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This report presents a compilatlon of the following three test
reports prepared by TRW for Alaska Industrlal Development and
Export Authority (AIDEA) as part of the Healy Clean Coal Project,
Phase I Design of the TRW Combustor and Auxiliary Systems, which is
co-sponsored by the Department of Energy under the Clean Coal
Technology 3 Program:

(1) Design Verification Test Report, dated April, 1993
(2) Combustor Cold Flow Model Report, dated August 28, 1992
(3) Coal Feed System Cold Flow Model Report, October 28, 1992

In this compilation, these three reports are included in one volume
consisting of three parts_ and TRW proprietary information has been
excluded.
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1.0 Abstract

This report covers the activities associated with the design,
fabrication, installation and testing of a full-scale precombustor,
rated at 130 MMBTU/hr, and a one-third scale direct coal feed

system (DC.FS),also rated at 130 MMBTU/hr, at TRW's Fossil Energy
Test Site in San Juan Capistrano, California, as part of the design
of two 350 MMBTU/hr coal combustion systems for the Healy Clean
Coal Project under the sponsorship of Alaska Industrial Development
and Export Authority (AIDEA). These design verification tests
(DVT) were performed during the period August 1992 to February
1993.

It was recognized early on that the most critical components of the
TRW coal combustion system were the precombustor and the coal feed
system. The slagging combustor scaling and operation was well
understood, both from analytical and operational viewpoints after
the successful completion of the testing of a 40 MMBTU/hr system at
TRW's Cleveland facility during 1990-1991 time frame under the
sponsorship of AIDEA. The limestone feed system was operated
successfully at TRW's Cleveland Facility. This experience was
sufficient to allow scaling to Healy requirements without further
testing of these components. The coal feed system at Cleveland was
a storage type of system. During the first quarter of 1992, AIDEA
directed TRW to abandon the storage type of system and change to a
non-storage, or direct coal feed system.

The precombustor design was scaled from TRW's design of the 40
MMBTU/hr system in Cleveland, a scaleup by a factor of
approximately 8. A significant change in the design approach was
necessitated by the requirement that the precombustor be used for
boiler warm-up and that during that time all the coal fines from

the mill be combusted prior to entering the cold furnace. Also,
because of scaling, it was recognized early that a multiple coal
injector would be advantageous and to this end a commercial Foster

Wheeler (low NO.) burner was incorporated into this design. The
new DCFS was conceived, designed, fabricated, installed and tested
all within a span of approximately one year. The successful
completion of the tests mitigated the concerns on scaleup and
operation of the total system.

Both the combustor and coal feed system hardware design were
supported by cold-flow tests conducted TRW's Space Park facility.
The results of these tests are presented in Parts 2 and 3.

Over 200 tons of Performance Blend coal was supplied gratis by
Usibelli Coal Mine Company for these tests. The coal was
transported from Usibelll mine to EER, Inc. in Irvine, California
by barge and rail cars. EER pulverized this coal to TRW's
specifications and a total of 160 tons was delivered to TRW's test
site in hopper cars. This pulverized coal was stored in tanks

called guppies and blanketed with a nitrogen atmosphere, for safety
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reasons, and used during the tests as needed.

All of the pulverized coal was utilized in a series of 28 tests.
The total run time on coal was approximately 43 hours. The oil
burner was operated for approxlmately 50 hours.

The details of the hardware, the test facility, testing, the data
accu=ulated and the analyses of the data are presented in this
report.

The DVT on the precombustor and the DCFS fully satisfied the
objectives of the test program. Sufficient data were accumulated
to validate the performance predictions and to verify the proposed
operating conditions and sequences. Several operational problems
were encountered during the DVT merles, and the experience gained
while .correcting these problems provided the guidelines for
improvlng the design and operating procedures.



2.0 Executive summary

2.1 Objectives

The design verification tests (DVT) were performed as part of the
total design of the TRW coal combustion system for the Healy plant
primarily to mitigate the uncertainties associated with two
critical subsystems, namely, the precombustor and the direct coal
feed system. The risks associated with the operation and
scalability of the slagging combustor and the llmestone feed system
were significantly less, and hence DVT on these subsystems were not
performed.

The tests were grouped into two major categories: (1) Full-scale
precombustor tests only, using an existing coal feed system at
TRW's Capistrano Test Site (CTS), (2) Flow, checkout and hot-flre
tests of the one-thlrd scale direct coal feed system coupled to the
precombustor.

The major objectives of the preco_bustor tests were to:

o Mitigate risks associated with scaleup and meet the new
requirements of the HCCP.

e o Validate preco_bustor ignition, stability and performance.
o Investigate and verify the absence of slagging and fouling in

the precombustor.

o Verify that the vent air with coal fines rejected by the
direct coal feed system can be bur_ed in the precombustor
during startup without adverse effects on its performance.

o Operate the precombustor through the entire sta_up and
shutdown sequences, and investigate and correct anomalies, if
any.

o Measure heat fluxes in water-cooled areas in the precombustor
and validate these measurements with the design values.

o Measure pressures (and pre,sure drops) in ¢rltlcal regions of
the precombustor.

o Demonstrate operation of the 70 MMBTU/hr Forney ignitor
through the four-to-one firing range and document the lessons
learned for use at Healy.

o Prove that the precombustor can be operated lafely with the
coal and oil flame scanners as designed and tested.

The _ajor objectives of the combined coal feed system and
precombustor tests were to:
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o Demonstrate the overall operation, stability an_
controllability of the coal feed system

o Validate the operation and design of the splitter drum, the
blowdown cyclones and the transport piping downstream of the
cyclones.

o Investigate and validate the following features of the
variable splitter: Split control, stability, accuracy,
repeatability, pressure drop (with and without coal) and
accumulation of coal (if any).

o Investigate and validate the folloJing features of the
blowdown cyclones: Effect of blowdown on cyclone efficiency,
blowdown pressure drop, cyclone pressure drop, blowdown
control, accumulation of coal (if any) and deswlrllng the
blowdown flow.

o Investigate and validate the following features of _he
transport system downstream of the cyclones: Line sizes and

layout including bends, pressure drops, saltatlon (if any)
control and pressure balancing the two legs downstream of the
two cyclones.

2.2 Design Verification Test Schedule

The Design Verification Test (DVT) Program was completed at the TRW
Fossil Energy Test Site (FETS) close to the planned schedule as
shown in Figure 2-1. The objectives of the original test plan were
met. The design and performance of the Precombustor (PC), and the
concept and arrangement of the Direct Coal Feed System (DCFS) were
verified to be acceptable for the Healy application.

2.3 Deslgn Veriflcatlon Test L_Ic

A detailed test logic and test plan was developed by TRW prior to
the tests and presented to AIDEA and DOE in March 1992. This test
plan was subsequently approved. At the conclusion of the DVT
series, all proposed activities, except one (discussed below), were
completed. Figure 2-2 shows the overall logic. Since the
precombustor was designed, fabricated and installed slgnlflcantly
earlier than the DCFS, the precom_ustor tests were first performed
using the existing facility coal feedsystem, and in parallel, the
DCFS was fabricated and installed at CTS. This was accomplished by
operating the site on _wo shifts. The timing was important to
complete the installation of the DCFS Just prior to the time the
preco_ustor testing was completed. This is shown in both Figures
2-1 and 2-2. The precombustor testing consisted of the following
major blocks of activities, as shown in Figure 2-3:

o Coal Lightoff
o Coal Firing
o Burner Tuning
o Swirl Damper Checkout
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o Load/Stoichiometry Series
o Load/Preheat Series
o Healy Light-off/Warmup Sequences
o Swirl Damper Evaluation

The tests on the DCFS were preceded by cold flow modellng tests of
a one-tenth scale P1exlglas model. The data and results from these
tests helped in the design of the DVT DCFS hardware, as shown in
Fi%_re 2-4. There were two major modes of operation for the DCFS.
When the output legs of the two cyclones were combined, the total
throughput capacity of the one-third scale DCFS was equal to 100%
throughput capacity of the precombustor, since the precombustor
burns approximately one-third of the total coal throughput. This
allowed full-load operation of the precombustor. The next major
configuration was the split mode, when one cyclone was directly
connected to the precombustor and the other was connected to a
catch tank (called the "pup") for evaluating the splitter
performance. The following blocks of activities were performed
during the DCFS tests:

o Cyclone Efficiency Evaluation
o Blowdown Control and Evaluation

o Evaluation and Improvement of Flow Stability
o Evaluation and Elimination of Coal Accumulatlon in the Lines

o Evaluation and Minimization of Pressure Drops

The only activity which was ellminated from the original plan was
the Captive Flow Test. The original plan called for evaluating
cyclone performance with coal prior to the actual hot firing into
the precombustor. However, At was determined that At was more
expeditious, safer and less expensive to perform these tests while
firing the precombustor. This was possible because by the time the
DCFS was ready for operation, the precombustor had been completely
checked out and could be operated reliably.

2.4 Results

Section 3 includes a description of the hardware utilized for the
DVT. Prior to the hot-firing of the precombustor and the DCFS,
checkout tests of the various systems and s_bsystems were
performed, and these tests are summarized An Section 4.0. The
details of the precombustor and DCFS tests are presented An
Sections 5 and 6. The modifications made to the Healy design based
on the DVT data and observations, which was the objective of the
DVT, are presented in Sections 7 and 8. The last section gives a
narrative of the physical status of the hardware after the
completion of the tests.

The appendices include the analyses of the Performance Coal tested,
a sumnary of iaportant data from all tests conducted, and the sound
level data of selected hardware ¢omponents.

The highlights of the precombustor and DCFS operation and
performance are summarized below:
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2.4.1 Precombustor Operation and Performance

o After some initial problems with the Forney oil ignitor, the
Foster Wheeler burner oll and coal llghtoffs could be achieved
within I0 minutes consistently. The burner could be lighted
off with primary air from room temperature to 550 ° F.

o The flame scanner provided by Forney could not discriminate
between the oil and coal flames. However, safe operation and
continuous monitoring of either the coal or oll flame was
still achieved. Whether this meets NFPA requirements is still
an issue which needs to be addressed. Since at several Forney
installations the same problem exists, and since such
installations continue to be in service, the applicability of
NFPA requirements An this specific application needs further
study.

o The precombustor test results verified the design of the
precombustor from the viewpoints of geometry, physical
dimensions, pressure drops and heat fluxes.

o Introduction of the mill air (with coal fines) did not
adversely impact the operation or performance of the
preco_bustor. This was one of the most important changes to
the precombustor design from prior TRW experience.

o The applicability of the Foster Wheeler burner was verified
successfully.

o Based on the CO and Oa levels measured at the stack, the
carbon conversion was about the same as that for the smaller

scale precombustor tested by TRW in earlier programs.

o Several thermal stress induced cracks were identified An the

precombustor windbox. The Healy design has provisions to
eliminate this problem.

o Slag deposits An the lowermost region of the combustion can
were observed after the tests. This slagging ks attributed to
the lower-than-expected Tz50 of the slag. However, to prevent
the mill air ports in this region from falling with slag (if
any) the 8 ports were reduced to 6 upper ports in the Healy
design.

o The swirl damper blades were moved in and out during several
tests, and were exercised to their design limits.

Operationally there were no problems. Higher than designed
cooling loads were measured. In the Healy design plasma
coating of the blades with a refractory will be considered for
reducing this cooling load.
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2.4.2 Coal Feed System Operation and Performance

o Tests utilizing the first hardware configuration, which was
based on cold flow modeling test, were not entirely successful
because at loads higher than 50%, unacceptable fluctuations in
coal flow were measured. This was later attributed to coal
accumulations in the splitter legs downstream of the splitter
drum. This region was modified to increase the velocity, and
the modified design was verified successfully by cold flow
modeling.

o The DVT hardware was later modified to reflect the flow
sections successfully zodeled by cold flow and was tested.
The coal flow fluctuations diminished considerably to within
acceptable levels.

o The pressure drops through the entire DCFS-precombustor system
were measured and in the final configuration, the total
pressure requirement was below the 60" water limit set for
Healy.

o The operation of the modified DCFS was smooth, controllable
and was safe. Several "hard" shutdowns followed by a startup
were performed to see if the coal remaining in the system
after a hard shutdown would affect the next startup. No
adverse peaks or operational problems were encountered during
the startups.

o The CO levels in the DCFS were below I0 ppm throughout the
test series, indicating the absence of smoldering coal
particles.

o The splitter dampers were exercised in the range 44%:56% to
50%:50%. The split coal was collected and weighed, and the
split was within 2% of the set values.

o The DVT series provided extremely valuable data and
operational experience to proceed with the design of the Healy
DCFS. The final design configuration for the Healy system is
presented in Section 8 of this report.

