllium
irradiation window and ports for a vacuum/pressure pump and inlet/outlet gases. The sample
rests in a depression of a metal strip composed of platinum–rhodium alloy, connected to a power
source and controlled by means of a thermocouple physically attached to the sample strip. A
computer and software ultimately control the entire diffraction system.

During testing, the sample was heated using a ramp rate of 90°F (50°C) per minute to testing
temperatures of 932°, 1832°, 2192°, 2282°, and 2372°F and then in increments of 45°F (25°C) to
2912°F (1600°C). Upon cooling, the testing temperatures were in increments of 45°F (25°C)
from 2912°F (1600°C) to 2102°F (1150°C), 2012°, 1922°, 1832°, 1472°, and 932°F. The system
was allowed to equilibrate for 1 minute before scanning. A synthetic combustion gas composed
of 14% CO2, 4% O2, 1000 ppm SO2, with the balance N2, was introduced into the chamber at a
rate of 2 scfh. Steam was also introduced as a mass fraction of 10% of the gas, or 0.2 scfh.
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For this quarter, three samples of slags collected from the SFS after the February test of the
eastern Kentucky coal were analyzed. X-ray diffraction scans were taken at each temperature
interval during heating and also during cooling. The scans were then qualitatively analyzed,
noting the presence and/or absence of phases as they related to temperature. During the next
quarter the viscosity-versus-temperature curves for one of the slags will be measured and
compared to the XRD data to determine the relative influence of the formation of crystals in the
melt to its viscosity.

Slag Tap Sample Results

Exhibits 2.2-70 and 2.2-71 show the changes in x-ray diffraction patterns for a sample of slag
collected from the slag tap while heating to the melting and cooling points, respectively. At room
temperature, the identified crystalline phases were mullite (Al6Si2O13), hercynite (FeAl2O4), and
hematite (Fe2O3). At 1832°F (1000°C), hercynite assimilated into the melt, and a transition phase
of plagioclase [(Ca, Na)(Al, Si)4O8] was detected, which was not detected above 2462°F
(1350°C). Hematite assimilated into the melt at 2642°F (1450°C). By 2822°F (1550°C), the
entire sample had melted. When cooling, mullite crystallization could not be detected until
2507°F (1375°C). Hematite crystallization was detected at 2012°F (1100°C), and by 1922°F
(1050°C), hercynite could also be detected. Plagioclase did not form during cooling.
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Exhibit 2.2-70
X-ray Diffractograms for the Eastern Kentucky Slag Tap Sample Measured

While Heating to the Melting Point
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Exhibit 2.2-71
X-ray Diffractograms for the Eastern Kentucky Slag Tap sample Measured

While Cooling from the Melting Point

Slag Screen Sample Results

Two samples were tested from the slag screen and yielded the same results, but which were
slightly different from the slag tap sample. At room temperature, the only detected crystalline
phases were mullite and hercynite. Hematite was detected at 1832°F (1000°C) and plagioclase at
2192°F (1200°C). By 2372°F (1300°C), hercynite, hematite, and plagioclase could not be
detected. At 2867°F (1575°C), the sample was completely melted. During cooling, mullite
crystallization could be detected at 2507°F (1375°C). At 2012°F (1100°C), hercynite was
detected, and by 932°F (500°C), hematite could also be detected but did not appear to be present
at room temperature. Again, plagioclase did not form during cooling.



2.4-1

Task 2.4 Duct Heater and Gas Turbine Integration

Duct Heater Test Facility Preparation

During this reporting period, design, layout, and construction of the high pressure combustion
facility to be installed in the UTRC JBTS has continued. The combustor design that has been
built is shown in Exhibits 2.4-1 and –2 below.  This combustor is designed for operation at 600
psia with a discharge temperature of 2550° F (1673K) with an inlet temperature of 1700° F
(1200K).  The combustor has four rectangular quartz windows located at the discharge plane of
the mixer, followed by four round quartz windows for a second viewing plane downstream of the
injector.  Each of these quartz windows can be replaced with a steel insert into which a traversing
thermocouple or gas sampling probe can be inserted.  A series of five gas sample and
thermocouple rakes are located at the exit of the combustor, prior to the converging section, to
obtain an exit species and temperature profile.  The combustor is lined with a high temperature
alloy, backed by a ceramic insulation, so that carbon steel was used in its construction.

The electric resistance air heater from Phoenix Solutions was repaired, tested at low power at
Phoenix Solutions, and returned to UTRC.  The carefully crated and marked heater was inspected
for any transport damage; none was found.  The unit has been placed in storage at UTRC until
needed for installation.  All costs for repair of the heater have been borne by Phoenix Solutions
and UTRC.