2.5 Conclusions

Prior to the DVT, TRW's test experience had been on the small-scale

40 MMBTU/hr combustion system. The Healy combustion system is

approximately 8 .times larger in firing rate and this posedconcerns on scallng to a significantly larger s_z Hence, there
was a need to mitigate this concern by conducting design
verification tests of critical components of the system. TRW
identified that only the precombustor and the coal feed system
needed to be tested to mitigate the scaling concerns. Furthermore,
since the coal feed system was a new innovative system, the DVT was
all the more significant.
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At the conclusion of the DVT, all concerns related to scaling and
operation had been addressed. The objectives of the DVT program
were successfully met, and the results of the tests provided the
HCCP the confidence needed to proceed with the fabrication,
installation and operation at Healy.
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3.0 Test Hardware

The Healy design verification test (DVT) progran was conducted at
TRW's Capistrano Test Site (CTS), located about 65 miles south of
Los Angeles, California. Figure 3-I depicts a three-dimensional
overview of Cell No. 3 at the Fossil Energy Test Site (FETS), a
facility dedicated to fossil fuel combustion research and
development. A photograph of the test arrangement is shown in
Figure 3-2.

3.1 DVT l>recombustor

A full-scale DVT precombustor (PC) was used to verify the Healy PC
design by actual hot-firing with Performance Blend coal. The
precombustor consists of five subassemblies: Foster Wheeler burner
with primary windbox and Forney ignitor, combustion chamber with
secondary windbox, mill air spool (including splitter), transition
section, and swirl dampers. A cross sectional view of the DVT
precombustor is shown in Figures 3-3. Each subassembly is
described separately in the following sections. The DVT
precombustor overall dimensions, including the burner, are 18' as
measured from burner flange to transition flange, with a maximum

diameter of. I0'. The dry weight of entlre assembly, including
refractory Is approxlmately 38,000 Ibs-

3.1.1 Installatlon

The design of the Precombustor and the DVT System were completed
during September 1991 - March 1992. The fabrication of the PC was
subcontracted to Monroe Inc. in the Interesq of meeting the DVT
program schedule requirements. Monroe had also previously
fabricated the combustor hardware for the Cleveland combustor for

TRW. Figure 3-4 shows a view of the combustion can during
fabrication. A very tight schedule was maintained to deliver the
hardware by truck from Pittsburgh and install it on time.

Lifting and installing the PC without incidents was a major concern
to the program. A mounting system designed to accommodate thermal
expansion was prepared in which the mounting beam could be removed
for installation of the PC. Figure 3-5 shows the precombustor as
it was lifted into place on the test stand.

The downstream transition and mount sections were installed first

without refractory which was provided later. The precombustor,
Foster Wheeler coal burner, and Forney oil burner were preassembled
on the ground and refractory was installed. An overhead crane
lifted and held the assembled unit in place while it was secured to

the mount system. The final ¢onnections of air supply ducts,
cooling water supply and return lines, etc. were field fabricated
to assure fitup. The mounting beam and support arrangement is shown
in the photograph of Figure 3-6. Figures 3-7 and 3-8 show the
fully installed views of the precombustor on Cell No. 3 test stand.
Leak and cold flow checks were performed prior to the first
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Figure 3-4 DVT Precombustor Combustor Shell During Fabrication
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Figure 3.s DVT Precombustor Installation
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lightoff.

Most of the features of the DVT precombustor were identical to the
Healy design. Figure 3-9 compares features of the DVT and Healy
designs. To meet cost and schedule constraints, some design
compromises were made. However, these compromises had no impact on
the DVT objectives and test results. The primary differences
between the two designs are as follows:

o Low te;nperature and pressure water (100°F, 150 psi) used
at DVT.

o DVT precombustor used single 360" loop coollng circuits
as opposed to drainable 180 ° for the Healy design.

o Separately cooled mill air spool. Healy design
incorporates an integral design.

o DVTmix annulus windbox used single air inlet, Healy uses
two inlets.

o Slightly different tube and membrane dimensions.

o Use of bolted flanges between sections at DVT. Healy
will use all-welded design.

o The Foster Wheeler burner had no ceramic liners, whereas
the Healy design will have such liners.

A schematic of the precombustor showing its full instrumentation is
presented later in Section 3.8

3.1.2 Foster Wheeler Burner/PrimaryAir Windbox

This subassembly consisted of a Foster Wheeler Low NO. burner and
primary air windbox. The primary air windbox interfaced with the
facility air system to provide air to the Foster Wheeler burner.
A Foster Wheeler dual air register within the primary windbox
controlled both swirl and distribution of air to the burner.

Figures 3-10 illustrate the Foster Wheeler burner subassembly
consisting of a coal burner, oil-fired ignitor and spark ignitor.
A coal splitter is internal to the burner. The subassembly is
complete with oil and coal flame scanners which interface to
facility instrumentation and control systems.

The Foster Wheeler coal burner system as delivered consisted of a
dual air register with adjustment wheels, a coal injector with
inlet scroll, a (peripheral) coal injector scanner, and a set of
thermocouples for monitoring critical metal temperatures. The
system was mounted on the primary air windbox (separately supplied
by TRW). The coal injector converts a single inlet stream into six
separate coal/air jets through a cyclone shaped arrangement. The
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injector was supplied without ceramic liners for the short DVT
series, however, liners will be installed for long term operation
at Healy.

3. I. 3 Forney Oil Burner

The Forney oil burner system as delivered consisted of a
retractable oil gun assembly with removable tip and swirler. Cold
tertiary air was supplied by a separate fan. The air flowed into
a housing which is part of the Foster Wheeler burner assembly
surrounding the oil gun. The air provided external cooling for the
oil gun, purged the housing cavity, and added swirling air into the
oil flame for flame stabilization purposes. Figure 3-11 shows the
oil burner as installed on the precombustor.

The atomizing arrangement for the oil burner inltially featured a
Cashco regulator which maintained a preset air pressure
differential above the oil pressure at the tip. Nitrogen was used
for atomization instead of air. A retractable high energy spark
ignitor (HESI) was mounted in the gun assembly. A separate valve
package provided on/off control of oil and air for lightoff,
shutdown, and purge functions. An infra-red (IR) oil flame scanner
was provided. It viewed the oil flame parallel to the burner axis
through holes in the burner support ring. A hard wired control
cabinet provided sequence control of the equipment.

The oil burner system as supplled did not have an oil flow control
feature. Oil flow control was obtained with a regulator and a Fox
cavitating venturi arrangement installed in the supply line
pressurized by a pump. 0il flowrate was measured with a turbine
meter in the supply line. A three way valve established either a
recirculation or firing mode of oil flow. The three way valve was
switched simultaneously with the Forney valve package to startup or
shutdown the burner.

3.1.4 Combustion Chamber/Secondary Air Windbox

The schematic previously shown in Figure 3-3 also shows the
secondary air windbox and water-cooled combustion chamber. The
windbox interfaces with facility air system to provide air
downstream of the chamber. A refractory-lined combustion chamber
was constructed using a tube membrane design with 1.5" ribbed
tubing (0.24" MWT) illustrated in Figure 3-12. The 62" diameter
chamber is enclosed by the secondary air windbox.

3.1.5 Mill Air Spool

The 82" diameter mill air spool, shown in Figure 3-13, is
constructed with a water-cooled, double wall design. The function
of this spool is to direct mill air laden with coal fines to the
precombustor downstream of the Foster Wheeler burner. A coal
splitter upstream of the mill air spool distributes coal fines to
precombustor through 8 individual 5" diameter ports. Diagnostic
precombustor gas pressure was measured in this component.
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3.1.6 Transition Section

This subassembly provides a transition from a 82" diameter chamber
to a 31"x82" rectangle required at the slagging combustor inlet, as
shown in Figure 3-14. The mechanical design is based on a
water-cooled tube membrane design similar to the combustion chamber
construction (Figure 3-3).

3.1.7 Swirl Damper Assembly

As shown in Figure 3-15, this assembly consists of a housing and
two damper blades. Each component is constructed based on a
water_cooled tube membrane design. The damper blades utilize 0.75"
diameter tubing (0.095" MWT). A key function of the blades is to
maintain minimum gas velocity through precombustor for stable
slagging stage operation. Remote actuation of blade position
allows operators to control blade position individually, or as a
pair, during 100% MCR load conditions.

A video camera located in swirl housing sidewall provided a useful
diagnostic tool for evaluating flame stability over various
operating conditions. In addition, the camera images confirmed
both damper blades and housing remained free of ash attachment
during the entire DVT series.

3.2 DVT Direct Coal Feed System

The DCFS variable splitter, vent manifold, and cyclones were
subcontracted from Delta/Ducon, who had worked with TRW during the
concept development stage when the coal feed system approach was
changed from indirect to direct. An extensive subscale cold flow
model test effort was conducted at TRW to gain the engineering
design data needed for scaling and validation of the concept
selected.

The variable splitter design was specified by TRW to Delta Ducon
using specification control drawings for all critical performance
dimensions. This input was based on TRW's analytical calculations
and cold flow model data. Delta Ducon subsequently pr6pared the
final detailed design and fabrication drawings from which the
variable splitter was manufactured.

The blowdown cyclone designs were also specified by TRW to Delta
Ducon based on cold flow model results and analytical design
calculations. Delta Ducon provided conventional cyclone design

input and subsequently prepared detailed design and fabrication
drawings from which the blowdown cyclones were fabricated.

The DVTsystem was sized to handle full load precombustor coal flow
with both cyclones connected in parallel with a deswirl
configuration to a common precombustor transport line. This
arrangement was tested initially in a one-tenth scale cold flow
model prior to the DVT hardware fabrication. The deswirl
interconnection was removed for subsequent splitter evaluation
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tests in which the split to the slagging combustor was collected
and weighed. Talcum powder was used to simulate coal in the cold
flow modeling tests. After the successful completion of the cold
flow tests (presented in Part 3) the design of the DCFS was
finalized.

3.2.1 Configuration

A one-third scale DVT Direct Coal Feed System (DCFS) was
fabricated, installed and tested to demonstrate the design planned
for the Healy plant. The total throughput of the DCFS matched the

J full-scale rating of the precombustor since the precombustor
utilizes approximately one-third of the total coal flow. Therefore,
the DVT series was planned for two DCFS configurations: One
configuration was for firing the precombustor at full load with the
total coal flow from both the outlet legs of the DCFS, while the
other was in the spllt mode, with only the split coal shream was
used to fire the precombustor while the other (which would have
fired the slagging combustor) was Just collected and weighed.

Both configuration requirements were included in one DCFS design.
Flow through two cyclone blowdownports (coal discharge) could both
be added and directed to the precombustor in the configuration
called common blowdown configuration. The second, split blowdown
configuration, directed flow from one cyclone to the precombustor
and the flow from the second cyclone to a coal collection system.
This collectlon system replaced what would have been a slagging
combustor in the Healy design. The collection system consisted of
a calibration cyclone that separated the air and coal, a collection
tank ("pup") used to collect the spilt stream, a weight monitoring
assembly used to measure the coal split collected in the collection
tank, and all instrumentation and controls.

The DVT DCFS was designed and constructed so that in the event
problems were encountered with the DCFS, precombustor testing could
still be continued simply by closing and opening manual valves
without any hardware changes. This was accompllshed by a design
that would allow parallel operation with a facility transport
system that could direct coal from the facillty coal supply system
(described later) to the precombustor without flowing through the
DCFS.

A CO monitor was installed in the vent line of the DCFS to monitor

CO levels during testing for fires. A CO 2 fire extinguishing
system was also connected to the coal feed system in the event a
problem occurred. Water deluge ports were also incorporated into
the design for fire extinguishing.

Access and observation ports were installed at critical locations
to inspect for coal accumulations.

3.2.2 Installatlon
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The precombustor coal transport line assembly was installed at the
same time as the precombustor was installed to allow testing just
the precombustor. The rest of the DCFS components were installed
during night shifts on a non-interference basis while the
precombustor test series was being completed. The installation
tasks consisted of:

o providing mounting and access platforms
o installing the splitter with inlet transition rectangular

elbow

o installing the cyclones and splitter ducts with splitter
dampers

o cross connecting the cyclones to the transport system
o interconnecting the carrier air supply system
o installing a cyclone vent duct across the simulator to connect

the cyclone manifold to the coal fines injection system
o installing a parallel circuit to the DCFS allowing firing of

the precombustor directly from the facility coal feed system.

A schematic of the DCFS, including all instrumentation is presented
in Section 3.8

3.3 Facility Coal Supply System

Initial testing of the DVT precombustor was conducted by using the
existing facility coal supply system at the test site, without
using the DCFS. The facility dense phase supply system was
connected to the DCFS coal transport assembly which furnished
additional air to simulate the Healy air flow rates and coal/air
ratios to the precombustor of the _recombustor. The DCFS variable
splitter and cyclones, not installed during precombustor tests,
were isolated as a parallel circuit from the transport assembly by
manual valves. A schematic of this system, including all
instrumentation is shown later in Section 3.8.

Performance coal supplied by Usibelli Mine Company was transported
from Alaska to a EERC Inc., a pulverizing and drying facility
located near the test site. Prepulverized coal was transported to
the test site in 25 ton trailers and stored in 100 ton guppy
trailers at the test site. An inerting blanket of nitrogen was
maintained on the pulverized coal at all times. A CO detection
system continuously monitored the storage system. Some of the coal
was stored for several months without indicating any significant CO
level increases. A CO 2 fire extinguishing system was installed and
was available for use had there been any fires in the guppies.

During testing intermediate coal storage was provided in a 10 ton
storage hopper. The coal transfer equipment was capable of
transferring coal from the storag_ hopper to a 5 ton run hopper at
a rate of 1500 !b every 5-6 minutes during a test. The 5 ton run
hopper was suspended from a load cell to enable measurement of coal
flow rate. An eductor with a 2.5" diameter outlet was supplied
with nitrogen for dense phase coal transport out of the run hopper.
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The coal transport line was then subsequently expanded to 3"
diameter prior to injection into the precombustor coal transport
line. A controlled nitrogen flow of 1600 lb/hr was needed to
convey coal from the 5 ton hopper. The 5 ton hopper was preloaded
prior to a test and filled as needed with 1500 ib transfers to
support the test duration. Minor disturbances in coal flow control
occurred when coal was transferred into the hopper while running.
Coal flow rate was indicated by the load cell readings and by a
venturi throat pressure measurements in the dense phase feed line.
The load cell readings were invalid during a transfer. The hopper
was not filled to capacity to smooth out operation.

A new Phelps mill air fan was installed which was sized to deliver
more than the 40,000 pounds per hour of air at pressure levels up
to 85 inches water sufficient for operation of the DCFS. The dense
phase flow stream of coal from the run hopper was injected into
this mill air flowing in a vertical riser intended to simulate mill
transport conditions. At that point, carrier air from the mill air
fan was added to achieve the desired coal/air ratio to the
precombustor. Coal flow characteristics obtained at the lock
hopper were satisfactory throughout the test program once the tank
ullage controls were worked out.

At 100% MCR conditions, 15,000 lb/hr of coal was delivered to the
coal feed system via dense phase using 1,600 lb/hr of nitrogen
carrier.

Coal flow rate was averaged over 2 seconds using a fixed-area
venturi located in the dense phase system calibrated with hopper
load cells. Air carrier flow rate was recorded using annubars
while nitrogen carrier was measured with a sonic venturi.

A CO detector was used to monitor the DCFS and transport lines. A
carbon dioxide fire extinguishing system was installed on the
facility supply system in the event a fire did develop. Such an
event never occurred during the DVT series.

During operation without the DCFS about 10,000 ib/hr of carrier air
was required from the mill air fan to transport coal to the
precombustor. Unneeded air (about 30,000 lb/hr) was vented to
atmosphere through a flow control vent. Transport air flow was
measured as the difference between flow measurements at the fan and
vent. After installation of the DCFS, the vent flow was measured
out of the cyclone vent manifold. In the initial setup, all flow
measurements involved clean air. After the DCFS was installed, the
vent flow measurement involved dealing with coal fines.
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3.4 Combustion Air Systems

Combustion air for DVT precombustor testing was provided by the
primary and secondary air systems. Each system is complete with
electric fan, power substation, oil-fired duct heater, flow control
and diagnostic measurement equipment.

Three dimensional views of the primary and secondary air systems
are shown in Figures 3-16 and 3-17 respectively. A schematic of
this system with all instrumentation is presented later in Section
3.8. Primary air was supplied by two 125 HP, 3560 RPM fans.
Secondary air was supplied by a single 300 HP, 1800 RPM fan.
Determination of mass air flow rates were based on Dietrich
Standard annubars with associated absolute and differential

pressure transducers. Blade louver dampers provide remote
actuation for desired flow rate settings as indicated by the
annubar. Oil-fired duct heater systems, rated for max 12-15
MMBTU/hr, were complete with power cabinets, controls and logic
sequence to enable heating of air from ambient to 740 ° F. Gaseous
oxygen is injected upstream of both heaters to replenish oxygen
consumed in the duct heater combustion process.

The primary and secondary combustion air was supplied by separate
fans. A new power supply substation and Phelps secondary air fan
were purchased and installed using TRW capital funds. The primary
air was supplied from two existing fans rearranged in parallel.
North American oil fired duct burners were purchased and installed
using TRW capital. They were capable of maintaining the combustion
air temperature within a range of 300 to 800°F at all required
combustion airflow rates. The oxygen consumed by firing the oil
was replenished from a liquid oxygen system to provide combustion
air properties as close to Healy conditions as practical.

Prior to installation of the DCFS, secondary air was used to purge
the coal fines injection ports on the precombustor. This air was
diverted from the cold upstream duct supplying the duct heater. A
splitter and flex hoses connected the source to each of the eight
coal fines injection ports (Figure 3-18). The purge flow was
maintained near 15,000 pounds per hour. This system operated
without incident.

The duct heater combustion chambers and downstream ductlng were
supported on hanger systems to accommodate thermal expansion.
Simple cloth bellows were used to isolate the cold air supply
ducts. Combustion air temperature measurement thermocouples were
located in the precombustor windboxes. The temperature control
thermocouples were located adjacent to the monitors. Combustion
air and carrier air supply and vent flowrates were measured using
annubar systems. Sufficient duct lengths were provided to obtain
accurate measurements. Flowrate control was provided at the fans
by inlet dampers. Flowrate control by backpressure was provided at
the primary and secondary air inlets to the precombustor using
close coupled louver dampers.
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Figure 3.1s Mill Air Connections to Precombustor
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3.5 Boiler simulator

The DVT precombustor was mounted to a boiler simulator, as shown in
Figures 3-7 and 3-8 in the same orientation relative to gravity, as
in the Healy application. The boiler simulator was a rectangular
chamber with flood-cooled water walls. The simulator provided
residence time for complete carbon conversion of exhaust gases
prior to a water quench. A photograph of the boiler simulator is
shown in Figure 3-19.

The front face of boiler simulator was rebuilt to mount the

precombustor. The peak gas temperature entering the simulator was
approximately 2500°F, well within the limit supported by the pool
cooled design of the simulator walls and the internal refractory
which covered all surfaces except the modified front face. Ash
deposits in the simulator did not require removal during the test
program.

3.6 Exhaust, Quench and Scrubber Systems

The downstream support equipment required to met the Southern
California Air Quality Management District (SCAQMD) regulations
consisted of a quench system, scrubber system, and exhaust stack.

The quench and scrubber systems are shown schematically in Figure
3-20. A photographic view of this equipment is shown in Figure 3-
19. A schematic of this system including all instrumentation is
presented in later in Section 3.8. Exhaust gases leaving the
boiler simulator entered a quench chamber where approximately 300
GPM was sprayed through 20 nozzles to cool the combustion gases
below 200 ° F. After quench, the cooled gases were routed to the
venturi scrubber. A fabric expansion joint is located in this duct
to absorb approximately 0.5" axial thermal growth in the boiler
simulator. The venturi scrubber was supplied with 800 GPM of water
to remove particulates down to 0.5 micron with an overall
efficiency of 98.5%. After scrubbing, the water and exhaust gases
were directed to the cyclonic separator, where the entrained water
droplets were separated from the gas due to centrifugal force.
Additional moisture was removed from gases within a demister
located downstream of the separator. At this point, gases are
sampled for CO, NO x, CO 2, 02 and HC before being driven out the
exhaust stack. The emissions were monitored and recorded in a

dedicated TRW emissions van. Water used in the quench and scrubber
processes were circulated back to filtering and conditioning
equipment.

The scrubber unit and stack were moved to Cell 3 from Cell 2 which

had supported an earlier DOE sponsored test program. Airpol Inc.
was contracted to modify the scrubber and stack as required to meet
the Southern California Air Quality Management District's
particulate emissions limitations. Ash collected in the scrubber
flowed with return scrubber water to an existing pond system. The
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ash in the scrubber ponds was compressed for drying and disposed of
in a landfill at the conclusion of the program.

Pressure losses in the downstream support equipment were identified
at the outset of the test series. The higher than expected
backpressure appeared to be caused primarily by the scrubber. A
restriction in the stack at its outlet was left intact after it was
determined that its loss contribution of less than 2 inches did not

warrant its removal. The quench system resulted in a significant
stack plume which achieved satisfactory elevation as a result of
the restriction.

The facility was operated in strict compllance with all SCAQMD and
EPA regulations. Test periods were restricted to 3 hours of coal
firing on any given day from midnight to midnight. If coal
consumption was planned to exceed ten tons during the test period,
an acceptable PM10 (particulate matter having sizes greater than 10
microns) sample taken at the site during a preceding period was
available.

3.7 Auxiliary Systems

Number 2 diesel fuel oil was required for the DVT precombustor oil
gun, primary and secondary duct heaters. Oil was received and
stored in a 4,000 gallon storage tank and pumped to a 1600 gallon
run tank as required. Maximum oil flow capacity for 100% MCR
conditions was approximately 4,800 lb/hr at 300 psia.

The facility cooling water system consists of a pumping station,
storage tank, filtration and water treatment equipment. This
system provided a flow rate of 2300 GPM at 122 psia to water-cooled
precombustor hardware circuits.

Gaseous oxygen was required on both primary and secondary air
systems to replenish oxygen consumed during the duct heater
combustion process. Facility liquid oxygen storage capacity was
676,500 ft 3 (NTP), with a maximum vaporizer flow rate of 77,675
ft3/hr.

Gaseous nitrogen was required for coal feed system inerting, coal
transfer between storage vessels, hopper ullage pressurization,
eductor carrier flow, viewport purges and remote valve actuation.
Facility liquid nitrogen storage capacity was 1,027,030 cft (NTP),
with a maximum vaporizer flow rate of 230,400 cfh.

Schematics of these systems Including all instrumentation are shown
in the next section.

3.8 Instrumentation, Control and Data Systems

A complete set of schematics showing the instrumentation used
during the DVT is included in this section. Each instrument is
identified by a specific acronym, as indicated in the schematics.
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The following figures illustrate the schematics:

Figure 3-21: Precombustor Primary and Secondary Air Systems
Instrumentation.

Figure 3-22: Cell 3 Cooling, Quench and Scrubber Water System
Instrumentation.

Figure 3-23: Precombustor Instrumentation.
Figure 3-24: Direct Coal Feed System Instrumentation.
Figure 3-25: Cell 3 Nitrogen System Instrumentation
Figure 3-26: Facility Coal Supply System Instrumentation.
Figure 3-27: Facility Cooling, Quench and Scrubber Water System

Instrumentation.

Figure 3-28: Facility Cooling, Quench and Scrubber Water System
Instrumentation (continued)

Figure 3-29: Facility Oil Supply System Instrumentation.
Figure 3-30: Facility CO 2 Supply System Instrumentation.
Figure 3-31: Facility Nitrogen Supply System Instrumentation.

A General Automation host computer controlled all systems and
provided the capability of recording and displaying the outputs
from the instrumentation depicted in the foregoing schematics
during testing. Data acquisition capability was 256 analog inputs,
each parameter being sampled every 100 msec. Real-time data
display consisted of 10 stripcharts, video monitoring and CRT
displays. In addition to diagnostic and control capabilities, a
computer interlock abort sequence was utilized to provide maximum
safety for personnel, DVT hardware and the facility. The red lines
for the abort sequences were established by the chief and test
engineers of the project, and were reviewed by a safety committee
during the test readiness reviews prior to the commencement of each
test series.

A telephone line data link was established between the test Site
and TRW's offices at Space Park for rapid transfer of data for
analysis. These data were analyzed using a PC-based software
package developed specifically for the DVT series. The software
performed all post-test diagnostic engineering calculations and
generated various plots, summary tables and bar charts. Examples
of such charts are included in Sections 5 and 6.

3.9 TRW Capital Equipment

In support of the DVT series, TRW invested $536K of capital funds
for installing the following equipment at FETS: (1) A secondary air
fan system, complete with acoustic enclosure, (2) Two oil-fired
duct heaters, one in the primary air line, and the other in the
secondary air line and (3) A 750 KVA substation to power the newly
installed equipment. In addition, an existing scrubber in the FETS
area was refurbished and moved to Cell # 3 for the Healy project.
Since this scrubber was originally procured under a Department of
Energy project, appropriate permission was secured from DOE for
this specific use.
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4.0 Checkout Tests

The checkout tests performed prior to hot-flrlng of the
precombustor and the combined DCFS-precombustor system are
described in this section. Complete test data, analyses and
hardware modifications made during t.he test series are presented in
Sections 5 and 6.

4.1 Precombustor Checkout Tests

During this test phase, a conslderable amount of time was spent in
the initial operation, trouble-shooting and checkout of the Forney
oil burner, and to a lesser e_ent, the Foster Wheeler coal burner.

Aincluding_enUmberfaclfaci_ ityltYcoalrelatedfeedsystemssystem,combustlonalS°requlredairsupplyCheck°Ut'and
heaters, cooling water, oll supply and exhaust. The following
provides a narrative of this effort.

4.1.1 Forney Oil Burner Checkout

Initial oil llghtoffs of the Forney oli burner involve_ positioning
the oil gun assembly relative to the Foster Wheeler burner and
deternining the llghtoff location of the HESI. Several startups
were impaired by dirt in the burner _ip until the entire system
consisting of supply tank, pump, valves, lines, and regulators had
been run sufficiently to clean itself up. External tlp deposits
never appeared to interfere with tlp operation. Initial startups
were conducted with the firing position of the oll gun tip flush
with the face of the Foster Wheeler burner assembly. Later, this
position was retracted by 3.5 inches, the maxlmum permltted by the
mechanical arrangement of the equipment. This increased the
probability of llghtoff and reduced the stac_ smoke level.