In analyzing the structure of the heater and developing procedures for its installation and
checkout, it was discovered that the existing Cell 4 crane did not have sufficient lifting height for
the heater final assembly.  A new auxiliary boom has been designed and will be installed
utilizing UTRC capital.

Phoenix Solutions now has requested that the heater be placed in the cell centerline and the
pressure vessel cover removed for inspection.  At that time, the quartz insulation blocks will be
installed along with the screen heating elements.  The heater will then be placed on the test
centerline, and brought up to maximum temperature. The unit will then be brought back to the
cell centerline and 150 mounting bolts for the heating elements and quartz insulators will be
torqued to specification.  This will be repeated 4 times.  Once the heater has passed inspection by
Phoenix Solutions, the pressure vessel cover will be reattached and the heater placed in final
position for testing with the combustor.

The installation, pressure checking, and certification of the high temperature, high pressure
air piping and valving from the JBTS T-thermal heater to Cell 4 where the Phoenix Heater will
be installed has been completed.  All of this piping has been designed and installed using UTRC
capital funds.  This piping has been used by another test program that is utilizing the Cell 4 test
centerline before the duct heater test combustor is installed.  During this interim period, the air
heater from Phoenix Solutions has been placed in storage in a controlled environment to
maintain integrity of the instrumentation that will be used to monitor the heater during operation.
The wiring of power to the test cell has been completed to accommodate the Phoenix Heater,
including the vacuum contactor and emergency disconnects.  The support stand for the heater
including provisions for the water-cooled power cables from the power supply to the heater has
been designed and fabricated.  In addition, all facility water lines and probe sample lines have
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been fabricated.  The probe rakes have multiple ports; each can be sampled individually, or
ganged together for an average gas sample.  The thermocouples in the end plane will be sampled
and recorded individually.

Exhibit 2.4-1
Duct Heater Test Combustor (Reduced Optical Ports) and Support Stand



2.4-3

Exhibit 2.4-2
Duct Heater Test Facility Air Heater and Combustor Layout
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Isometric views of the combustor with the initially planned injector and with an advanced
premixer are shown in Exhibits 2.4-3 through 2.4-7.  Air is brought into the front end of the
combustor through tangential entry slots on the bulkhead into which gaseous fuel is injected.
The high swirl of the entry flow, combined with the centrifugal effects of the cold fuel swirling
into the hot air will enhance mixing between the two fluids.  Provision has been made for a
centerbody flow to prevent flame attachment to the injector; fuel can be injected into this flow
also.

Exhibit 2.4-3
 Injector Bulkhead and Sight Windows
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Exhibit 2.4-4
Combustor with One Sample Rake Shown

Exhibit 2.4-5
Combustor with Advanced Mixer and Multiple Rakes Shown
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The gas sampling rakes consist of multiple sample ports and thermocouples.  The sample
ports are provided with flow nozzles to provide a sudden expansion after the throat of each
sample port to aid in quenching reactions in the probe.  Water-cooling is used to further enhance
rapid sample cooling which is essential to obtain CO and NO concentrations.  Each
thermocouple tip is surrounded with a platinum Kiel-head shield to provide a more accurate
measurement of gas temperature and minimizing radiation effects.

The gas sample ports of the five rakes are plumbed individually to sample and purge valves.
Each port can be sampled individually, or any combination of ports selected to provide the gas
sample to the emissions instrumentation.  Nitrogen purge is provided for each sample port.
Calibration gases can be injected into each sample line to verify the integrity of the gas sample
being obtained.

Exhibit 2.4-6
High Efficiency Premixer and Injector Mounted in Injector Flange
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Exhibit 2.4-7
Gas Sampling and Thermocouple Rake in Instrumentation Flange

Summary of Tasks Performed

• The electric resistance heater from Phoenix Solutions has been repaired and returned to
UTRC where it has been placed in storage.

• All electrical supply systems for the Phoenix Heater are in place, including the power supply,
main contactor, vacuum contactor, and supply cables.

• The combustor design was completed, and combustor fabrication is complete.  All ancillary
components such as window frames, windows, gas sampling probes, support structures,
interface flanges, and transition ductwork are nearly complete.

• The heated air piping with valves for the Phoenix Air Heater is complete; this piping is being
used by another test program while the facility modifications are being made to accommodate
and test the heater.

• The data acquisition and facility interface software and hardware have been specified and
hardware will be obtained once additional capital funds are approved.
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Planned Work

Work will continue on the components for the duct heater combustion system that includes
the combustor, all support piping, all exhaust ductwork, the Phoenix Solutions heater and power
supply, and the instrumentation and control systems.  All work that can be performed under
UTRC capital funding will be completed so that the heater system is thoroughly checked-out.
During the contract recosting that is taking place, the heater system will be used on another
program that ends and the end of the current fiscal year.  Upon successful negotiations of costing,
the combustor will then be installed in the 4th quarter of this calendar year.