Initially, the HESI was positioned 8 inches beyond the oll gun
assembly for lightoff. Several star, up cycles were frequently
required before a flame could be obtained. Extending the HESI
lightoff location to 10 inches resulted in reliable startups.

A flame scanner signal of only marginal strength could be obtained
at the Forney recommended centerllne scanner location. With the
scanner in a peripheral location, the o11 flame was readily
confirmed as ignition occurred. The centerllne flame scanner was
moved early in the test program to the peripheral location not used
for the coal flame scanner.

Oil flow required to support a 20 MMBTU/hr firing rate was
established in the recirculation loop prior to llghtoff. Oil gun
assembly insertion to the firing position was confirmed by position
switch contact. A delay of approximately 30 seconds after the oil

gun was extended was normal before oll ignition occurred. Lightoff
sequences obtained by viewing up the PC oenterllne have been
preserved on video tape. Oil frequently obscured the HESI spark
for several seconds before ignition occurred. Once ignited, six
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fingers of flame qulckly expanded to fill the headend of the
combustion chamber. No voids in the final flame were apparent.

Before any llghtoffs could be attempted, the mechanlcal function of
the equipment and the control logic wired into the cabinet as
supplied required rework. It was necessary to remove equipment
interferences which prevented full retraction of the ell gun
assembly. A ramp was added to the configuration of the alignment
ring which supports the oil gun in the extended position. This was
required to eliminate hangup from preventing full extension of the
oil gun assembly. The Cashco regulator failed to regulate rellably
until internal clearances were reworked. The flex llnes for

supplying oil and air to the ell gun were Inltlally crossed at the
oil gun ports as a result of improper callouts on the Forney
drawings. These attach DOintS should be permanently marked as
"o11" and "air" o_ _he oil aun. The sequence loglc as wired in the
control cabinet caused the system to bypass the startup phase and
initiate a purge sequence. This situation was resolved during
discussions with Forney. All the above mechanical changes are
recomnended for the Healy installation.

Once lightoff was achieved, the next step was operation over a load
range from 20 MMBTU/hr (ell llghtoff) to 70 MMBTU/hr. Two major
problems had to be resolved before a coal llghtoff was attempted:

o Oii and atomizlno air pressure re_ulr%_ents, The oil and air
supply pressure requirements (near 400 psig) needed to roach
full load greatly exceeded Forney predictions and the
capability of the installed CTS facility equlpment. A review
of orifice arrangement and sizing by TRW indicated that the
test data results were correct. The atomization mode of

operation was changed from a constant differential to a
constant pressure regulation at 95 pslg. As a result of thls
change, the oil pressure requirement was reduced to less than
150 psig at full load. Figure 4-I shows the relationship
between oil pressure, ell firing rate and the atomizing air
pressures.

This modified arrangement started up satisfactorily and
produced the cleanest burning conditions over the load range.
This arrangement elimlnates the requirement for the Cashco
pressure differential regulator, and has been implemented for
the Healy design.

o Visual s_oke levels at the stack. In the original
installation, a tertiary air fan supplied cold air to the
housing surrounding the oil gun. The system was designed to
switch to hot combustion air from the primary air wln_box
after coal ignition was completed. Increasing tertiary air
diminished the visual stability of the ell flame and increased
smoke levels at the stack.

Sixteen coal llghtoffs and a flame scanner evaluation series
were completed before a changeover eliminating the switching
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mode was implemented. The intent of the changeover was to use
air ducted from the primary air wln_box as the tertiary air.
This inadvertently eliminated tertiary air from all future
tests because the tertiary air fan was used for coal injector
purging prior to coal llghtoff and was left on throughout the
duration of all subsequent tests. The win_box duct valve
switched closed whenever the fan was turned on and switched
open when the fan was turned off. This wiring arrangement had
been installed for the original setup.

However, the changeover resulted in a significant reduction in
stack smoke levels. Prior to the change, different
combinations of Foster Wheeler dual air register settings and
cold air flows were tried to improve ignition and reduce smoke
levels. These efforts were met with limited success. The
best operation was obtained without tertiary air flow. For
Healy, tertiary air flow may be reduced during oil burner
operation. However, tertiary air is mtill required for
purging the burner cavity, and for cooling prior to lightoff
or restart.

During DVT, internal cooling of the oil gun was performed prior to
lightoff by initiating three successive startup and purge cycles
with the three way oil divert valve closed. This procedure was
implemented after the tertiary air change.

Oil burner performance was improved during the DVT program.
Smokeless operation occurred at both iightoff and full load. A
slight stack haze consistently occurred at intermediate loads. The
necessity to make step changes in air and ell flowrates with the
control system available at FETS aggravated the problem. Changes
An air to fuel r_tlos did alter the intensity of the haze. If
required, minor changes in burner settings, ra_plng air and fuel at
near constant alr/fuel ratio should help eliminate the problem.
The oil flame obtained was very stable and never flamed out except
during the initial phase of coal lightoff during the DVT program.
Ignition of oil into an existing coal flame always occurred.

As previously described, the algnal strength of the central axls
flame scanner was always only marginal even with an oil only flame.
Oil flame signal strength diminished significantly whenever coal
was introduced into the system. This situation with coal also
prevented confirmation of oil flame ignition during the mhutdown
sequence when the coal flame was present. 8tack emissions
confirmed that oil ignition was always obtained. A number of steps
Were taken without success to resolve the problem. Signal strength
was improved slightly by changing the scanner mounting arrangement
to view a wider angle and adding view openings in the burner
support ring. None of the steps taken resolved the problem to the
point where a reliable indication of ell flame status could be
obtained. It is recommended that a flame management scheme using
separate peripheral oil and coal flame scanners be implemented at
Mealy rather than the on-axls location.
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4.1.2 Foster Wheeler Coal Burner Checkout

The as-supplled Foster Wheeler coal burner arrangement exhibited
desirable operating pressure loss characteristics (5-6 inches of
water at full load). The pressure loss characteristic proved to be
dependent primarily upon transport airflow wlth little change
occurring with coal flow. (See Section 5 for burner pressure drop
data.) Because of this characteristic, this pressure loss
measurement can be used to monitor PC transport airflow during
operation at Healy. Subtracting the PC transport airflow from
total blowdown flow will provide an indirect measurement of the
slagging combustor transport airflow.

The injector was sized to operate with a transport air to coal
ratio near 0.66 at full load. The coal transport flowrato was held
near 10,600 pounds per hour. Conventional pulverized coal systems
are operated typically closer to a ratio of 2.5. Diversion of a
major fraction of the mill air to the boiler NO, ports is required
at Healy in order to achieve the temperature levels required for
slagging. This produces a substantial fuel rich condition in the
center of the burner.

The mechanical function of the Foster Wheeler hardware was
acceptable as supplied. Initially, the air registers were adjusted
for the best visual ell flame characteristics. Thlm resulted in
dual air register settings of 25% full travel clockwise for the
inner registers and 30% full travel =iockwlse for the outer
registers.

Figure 4-2 shows a sketch of the adjustment indicator on the
register drives, indicating a 30% position. There 18 not a one-to-
one correspondence between the indicator setting and the actual
open area of the registers, as shown in Figure 4-3. For example,
an actuator position of 30 ° corresponds to an open area of
approximately 55%.

A number of air register adjustments were subsequently tried while
operating on coal. The same 25% and 30% settings gave the best
results for oil and coal thereby establishing them as nominal for
the test program.

The burner demonstrated that the air register settings could be set
over a wide range without encountering unacceptable operation. The
combustion airflow rate was hold constant during register setting
evaluation tests. Opening the outer register setting to 60% open
with the inner at nominal resulted in a pulsing flame condition.
Closing the outer register to 15% resulted in a dark flame as
viewed along the centerline axis. Opening the inner register to
60% with the outer register at 50% resulted in a pulsing darker
flame and weakened the scanner signal. Closing the inner damper to
15% with the outer at 30% resulted in an acceptable oil flame. The
operational envelope for the outer and inner register settings is
illustrated in Figure 4-4.
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Initially, a cold air purge through a 2 inch llne from the carrier
air fan was established to the coal injector downstream of the fire
valve prior to lightoff. Later the tertiary air fan provided this
source (see discussion in Section 4.1.1). The purge prevented the
circulation of hot gas within the housing cavity during startup of
the combustion air supply system and/or during oil only firing.
The purge was terminated at coal llghtoff by simultaneously
switching the purge and fire valves. A similar purge arrangement
has been implemented for the Healy design.

The Foster Wheeler coal burner performed well without incident. No
loss of coal flame ever occurred. The burner operated over a load
range from 1000 to 15000 pounds per hour of coal without
encountering any major problems. The peripheral coal flame scanner
provided a strong signal under all conditions whether firing oil
only, oil and coal, or coal only.

4.1.3 Oil/Coal Flame Discrimination

During initial attempts to introduce carrier air to the oll flame,
the scanner signal was lost and the burner tripped. This llghtoff
problem was resolved by slowing the opening response of the fire
valve and reducing the preset transport air flowrate in the bypass
line. The transport air flowrate was increased to the run level
after opening the valve and before introducing any coal.

A major effort was undertaken with a spectrum analyzer to find any
differences between the three firing conditions which could lead to
discrimination between the coal and oll flames. Figure 4-5 shows
typical frequency spectrum data for coal firing only and oll firing
only. The data were obtained with a scanner located in the coal
flame scanner (peripheral) port. Although there is some difference
in signal strength, the basic frequency spectrum is the same for
the two flames, making discrimination difficult.

Despite the lack of flame discrimination ability, reliable ignition
of both coal and oil was always obtained. The firing duty of the
system was near half load (70 MMBTU/hr) when ignition of a new fuel
was required. As long as the presence of the half load flame is

assured, the probabillty of a flame failure is extremely low. The
NFPA code requires that _gnltion and flame propagation from a 4 to
10% duty ignitor be verified. It also requires that only the
continuous presence of a flame be verified when increasing load.
The concentric arrangement of the o11 and coal flames within the
refractory lined combustion chamber wlrtually assures that all
zones of the newly introduced alternate fuel will be _gni_ed.
Hence flame discrimination requirement may not be necessary. Yet,
it is necessary to establish that the present system will meet NFPA
requirements. In fact, we have learned from Forney that lack of
flame discrimination is a problem common to all of their
installations, and despite this problem those installations
continue to be in service.

Coal ignition was visually observed repeatedly within 6 seconds of
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opening the supply valve under the lock hopper. This time period
is the transit time in the system. Oil ignition by the coal flame
always occurred without any effects observed visually. In this
situation igniting the fuel is analogous to increasing load. When
firing coal, an observer was always dedicated to visually monitor
the flame condition on a video monitor. View ports were modified
as necessary to always be able to view the flame. Not one instance
of coal flame failure occurred throughout the entire DVT Program.

4.2 DCFS Checkout Tests

A series of cold air flow tests were conducted prior to introducing
coal. The system was completely leak checked under cold flow
conditions. B1owdown flowrats was indicated as the difference

between carrier air delivered to the splitter and vent air leaving
the cyclones. The flow rate, absolute pressure, and pressure loss
data obtained agreed closely with the laboratory subscale model
results. This provided considerable confidence concerning the
scaling principles which had been used.

4.3 Checkout of Other Systems

Cooling, quench, and scrubber system water flowrates were
established and checked prior to the introduction of any fuel to
the system. The primary and secondary fans were turned on next.
The carrier air fan was turned on last to avoid blowing coal back
through the duct heaters and fans. Prior to installation of the
DCFS, the transport/carrier air system was isolated by the fire
valve. After installation of the DCFS, a cloud of coal was
consistently produced at the carrier air fan inlet by air back flow
through the cyclone vent connection. This condition was always
required clean up before starting the duct heaters. It is
recommended that avoiding the back flow situation be assured at all
ti_es at Healy, especially if £he combustion air supplied to the PC
is hot.

The coal transport system to the Foster Wheeler burner incorporated
a bypass tee which allowed transport air (and coal) to be blown
into the quench scrubber system when the fire valve was closed.
This bypass also served as a coal ¢leanout llne for any large coal
accumulations in the transport system and/or DCFS and allowed the
transport air flowrate to be preset prior to opening the fire
valve. The fire and bypass valves were switched in opposite
directions simultaneously. The carrier air fan flow_ate not used
for transport was vented both before and after llghtoff.
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5. Precombustor Test Data

The Precombustor Test Series consisted of a total of 17 tests not
including oil and coal llghtoff and checkout activities. A total
of 83.6 tons of pulverized coal was consumed by the time the series
was completed. Several complete simulations of Mealy duty cycles
were performed.

This section presents data coll_cted during the precombustor test
series. These tests utilized the existing facility coal supply
system described in Section 3.0 to deliver coal to the
precombustor. This allowed testing of the precombustor to proceed
in parallel with installation of the direct coal feed system.

The precombustor test sequence is illustrated in Figure 5-I. Test
series A through D were used for initial verification of ell and
coal lightoff, burner tuning and swirl damper mechanical checkout.
This was followed by specific tests to address the parameters
listed in blocks E through H of Figure 5-i.

5.1 Oil and Coal Light-off Tests

Oil and coal llghtoffs were performed with the primary windbox
combustion air temperature preset within a range from room
temperature to 550°F. Initial coal llghtoffs were performed with
an oil firing rate near 50 MMBTU/hr established in the
precombustor. This was later ralse_ to 70 MMBTU/hr (the actual
Mealy requirement) after the Forney burner supply pressure problem
was resolved.

A similar technique can be used at Mealy to establish the mill
sweep air split for transport and vent flowrates prior to startlng
coal feed to the mill. Any residual coal in the system from the
previous shutdown will be consumed in the oil flame. Increasing
the sweep air flowrate to llghtoff values should be done at • low
ramp rate to minimize the rate at which coal is picked up.

5.2 PTecombustor Test Series

The Precombustor Test Series progressed smoothly once the Forney
oil burner and initial coal llghtoff sequences were worked out.
The overall system handled the pulverized coal without any major
problems. Trouble free operation of the facility coal supply
system was achieved early in the test series after a scheme of
backpurging the tank prior to startup was worked out. An effort
concentrated on increasing the reliability of the coal transfers to
the lock hopper reduced the number of empty (dummy) transfers which
enabled sustained operation at full load.

The precombustor test results verified the design of the complete
precombustor package and the operating conditions tested covered
the operating envelope expected at Healy.
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All the mechanical features of the Precombustor operated without
any significant problems. The swlrl dampers were inserted and
retracted without incident. The mounting design of the
precombustor, interconnecting ducts, and duct heater chambers
worked without requiring any modifications.

5.2.1 Operating Conditions

The test matrix which was used to develop operating conditions for
testing is sh_wn in Table 5-i. The conditions listed in the table

provided "target" values for parameters such as load, preheat,
stoichlometry, etc. The actual values obtained are listed in
Appendix B. (Note that matrix conditions from Table 5-1 ere
referred to in the tables of Appendix B.)

Figure 5-2 illustrates the range of operating conditions for the
precombustor tests, showing exit stoichlometry versus load at
various air preheat levels. Also indicated is the stolchlometry
versus load line which will be followed for operation at Healy.

5.2.2 Stack Oxygen Levels

Measured stack oxygen levels versus exit stolchlometry are plotted
in Figure 5-3 and compared to predicted values. Predictions are
shown for combustion of rapid volatiles only, and for complete
combustion of the coal. The close agreement between the data and
predictions is a good indication that the precombustor was
operating with high combustion efficiency.

5.2.3 Heat Fluxes and Cooling Loads

The deterninatlon of heat fluxes on the various precombustor
components is important in verifying the Healy design. The
magnitude of heat flux has a direct effect on the choice of tube

and membrane sizes, material selection and refractory
specification. The magnitude of precombustor cooling loads affects
the temperature of the combustion gas products entering the
slagging stage, as well as the overall thermal-hydraulic design of
the combustor.

The DVT precombustor had 7 separate water cooled circuits with flow
and temperature measurements for obtaining calorimetry data. The
circuits are (Figure 5-4): baffle, combustion can, mlll air spool,
transition, swirl damper housing, and swirl damper blades (2).
Heat flux values were obtained by dividing the component cooling
load by the component surface area. This provides an average heat
flux and does not account for possible peak values.

In addition to the above measurements, a small (5 inch diameter)
water cooled coupon was installed in one of the unused mill air
spool ports. The coupon was left bare (no refractory) and thus
indicates the level of "bare wall" heat fluxes in this zone of the
precombustor.
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5.2.4 Effect of Preoombustor Load

Figure 5-5 shows component heat loss (cooling load) data as a
function of precombustor load (% MCR). (Data for the swirl damper
blades are presented separately since they will be ,:oolod with low
pressure water at Healy.) The air preheat and sto._chiometry for
each load were set at the levels consistent with the healy heat and
material balance conditions (see Table 5-I)._ Because of its lack
of refractory coating, the swirl damper housing heat loss (Figure
5-4) is higher than will be the case at Hoaly. Figure 5-5
addresses this by showing total heat loss with and without the
housing included. The actual heat loss at Hoaly will be somewhere
between these two curves, or close to 3.0 MMBtu/hr at 100% MCR,
which is the value used in TRWos heat and material balance.

Figure 5-6 shows component heat fluxes as a function of
preco_bustor load. Predicted values are shown for the transition,
the "neck" (the rectangular duct just downstream of the transition)
and the combustion can. Heat fluxes are highest in the can,
ranging 4 to 5 Btu/ft:sec, and are lowest in the transition at I to
,2 Btu/ft:sec. The heat flux predictions are in relatively good
agreement with the data. The increase in heat flux in going from
80 to I00% MCR may be due to a movement of the flame front
downstream in the precombustor. Note that the heat flux on the
baffle (located at the burner throat) shows no such increase, which
supports this asstimptlon.

Heat fluxes for the damper blades and damper blade housing are
plotted in Figure 5-7 and show a similar increase in heat flux with
load. The predicted value of 40 Btu/ft'sec is based on previous
test experience at CTS and Cleveland. The heat flux to the blades
is calculated assuming all heat input is on the upstream side of
the blade only. Since there is some heating of the downstream
side, this approach results in a conservative (high) heat flux. At
Healy, the downstream side of the blades will receive some
radiative heating from the slagging stage of the combustor. To be
conservative, the Healy design values used for damper blade heat
loss assume two-slded heating with the maximum DVT heat flux on
both sides.

Figure 5-7 also shows heat flux values for the swirl damper housing

described earlier. Since the housing did not have a refractory
llnlng, the heat flux of 20 Btu/ft:sec at 100% NCR provides a good
estimate of the "bare wall" heat flux in this zone of the
precombustor, i.e. the heat flux which would be seen if the
refractory is lost locally.
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5.2.5 Effect of Combustion Air Preheat

Figures 5-8a, 5-8b and 5-8c show the effect o_ combustion air
preheat on component heat fluxes for loads of 60, 80 and 100% MCR,
respectively. With the exception of the damper blade housing and
mill air port coupon, the heat fluxes are relatively insensitive to
preheat over the load range. The damper housing heat flux is
relatively insensitive to load at 60 and 80% MCR, but at 100% MCR
increases by a factor of 2.4 in the range of preheat from 500 to
740°F.

Similar results are seen for the damper blade heat fluxes as shown
in Figures 5-9a-c for the same three loads. Air preheat has a
minor effect on heat fluxes at 60 and 80% MCR, but has a
significant impact at 100% MCR (Figure 5-9c). At 100% MCR, the
damper blade heat flux increases by nearly a factor of three with
an air preheat increase of 240°F (500°F to 7400F).

The damper blade (and housing) heat flux results indicate that the
damper blade heating is strongly dominated by convection at full
load. With a 240°F air temperature increase, radiation could be
responsible for, at most, a 50% increase in heat flux. If one
assumes that the damper blades are primarily heated by a layer of
secondary air which is not well-mixed with the core combustion
products, then a small increase in air temperature can have a large
impact on the heat flux.

This result is important because it indicates that the damper blade
heat loss (i.e. cooling load to low temperature condensate) can be
reduced by coating the damper blades with a thin layer of
refractory. For example, preliminary calculations show that
0.060 inch thick plasma spray coating of alumina could reduce thqb.
damper blade heat loss by more than 50%. This is being ¢onsldere,_
for the Heal y hardware.

The total PC heat loss (excluding damper blades), shown An Figures
5-10a-c, shows results consistent with the heat flux data presented
above. Note that the heat loss increase at 100% MCR (Figure 5-I0c)
is driven mainly by the lack of refractory on the damper housing.
With refractory installed in this zone at Healy, this increase will
not occur.

5.2.6 Effect of Combustion Can Stolchlometry

Combustion can stoichiometry is determined by the amount of air
added to the burner windbox, plus the coal carrier alr. Figures 5-
lla and 5-11b show the Qffect of can stoichiometry on component
heat f_uxes at a fixed preheat of 740°F, exlt stoichlometry of
1.75-2.12 and loads of 60 and 100% MCR. As with air preheat, the
heat fluxes are relatively insensitive to can stoichlometry, with
the exception of the damper housing and coupon. Figures 5-12a and
5-12b shown similar data for the damper blades.
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Figures 5-13a and 5-13b show the effect of can stolchiometry on
total PC heat loss (excluding damper blades).

5.2.7 Effect of Exit Stolchiometry

Heat flux data were obtained over a range of exit stoichlometry and
are plotted in Figures 5-14a and 5-14b for loads of 60% and 100%

MCR, respectively. Again, the primary effect Is on the damper
housing and coupon, with the effect much more pronounced at 100%
MCR. Figures 5-15a and 5-15b show similar data for the damper
blades.

Figures 5-16a and 5-16b show the effect of exlt stoichlometry on
total PC heat loss (excluding damper blades) for different loads.
Again note that the increase in heat loss at 100% MCR is driven by
the non-refractory lined damper housing.

5.2.8 Damper Blade Heat Loss - Effect of Insertion Depth

Damper blade heat loss as a function of insertion depth is shown at
a nominal load of 100% MCR (118-123 MMBtu/hr) in Figure 5-17. Data
are shown for two ranges of exit stolchiometry: phi.-1.79-1.97 and
phi°=l.45 (nominal phi.-2.05). The nominal insertion depth at 100%
MCR is 47%, which produces an inlet velocity to the slagging stage
of approximately 375 ft/sec. The large scatter at 10% insertion
depth is due to the relatively small exposed area of the blade at
this setting. Note that the dependence on exit stolchiometry is
similar to that seen in Figure 5-15.

5.2.9 Other Thermal Data

Shield Tubes

Cooling tubes were installed in the downstream portion of the mix
annulus windbox to provide protection against possible radiative
heating from the combustion products. These tubes were called
"shield tubes", and are indicated on Figure 5-4. Since the tubes
add a measure of complexity to the PC design, an effort was made
during DVT to determine if the shield tubes were required for
Healy.

Two unoooled coupons were installed in the shield tube region (see
Figure 5-4) to give an indication of the equilibrium temperature of
an uncooled windbox surface. One coupon was bare metal, and the
other had a 1" thick refractory coating attached to its surface.

As shown in Figure 5-18, for loads below 80% MCR, both coupons
stayed within reasonable temperature limits (<850°F). At I00% MCR,
however, the coupons reached temperatures >IlO0OF. For this

reason, the shield tubes will be retained for the Healy design.

Cooling water was fed to the shield tubes from a common manifold
with the combustion can, so direct calorimetry was not possible.
However, thermocouples were installed in the shield tube sub-
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Figures.lSb Total PC Heat Loss Versus Exit Stoichiometry-
100% MCR
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manifolds and an estimate of the flow was made based on pressure
drop measurements. Based on this method, the average heat flux on
the shield tubes is about I Btu/ft2sec at 100% MCR (Figure 5-19).

Burner Temperatures

Thermocouples were provided with the Foster Wheeler burner for
monitoring temperature of the nozzle and sleeves. These
temperatures remained below Foster Wheeler prescribed limits for
all tests. The temperatures were independent of coal load (Figure
5-20) and tracked combustion air temperature (Figure 5-21).
Changes in stoichiometry over the ranges previously discussed had
no impact on the temperatures.

5.2.10 Pressure Drop Measurements

Air side pressure drop measurements were made for a number of
components on the precombustor. These measurements are important
in establishing an overall pressure budget for the Mealy combustion
system.

Figure 5-22 shows the pressure drop across the Foster Wheeler coal
burner as a function of cyclone blowdown flow (i.e. carrier flow).
At the nominal carrier flow of 12,000 ib/hr, the pressure drop is
5-6 inches H20.

Pressure drop across the Foster wheeler burner air register is
shown in Figure 5-23 as a function of combustion air flow, for
outer register settings of 50% and 30% (refer to Section 4.3 for a
discussion of air register settings). At 100% MCR, the combustion
air flow rate to the burner windbox is 63,000 Ib/hr, and the air
register pressure drop will be 4-5 inches H,O.

The impact of air register settings on pressure drop is shown in
Figures 5-24 and 5-25 for the inner and outer registers,

i respectively. Although there is a large amount of scatter in the
data, the pressure drop change is relatively small. Thus small
changes in register settings should not impact the overall pressure
budget for Mealy.

A summary of the pressure drop data is shown schematically on
Figure 5-26. Nominal and maximum pressures are shown for each
location for 100% MCR conditions. The pressure provided upstream
of the combustion air dampers (points 2 and 5 on Figure 5-26) will
be 40 inches MzO at Mealy. Therefore, the dampers will have 10-15
inches H20 drop available, which should be sufficient for ¢ontrol
purposes.
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5.3 Startup and Shutdown Sequences

The run conditions used for start-up and shut-down are shown in
Figure 5-27. The Forney ignitor was first fired at 20 MMBTU/hr,
and this was accomplished within about 4 minutes; this could be
achieved with the primary air temperature at room temperature, as
well as at temperatures up to the maximum 550" F. Then the ignitor
was ramped up first to 30 MMBTU/hr, and then to its maximum of 70
MMBTU/hr within the next five to six minutes. The burner could be

held at this position as long as was necessary. For coal firing,
the coal flow was established from the facility supply system and
ramped up first to about 30 MMBTU/hr. At this point, the ell flow
was decreased to 35 MMBTU/hr. Then the ell flow was reduced to
zero over a period of about ten minutes while the =eel was ramped
up to 70 MMBTU/hr. At this point, the burner was completely
sustained on only coal, and could be held under such a condition as
long as was necessary. The burner could then be ramped up on coal
to the precombustor MCR, as required by the specific test sequence.
The shutdown sequence was the reverse of the startup sequence as
indicated in Figure 5-27.

5.4 Combined DCFS-Precombustor Tests

Test results for the Direct Coal Feed system as tested together
with the precombustor are described in Section 6. In this eectlon,
only the data from this test series which are specific to the
precombustor are presented.

In general, there were no major changes in preco_ustor performance
in changing from operation with the facility coal feed system to
operation with the DCFS. Heat fluxes, pressures, temperatures and
other measurements were consistent with the data obtained during
testing with the facility coal feed system. No increase in heat
fluxes or coolin_ loads were observed due to the burning of coal
fines from the cyclone vents.

Total heat loss for the precombustor is compared for testing with
and without the DCFS in Fibre 5-28. Although there is some
scatter due to a range of test conditions, there As no significant
difference between the two sets of data.
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6.0 Direct Coal Feed System Tests

A total of 11 tests were conducted consuming 76.4 tons of Healy
performance coal during Coal Feed System tests at Capistrano to
validate the new variable split direct coal feed system (DCFS)
design. The coal feed system design and operation are based on
scaleup from a successful cold flow model test seri_s conducted by
TRW. Figure 6-1 illustrates a schematic of this new coal feed
system concept. Key CFS design and operational issues that
required further investigation via design verification tests are
presented in Figure 6-2. Figure 6-3 summarizes the solution or
evaluation methods that have been employed to acquire the design or
operational data required to complete the design of the Healy CFS.
Data required from DCFS design verlf_catlon tests include:

o Air flow rates
o Coal flow rates

o Coal flow splits
o Air velocities throughout the system
o Pressure drops for the overall system and each component
o Cyclone efficiency at various coal flow rates
o Sound level data

o Coal accumulation quantities (if detected)
o Normal carbon monoxide levels in the DCFS

6.1 DCFS Test Summary

The precombustor was tested first without the Variable split
blowdown CFS using an existing facility coal supply system which
was connected to the precombustor through the transport circuit
portion of the DCFS. The DCFS was installed while precombustor
tests were being conducted.

After precombustor testing was concluded, emphasis was placed on
DCFS testing. DCFS tests were conducted using three different
hardware configurations;

o First, the common cyclone blowdown test configuratlon,
o Second, the split cyclone blowdown test configuratlon,
o Last, the long duration common blowdown test

configuration

These are illustrated in the following appropriate sections. For
each of these test configurations except the long duration tests,
testing commenced with air flow only tests followed by coal flow
tests. This safe test approach minimized risks associated with
hardware damage by evaluating pressure drops, velocities, and
control techniques prior to coal flow. Figure 6-4 and 6-5
summarize the logical sequence of testing, the problems
encountered, modifications implemented, and primary results of the
tests conducted. Table 6-I summarizes the primary CFS design and

operational issues and the conclusions reached based on the DVT.
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6.2 Common Cyclone Blowdovn Configuration Tests

The first tests conducted using the DCFS utilized cyclone blowdown
(coal discharge) ports that were commonly connected using a deswirl
configuration that was tested during Cold Flow Modeling. The
deswirl configuration was implemented to eliminate the vortex swirl
of the cyclones that could persist down through the transport
system, potentially creating a wear problem in the Healy design. An
objective of the test program was to demonstrate a design that did
not require eductors in an effort to improve the plant energy use
efficiency.

Air flow tests were conducted first as a safety precaution to
characterize the DCFS without subjecting the precombustor to risk
of damage. Successful conclusion of the air flow tests were then
followed by coal flow tests in which al_ of the coal supplied
through the DCFS was transported to the precombustor. This test
configuration was simpler to control than the split flow
configuration utilized later (since a separate coal receiving
vessel was not required) and allowed evaluation of the DCFS flow
stability and potential for coal acc,_ulation.

6.2.1 Common BlowdownAir Flow Tests

Three sets of air flow tests were conducted: DCFS1, DCFS2, and
DCFS3. DCFS1 air flow tests were with no blowdown but different

total inlet air flow to the coal feed system. The DCFS2 set was
conducted with splitter dampers 100% open but varying blowdown and
total inlet air flow. The last air flow test, DCFS3, was conducted
with constant total inlet, but different splitter damper positions
and blowdown. The test matrix data points refer to an input test
matrix submitted with a Test Plan to the Capistrano test crew. The
test matrix data points acquired during testing are given in the
test matrices provided in this report rather than the target data
points submitted as part of the Test Plan.

Objectives of air flow tests:

o Leak checks

o Valve and damper functional checkouts
o Checkout flow, pressure, and temperature instrumentation
o Data acquisition and reduction checkout
o Characterize system and component pressure drops as a

function of:

1. blowdown ratio = (cyclone blowdown flow/inlet flow)
2. total flow rate

3. inlet pressure
4. splitter damper position (cyclone inlet area)

The test matrix for the common cyclone blowdown configuration air
flow tests is delineated in Table 6-2.
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6.2.2 Common Blowdown Coal Flow Tests

This is the first set of tests utilizing the variable split
blowdown DCFS. The common deswirl configuration and used for the
air flow tests, was utilized for these coal flow tests (186 through
z9o).

Objectives:

o Characterize DCFS steadiness

o Verify DCFS flow rate capacity
o Determine overall DCFS and component pressure drops as a

function of carrier air and coal flow rates
o Provide basis for selection of line velocities

o Verify overall CFS pressure drop within budget
o Verify 0oal accumulation-free operation
o Verify method of blowdown control
o Evaluate cyclone efficiency
o Investigate methods for monitoring system operation

The test matrix for the common cyclone blowdown configuration coal
flow tests is shown in Table 6-3.

6.3 Split Cyclone Blowdown Configuration

The accumulation and fluctuation problems encountered during Test
189 and 190 were believed attributable primarily to the cyclone
deswirl configuration. Split capability had not yet been
evaluated. Therefore, the decision was made to change to the split
blowdown configuration. Deswirl elbows in the cyclone blowdown
legs, originally planned for this configuration, were not
installed. Eductors were also not installed even though the
overall system pressure drop appeared to be high. Hardware
modifications and operational changes would b_implemented to try
and reduce the overall pressure drop instead.

In this configuration, one cyclone feeds the precombustor and the
other cyclone feeds a calibration cyclone which discharges coal to
a collection tank. The collection tank is weighed to ascertain
coal split. The reducing elbow in the precombustor transport line
was also replaced with an impact elbow to minimize swirl in the
transport line and evaluate its pressure drop. An off-center
orifice plate was also installed at outlet of the cyclone vent
manifold to increase the pressure drop in the vent line and thus
allow the blowdown damper to control over a more stable regime.
Again, air flow tests were conducted first to characterize the new
configuration and obtain calibration data for predicting coal
splits with air only.

6.3.1 Split Blowdown Air Flow Test

Objectives:
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o Checkout new flow, temperature, and pressure
instrumentation

o Determine calibration cyclone flow characteristics
o Characterize system and component pressure drops as a

function of blowdown ratio and cyclone inlet area (damper
position)

o Characterize variable splitter air split for different
back pressures

The test matrix for the split cyclone blowdown configuration air
flow tests is shown in Table 6-4.

6.3.2 Split Blowdown Coal Flow, Hot Fire, Tests

Test 191 through 194 were conducted primarily to evaluate the coal
flow split capabilities of the varlable splitter.

Objectives:

o Characterize feed system steadiness in split
configuration

o Verify ability of feed system to deliver coal to two
different locations at two different back pressures
(pressure balance)

o Verify method of blowdown control
o Determine feed system and component pressure drops as a

function of carrier and coal flow rates

o Verify mill startup conditions
o Verify accumulation-free operation over complete splitter

operating window
o Evaluate cyclone efficiency
o Verify flow split control accuracy and measurement
o Demonstrate flow split changes during coal-fired

operation
o Characterize feed system operation during combustor

upsets (i.e., loss of oil flow)

The test matrix for the split cyclone blowdown configuration coal
flow tests is shown in Table 6-5.

The first 50:50 split test, Test 191, was shutdown prematurely due
to problems encountered with the collection tank weight monitoring
device and elevated pressures in the collection tank which effected
calibration cyclone coal discharge flow. The collection tank
pressurization was caused by a particle filtration unit used for
the collection tank vent.

With instrumentation problems fixed and the collection tank vent
routed to a scrubber system rather than the cartridge filter, the
successful completion of three split tests, Tests 192, 193, and
194, was achieved. During these three tests, the following Healy
simulated startup and shutdown were demonstrated: lower mill air
flow during startup, and a sequence of air flow adjustments
followed by coal flow for startup, and a sequence of coal flow
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adjustments followed by air flow adjustments for shutdown. The
split objectives for the three tests were:

o Test 192 - 50:50 coal split,
o Test 193 - 44:56 split,
o Test 194 - variable split

Table 6-6 summarizes the results of the three coal split tests.

During Test 193, isokinetic samples of the cyclone vent line were
taken at half load and at about 3/4 load to determine cyclone
efficiencies. Efficiencies of 97% at half load and 95% at 3/4 load
were obtained.

Test 194 demonstrated a successful start after an abort shutdown of

Test 193. This demonstrated that a startup could safely be
implemented without the requirement to purge the transport line of
residual coal after a trip.

6.4 Long Duration Common Blowdown Configuration Tests

The DCFS coal flow tests, 186 through 194, had a duration of less
than 2 hours of operation on coal flow. A longer duration test of
about 5 hours was required to evaluate flow steadiness and the
effects of sustained operation of the DCFS with the precombustor.

Test 195 and 196 were both conducted with the cyclone blowdown legs
commonly connected, to allow complete combustion of all remaining
coal. Test 195 would have been the final long duration test,
however, time-consuming mill air fan repairs prevented extended
operation. Therefore, Test 196 was conducted to obtain the 4 to 5
hour coal operation data. Blowdown flow control was modified in
Test 196. It was postulated that more stable blowdownflow control
could be accomplished using flow input from the vent llne orifice
rather than the annubar flow meter.

Objectives:

o Verify stability of CFS and precombustor over longer
operating period (5 hours)

o Verify CFS overall pressure drop is within required
budget

o Verify that no coal accumulation occurs during longer
operating period

o Verify blowdown flow control based on orifice pressure
drop

o Provide data for CFS pressure drop correlations

The test matrix for the long duration common blowdownconflguration
coal flow tests is shown in Table 6-7. Table 6-8 summarizes the

component pressure drops from all available tests for different air
flows and coal flows.

Figure 6-6 illustrates one of the most accomplishments resulting
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Table 6-6 Cold Flow Mass Split Determination

192 193 194

Total Coal Flowed to
Splitter (Ib) 18,435 20,115 21,075

Total Coal Discharge
through both Cyclones
(Ibs) (95% eft.) 17,513 19,109 20,021

Total Coal to Calibration
Hopper (Ibs) 8,165 8,000 8,500

Total Coal to Calibration
Cyclone(Ibs) (95% eft.) 8,595 8,420 8,950

Cyclone #1 Damper
Setting (Feeds calibration
hopper) 100 50 Variable

Cyclone #2 Damper
Setting (Feeds PC) 100 100 100

Measured Coal Split 49.1/50.9 44.1/55.9 44.7/55.3

Calculated Coal Split
Based on Pressure
Measurements 50/50 44.0/56.0 Variable

Coal Split Based on
% 02
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from the coal feed system DVT. Shown are the overall CFS pressure
drops before any modifications to the system were made, and results
from the last test, 196, after all modifications were implemented.
System pressure drops were reduced about 20 inch WG. After
eliminating pressure drops unique to the DVT setup results in a
Healy CFS pressure drop of 28 inch WG. Add that to a precombustor
back pressure of 23 inch WG results in a requirement of 51 inches
WG at the CFS inlet based on performance coal. As a result, the
requirement for eductors to boost the transport system pressure is
not required for the Healy design. Note that for waste coal at
maximum flow rate, this translates into a delta-P of 55 inches WG,
which is within the 60 inches WG requirement.

Sound level data was also acquired during Test 195 and 196. Since
there is no need for an eductor/blower system for the Healy coal
feed system, noise levels of less than 85 dB may be inferred from
the data. Most of noise for the DVT was attributed to the
secondary, primary, and mill air fans. The sound level data are
summarized in Appendix C.

6.5 Startup and Shutdown Safety Issues

After the completion of hardware modifications, and ensuring that
the coal flow fluctuations were within acceptable levels, it was
decided to perform the following tests.

Instead of ramping down the coal prior to shutdown, an emergency
shutdown was manually enforced thereby shutting down all systems
simultaneously. The goal was to shutdown the DCFS instantly and
let any coal in the lines reside and settle down in the lines and
components of the DCFS, and then see if this coal would have any
adverse impact during the startup of the next test. Therefore no
attempt was made to clear the lines of coal, and the next test was
started up with the coal from the previous test remaining in the
system. It was observed that the startup was without any
observable abnormal peaks, and was achieved without any incident.
Several such shutdown and startup tests were performed while
maintaining the test matrix as planned. These tests proved the
safety and reliability of the system.

Carbon monoxide levels in the DCFS were also measured during
testing. The levels of CO measured in the DCFS were always less
than 10 PPM, indicating no evidence of burning or smoldering of the
coal in the DCFS throughout the test program.
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7.0 Impact of DVT on Healy Precombustor Design

As a general statement, the results of the precombustor DVT had no
majorimpact on the Healy precombustor design. The tests validated
the basic sizing, geometry and operation of the precombustor. The
mix annulus windbox design was validated, as was the approach for
injecting and burning coal fines in the cyclone vent exhaust. Both
of these represented significant departures from the Cleveland PC
design. Furthermore, the use of the Foster Wheeler coal burner,
which was a departure from the Cleveland design, was also
successfully validated.

Near the conclusion of the test series a nominal accumulation of
slag was noted on the lower edge of the water cooled combustion
chamber and on adjacent hardware. The last 3 feet of the chamber
had a wet slag appearance 360 degrees around but no significant
buildup. An analysis of the Performance Coal used throughout the
test program indicated a T250 which is nearly 300°F less than the
Healy specification.

Still, concerns were raised that over long operating periods, a
significant buildup of slag may interfere with the lower coal fines
injection ports. The coal fines injection arrangement was
reconfigured for the Combined DCFS-Precombustor tests, discussed in
the following sections. The new arrangement included the top six
injectors and blocked off the bottom two injectors. A review of
the design of the exit transition indicated that even if slag
buildup occurred, the slag would escape into the Slagging Combustor
if sufficient accumulation occurred to provide a flow path. This
modified arrangement has been incorporated in the Healy design.

Table 7-1 summarizes the major PC issues which were addressed by
the DVT, with applicable test results and impact or the PC design
and/or operation. A description of two test results which have had
impact on the Healy design are provided below.

Modified Cyclone Vent Air Injector Confi_r_tion

Modification of the injectors, shown in Figure 7-1, was driven by
two concerns. First, tests during DVT showed that under certain
conditions, slag deposits can form in the region of the injectors.
If the slag deposits became significant, the lower injectors could
be blocked, allowing the accumulation of coal fines in the duct.

Second, cold flow tests showed that injector legs running "uphill"
with velocities of less than 40 ft/sec may experience saltation and
accumulation of coal fines. Low velocities will be experienced by
the injectors during normal operation (i.e. non-start-up
conditions) when most of the cyclone vent air is sent to the
furnace NOx ports.

Based on the above concerns, a decision was made to rotate the
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Table 7.1 Precombustor DVT Results

I

ISSUE TEST RESULTS DESIGN/OPERAT!ONIMPACT

Coal burnerperformanceincluding • Demonstratedstableoperation
ignition,stabilityand load over the fullload range
variation

• Demonstratedreliablecoal • Highlevel of confidence
light off in reliableburneroperation

at Healy
• No flame failuresexperienced

• BumerAPmeasured • Addsmargin to pressure
budget

• Close agreementbetween • Good indicationof high
measuredand predictedstack combustionefficiency
oxygen

Preventionof slaggingand • No significantfoulingseen None
fouling duringtest series

• Portionof combustioncan • No major impact. Will use
. coveredwith thin (I/4-i/2") lower¢ for low T250 coals

slag layer. May be due to at Healy
low T2SO (2400"F)

• Some slag depositsseen in • Mill air injectorsrotated
bottomof transitionand for Healy designto avoid
near PC exit possibleinjectorplugging

Combustionof cyclonevent air . Demonstratedburningof fines • Precombustorcan reliably
includingcoal fines using DVT coal feedsystem burnfines as required

duringstart-upat Healy
• No adverseeffectson

precombustoroperation

• No evidence of fouling due to
coal fines

Demonstration of Healy start-up • Successfully demonstrated • Validates method proposed for
and shut-down sequences Healy sequence including combustor sta_-up/shut-downcoal/oil exchange with oil

tgn!tor at 70 MBtu/hr
Validate design heat fluxes and , Measured heat loss slightly • Healy design will include
cooling loads over target due to lack of refractroy ltning throughout

refractory

• Measuredheat fluxesare

withinpredictedrange

Operationof 70 MBtu/hrforney • Smokelessoperation • Hazecan be eliminatedat
nil burner demonstratedat minimum Healywith tighterair flow

20 MBtu/hr)and maximum controls70 MBtu/hr)loads.Slight
stackhaze at intermediate
loads

• Pressuresfor atomizationand • Requiredpressuresfor Healy
oil significantlyhigherthan Atomization: 95 psig
Forneyestimates,exceeding Oil: 150 psig

• plantcapability. Changed
operatingmode to reduce
pressures to reasonable
levels

• Forneyrecommendedtertiary • Reducetertiaryair flow
air flowcausesoil flame for Healy
failureat low loads

i
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Table 7-1 Precombustor DVT Results - Continued

I ii I iiii I I III
, .'

ISSUE TESTRESULTS BESIGN/OPERATIOIIIMPACT
IV El

Verifypressurebudgetfor Healy * MeasuredAP's in relatively • Pressurebudgetleaves
design good agreement with sufflcient margin for flow

predictions control at Heal_
Reliable operation of flame • Not able to discriminate • DVTexperience suggests that
scanner system between oil and coal flames oil/coal flame discrimination

using Forney supplied system may not be required for safe
operation at Healy

• Forney has indicated that
this problem is commonto all • Working to obtain resolution
of their installations through NFPAand/or industry

experience
• Flame scanner on burner

peripheryprovidesa strong
slgnalwhetherfiringoli

, only, coal only or oil and
coal

• Repeatablecoal ignitionwas
obtainedwithoii burner

firin9 at 70 MBtu/hr

Thermal effects,thermal • Small cracksappearedon • Redesignedfor Healy
mistmatches jointwith high thermal AT limitedto 300"F

stresses(AT - GOO'F)

• Measuredhlghtemperature • "Shieldtubes"requiredfor
on mix annulus windbox Healy design
coupons due to back radiation

I I
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injectors to orientations of horizontal or above (Figure 7-1). Due
to space constraints, the number of injectors was reduced from 8 to
6. The I.D. of the injectors will be slightly larger, so that the
injection velocities at Healy will be nearly the same as for DVT.

D_Der Blade He_t LOSS

Heat loss to the damper blades reduces the plant efficiency at
Healy since the heat is rejected to low temperature water
(condensate). The DVT results indicated that the heat loss is
strongly driven by convection, which can be significantly reduced
by providing a thin refractory (e.g., plasma spray) coating on the
surface of the blades. TRW has used plasma spray coatings
(alumina) in some areas of the MHD combustor, however, the coatings
have been found to spa11 under certain conditions.

TRW will investigate the viability of thin refractory coatings for
the Healy damper blades. Because the coatings are thin
(approximately 0.050-0.100"), they can be applied during the
manufacturing process and have no effect on the dimensions of the
present damper blade design.
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8.0 Impact of DVT on Direct Coal Feed System Design

The DVT proved that the total system pressure drop was within the
60 inches water pressure budget requirement. Utilizing the DVT
data, we can now calculate that the predicted overall operating
pressure drop for the Healy design will be about 50 to 52 inch WG
for performance coal at full load. This is 8 inch WG below the
required maximum limit of 60 inch WG. For waste coal, overall
pressure drop is predicted to be 57 to 58 inch WG. Figure 8-1
illustrates the required CFS inlet pressure as a function of load.
Because the variable split blowdown coal feed system complies with
the 60 inch WG limitation without the application of eductors to
boost the transport system pressure, the plant overall efficiency
increases due to the elimination of the blowers that would furnish

the motive air required for the eductor boost.

Coal accumulations in the original variable splitter discharge
ducts, occurred during initial attempts to achieve full load.
After evaluating corrective solutions both analytically and via
cold flow modeling, a relatively simple modification to the
splitter discharge duct design eliminated the coal accumulations in
the splitter with only a 3 inch WG increase in pressure drop. The
splitter discharge duct design change to the Healy CFS design was
also incorporated. Velocities, pressure drops, geometry are
preserved in the Healy design. An added feature to the Healy
design is a manual damper in the top of the splitter discharge duct
which may be lowered to increase velocities in critical areas to
prevent coal accumulation. The system is designed in an effort to
minimize velocities in this section to minimize pressure drop as
well as wear. If it is necessary to utilize these discharge
dampers, they must be positioned symmetrically to prevent coal
split bias.

Flow stability was also improved during the DVTthrough hardware as
well as operational modifications. Figure 8-2 illustrates the
improvements made with modifications to the transport system. Peak
to peak precombustor and burner pressure variations of 4 inch WG
were reduced to peak to peak variations of less than 2 inch WG
after transport line modifications were implemented.

Cyclone blowdown port size and blowdown leg diameter effects were
also evaluated during testing. Minimum sizes were established
based on pressure drop measurements and total flow rates of air and
coal per cross sectional area. Cyclone blowdown port sizes and
blowdown pipe sizes were established for the Healy CFS in which the
precombustor and slagging combustor cyclones are sized in
proportion to the total flow received by each cyclone.

Flow control was also improved during the DVT. Controlling
blowdown based on input from the annubar flow meter proved to be
difficult to tune. The blowdown damper was either overdamped or
underdamped in response to fluctuations in CFS input flow emanating
from the mill air fan and lock hopper facility coal supply system.
Therefore, an orifice plate was added upstream of the blowdown
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damper which enabled the damper to control in a more stable regime
and be less responsive to fluctuations in total inlet flow. Figure
8-7 illustrates stable precombustor and burner pressures even
though flow from the facility coal supply system experienced
periodic fluctuations due to coal transfers. To a degree, the CFS
tends to dampen fluctuations in supply pressure, important in the
Healy design with exhauster fans located upstream of the CFS.

A method for ascertaining velocity and margin above saltation was
also determined during DVT. The precombustor burner pressure drop
proved to be a reliable means for predicting velocity during the
DVT. Lower trip limits were established for velocity based on test
experience which indicated that burner pressure drops of less than
4 inch WG were indicative of saltation. Therefore, blowdown ratios
were established to maintain burner pressure drops of 6 inch WG on
average. A lower trip limit of 4.5 inch WG was used effectively
during the DVT as illustrated in Figure 8-3. For Healy lower trip
limits will be established based on air flow test results. TRW is

planning on using the slagging combustor splitter pressure drop as
a means of predicting slagging combustor transport line velocity
and margin above saltation.

Acceptable instrumentation locations, orientation, and port sizes
were also determined from DVT testing. At first some ports were
found susceptible to plugging. Plugging problems diminished after
resizing and relocating instrumentation ports. For Healy, ports
susceptible to plugging will have purges which shall be activated
intermittently.

The DVTdemonst:'ated that the hardware design could be scaled. The
DVT hardware design was based on scaling from the cold flow model
design. Cyclone efficiencies and pressure drops indicated that
blowdown cyclones could be designed using conventional cyclone
design techniques. Blowdown port size, however, is determined
using nonconventional means based on pressure drop and total air
and coal flow. The variable splitter also proved to be scalable.
Results were illustrated to be repeatable and scalable from cold
flow modeling data.

8-4



8-5





9.0 Post-Test Hardware Condition

The overall condition of the precombustor at the conclusion of the
DVT Program was very satisfactory. Judging from the appearance of
the hardware and the test data obtained, the precombustor as is
could continue to be fired indefinitely.

! The Foster Wheeler burner did have minor coal and oil deposits in
the oil burner cavity and on the oil gun tip. These did not
interfere with operation and probably would not have occurred if a

1 purge had been present. Post firing examinations did not reveal
! these deposits before modification of the tertiary air fan setup.
I The appearance of the HESI never changed. It sparked without
] problem throughout the program. The coal passages internal to the
] burner, as viewed from inside the PC, did not appear to contain any

coal deposits.

I The chamber refractory was in excellent shape except for a small
] bare spot (about 6 square inches) near the edge between the baffle

throat and the chamber face as shown in Figure 9-1. Minor cracks
in the chamber refractory were also noted, however, most of these

I appeared during curing. Molten slag about 1/4 thick coated the
I full circumference of the last three feet of the chamber wall.

Approximately 50 pounds total of molten slag accumulated at the
i lower edge of the chamber and on adjacent downstream surfaces.

_ A crack appeared at the weld junction between the water cooled
i chamber and surrounding windbox wall was noted. Further details
I are provided below. The first sign of gas leakage out these cracks
I occurred early in the DVT Program. The problem did not appear to

get worse and never interfered with operation. This zone was known
to be affected by thermal stresses and an improved arrangement will

1 be provided for Healy. No other structural design problems were
1 noted. The flex lines used to connect the coal fines injectors to

the splitter never overheated during testing. A problem with coal
smoldering did occur when oxygen was applied to a cutting torch to
modify some attachment fittings. The lines in which smoldering
occurred were replaced.

9.1 Precombustor Condition

1. The precombustor installation was left intact with the
exception of the damper blades, which were removed and stored.
Inspection of the blades indicated no heat-induced w_rpage.
Both blades had a scraped surface along the bottom edge (1/8"
x 12") due to interference with swirl housin_ duct. Both
blades were removed from PC assembly, drained of water and

purged with nitrogen. Afterwards the water circuits were
capped, and both blades were placed in storage. Figure 9-2
shows the transition exit section condition.

2. Several small cracks were found in the secondary air windbox
reinforcing gussets. A preliminary inspection indicated
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cracks present in structural welds and parent material. The
cracks were in the structural attachment o£ gussets to shell
near windbox downstream edge. At no time did the cracks
compromise the structural integrity cf the precombustor.

The total number of thermal cycles (i.e. ambient to 700°F,
back to ambient) was approximately 50. Figure 9-3 shows the
location of the cracks. The cracks developed because of
thermal cycling over high temperature swings (over 500°F).
Because of this experience, the design of the Healy
precombustor has been improved to accommodate such thermal
cycling and eliminate the possibility of such cracks from
occurring.

The hot gas leakage discovered at the upstream end of the
secondary wlndbox during test 3A189 was traced to the
combustion chamber/windbox weld joint at the downstream end of
the combustion chamber. At least 3 cracks were discovered

along the trailing edge of chamber between the water-cooled
tubes and outer shell. These cracks created a path for hot
gases to back-up and vent through the expansion joint of the
secondary windbox. Figures 9-4 and 9-5 show the gas leakage
path.

3. Inner and outer dual air registers remained set at nominal
open values of 25% and 30%, clockwise, respectively.

4. There were no signs of coking or char buildup in the coal
burner injector passages after 43.1 hours of service.

5. There was no visible sign of damage to the oil gun HESI or
swirler head assemblies. The HESI position switch was
inoperative, but was not used, except for a sequence program.

6. The Forney oil gun complete with flame scanners and electrical
cabinets remained installed. Both flame detectors and oil gun
control panel were functioning properly prior to shutdown.

7. A small amount of materlal which appeared to be oil-soaked
coal dust continued to accumulate in air duct surrounding the
oil gun. Figure 9-6 shows the location of coal accumulation.

8. The face of oil nozzle tip had the usual signs of oil char,
but no signs of injector holes being blocked.

9. A section of the 2" thick refractory at baffle throat was
missing. Located approximately at 12 o'clock position, the
affected area was about 4" wide and 10" long. The affected
refractory was at the interface between Foster Wheeler
supplied refractory for the burner throat and TRW-supplied
refractory for the combustion can. Figure 9-7 shows the
condition which worsened since 3A193. It has been suggested
that larger refractory clips may solve this problem.

9-4



Figure 9-3 Secondary Windbox Cracks
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Figure 9-7 Missing Refractory9-9



10. A patch of non-molten ash was found at the forward end of
combustion chamber near top-dead-center location. This patch
was only about 4" x 6" in size in an otherwise bare refractory
surface. Figure 9-8 shows this condition.

11. Two oil char splotches were seen on combustion chamber surface
about halfway down the length of chamber. Each splotch was
about 6" in diameter and located on the "headend" side of the

chamber. Figure 9-8 shows this condition.

12. A greenish/black molten layer of ash, typically 0.25" thick
covered the combustion chamber over approximately 50% of its
surface. Slag extended upstream about 36" from trailing edge.
A clockwise swirl was apparent in the coating. This
condition, shown in Figure 9-9 had been continuing for several
tests.

13. Greenish/black molten ash was found on the downstream edge of
the combustion chamber between 5 o'clock and 7 o'clock

positions. This growth had not "bridged" with the refractory-
coated transition assembly. Figure 9-9 shows this condition.

14. Ash deposits within the transition section were heaviest on
the "exit end" side. The "head end" side was again free of
ash. Typically, the lower half of the transition section had
more ash attachment than the upper half.

15. All bare metal surfaces of the swirl damper housing and swirl
blades were free of ash attachment. The water-cooled surfaces
were coated with coal dust.

16. The uncooled material coupons placed near the shield tubes
continued to exhibit reddish/grey heat staining. This
condition started during test 3A190 as a sign of heat input
from coal fines in mill air hoses.

17. The refractory which was installed to block unused mill air
ports was intact.

9.2 DCFS Condition

1. Post test 3A196 inspection revealed no significant coal
accumulation in splitter, cyclone inlets or cyclone exhaust
manifold. Coal coverage was limlted to non-uniform dusting,
with no preference to top, bottom or sidewalls.

2. Coal accumulation was found in the 24" diameter mill air pipe
upstream of the mill air manifold. Although the exact depth
and coverage was not possible to determine due to a lack of
available inspection ports, approx 3" layer of coal fines
existed in the bottom of 24" diameter pipe. This coal
accumulation existed after we had purged the pipe with 25-30
K#/HR of air for several minutes. Figure 9-10 illustrates the
coal accumulation.
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3. Flow annubars and cyclone vane actuators remain installed.

4. Coal samples from various shipments and a sample of fines
removed from 24" diameter mill air pipe following 3A196 have
been taken and stored in the fire locker at FETS.

9.3 General Facility Condition

1. The boiler simulator had an ash layer height reaching to
within 2-3" of top of manway door. Ash along the walls and
roof was non-molten, and beige-colored along the floor.
Access to the boiler simulator required technicians to chisel
and remove slag from entrance.

2. The scrubber was free from blockage at the drain, at the
overhead mesh screen and at the nozzle interface duct. There

were no signs of ash deposits remaining in scrubber.

3. All pressure transducers and thermocouples remained in place.

4. All cooling water flowmeters were replaced with spool pieces
to allow circulation of cooling water as needed in the future.

5. Two J.B. Kelly coal guppies and 1 pup were washed out with
water and inspected from top hatch. A vendor removed all
material.

6. All Healy coal was consumed and hence none remained.

7. Ambient PMI0 samples remained in satellite room #2. The
SCAQMD records and other test documents are in FETS 46A
engineering office.

8. Spare valves of the DCFS piping replaced during various
modifications are located on first level of the DCFS

structure. A few pieces of spare piping are in FETS storage
yard.
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A. COALANALYSES

AttachmentsA-I and A-2 are the proximateand ultimate analysis for two
differentcoal deliveriesto CTS. AttachmentA-3 is a representativeash
content analysis performedon the coal that was consumed during testingat
CTS.

e

Table A-I summarizesthe coal deliverydates and quantitiesas well as
the resultsof the sieve analysis and moisture contenttests that were
performedon a sample from each delivery. Certificationsheets from the sieve
and moisture analyses tests are attachedas AttachmentsA-4 throughA-18.

TABLE A-I COAL PARTICLE SIZE/MOISTUREANALYSIS RESULTS

DELIVERY DELIVERY TONS % THROUGH MOISTURE
NUMBER DATE DELIVERED 200 MESH CONTENT (%)

I 3 Aug 92 5.74 61.50 10.40

2 5 Aug 92 22.92 57.50 10.22

3 18 Aug 92 23.27 , 60.41 9.99

4 21 Aug 92 22.49 60.97 10.37

5 23 Oct 92 26.26 54.71 10.98

6 2 Nov 92 23.55 53.61 1].64
i i

7 13 Nov 92 33.21 53.70 9.90
i. iii i i i ii

_

8 ]8 Jan 93 " 22.7 56_41 8.55....i
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Attachment A-1

_fL COMMERCIAL TESTING & ENGINEERING CO,_ SOUTH HIGHLANDAVE., SUITE210-B,LOMBARD, ILLINOIS 60148 • (708)953-9300
s,N¢=,oo= Memberof theSGSGroup(SecUre'Gq_d.sle_ Sur_t,ance)

PLEASEADDRESSALLCORRESPONDENI
1921N. GAFFEYSTREET,SUITE8, SANPEDRO,CA

TELEPHONE:(213)831-133'
September 1, 1992 FAX:(213)e31.189;

ENERGY & ENVIRON. RESEARCH CRP
18 MASON

IRVINE CA 92718 Suple identification by
EER

SAMPLE IDENTIFICATION
8-13-92

Kind of sample COAL TRUCK #3 P003

reported to us SITE: EER TEST SITE

LOCATION: LARGE MILL

Sample taken at ...... SAMPLE DESCRIPTION: TR;4 COAL
• NO. 136996

Sample taken by ......

Date sampled ......

Date received August 14, 1992

Analysis Report No. 04-68442

pROXIMATE ANALYSIS ULTIMATE ANALYSIS

As Received pry Basls As _eceived

% Moisture 9.90 xxxxx % Moisture 9.90 xxxxx

% Ash 17.85 19.81 % Carbon 49.92 55.40

% Volatile 39.86 44.24 % Hydrogen 3.67 4.07

% Fixed Carbon 3_._9 35.95 % Nitrogen 0.69 0.77
100.00 100.00 % Sulfur 0.16 0.18

% Ash 17.85 19.81

Btu/Ib 8405 9328 % Oxygen(dill) _7.81 _9.77
% Sulfur 0.16 0.18 100.00 100.00
MAF Btu 11632

Respectfullysubmitted,

3VER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

WatermarkedForYourProtection TERMSANDCONDITIONSONREVERSE



Attnnhment A-2

_1 _ COMMERCIAL TESTING & ENGINEERING CO.
aENERALOFFICES:1919SOUTHNIOmL,AND AVE., SIN'lll 1_I4.B,LOMBA_. ILLINOIS 60148 (708) 953-9300

s,_= ,_e Memm'Jl Ihe SGSGroup(,S_,dUGehe_'sle0eSuNJll,uce)

PLEASEADDRESSALLCORRESPONDENCETC
1921N. GAFFEYSTREET,SUITEB.SANPEDRO.CA9073

TELEPHONE:(213)831.133
November 18, 1992 FAX:(213)831.189;

ENERGY & ENVIRON. RESEARCH CRP

8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION

SAMPLE #108934
Kind of sample COAL 11-2-92

reported to us 7:30=A.M.
TRU_k-#6" '

Sample taken at ...... EER

• LARGE MILL

Sample taken by COAL

Date sampled ......

Date received November 4, 1992

Analysis Report No. 04-68510

PROXIMATE ANALYSIS ULTIMATE ANALYSIS

As Received Dry Basis _s,,Received Dry Basis

% Moisture 11.64 xxxxx % Moisture 11.64 xxxxx

% Ash 17.15 - 19.41 % Carbon 49.83 56.39

% Volatile 39.59 44.80 % Bydrogen 3.46 3.92

% Fixed Carbon 31.62 35.79 % Nitrogen 0.66 0.75
100.00 100.00 % Sulfur 0.14 0.16

% Ash 17.15 19.41

Btu/Ib 8292 9384 % Oxygen(dill) _ 19.37
% Sulfur 0.14 0.16 100.00 i00.00
MAF Btu 11644

Respectfullysubmitted.
COMMERCIALTESTINC_ ENGINEERINGC(D

A-3 _:-/._._'er,SenPedroL,,_mto_y
V'ER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

Watermarkec_ForYourProtechon TERMSANDCONDITIONSONREVERSE



AttachmentA-3

TCOMMERCIALTESTING & ENGINEERI

N G C O.

ERALOFFICES:1919SOUTHHIGHLANDAVE.,SUITE210-B,LOMBARD,ILLINOIS60148• (708)953-9300
S,NCt_O0_ MemberoftheSGSGroup(Scc_e'G_._a__ Sunell,-nce)

PLEASEADDRESSALLCORRE_
1921N.GAFFEYSTREET.SUITEB.SANPEDRO,CA

TELEPHONE:(213)831.133_
January 21, 1993 FAX:(213)e31.189;

TRW
33000 PICO AVENUE

SAN CLEMENTE CA 92672 Sample identification by
TRW

SAMPLE IDENTIFICATION
TRW HEALY COAL

Kind of sample COAL DALE SICHER
reported to us (714) 361-7172

°"_" _--_-_Z _" i

Sample taken at ......

Sample taken by ......

Date sampled ......

Date received January 18, 1993

Analysis Report No. 04-68558

ANALYSZS Or _ss wzzgaT._t., IGNZ'Z'ZD B_SZS

Silicon dioxide 55.68
Aluminum oxide 12.81

Titanium dioxide 0.54

Iron oxide 4.71

Calcium oxide 14._5
Magnesium oxide 2.25
Potassium oxide 2.84

Sodium oxide 1.84

Sulfur trioxide 3.67

Phosphorus pentoxide 0.16
Strontium oxide 0.19

Barium oxide 0.43

Manganese oxide 0.13
Undetermined 0.00

i00.00

Silica Value : 71.95
Base:Acid Ratio = 0.38

T250 Temperature = 2433 oF

Respectfullysubmitted,
COMMERCIALTESTING&ENGINEERINGCO

PedroLaboratory

_VER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TID ANDGREATLAKESPORTS.ANDRIVERLOADINGFACILn'IES

WatermarkedForYourProtection TERMSANDCONDITIONSONREVERSE
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Atf_nhrn_nt A-4

qmIL_..= COMMERCIAL TESTING & ENGINEERING CO.
GENERALOFFICES:1919SOUTH HIGHLAND AVE., 14Jrl"E210-B,LOMBARD, ILLINOIS 60148• (708)953..9300

¢z too= Memberof theSGSGroup(So¢_,'Ge;-_adode SU_'OtllanCtl)

PLEASEADDRESSALLCORRESPONDENCETC
1921N. GAFFEYSTREET,SUITEB, SANPEDRO,CA9073

TELEPHONE:(213)831.133

August 5, 1992 FAX:(213)831.1e9

p,
ENERGY & ENVIRON. RESEARCH CRP

18 MASON

IRVINE CA 92718 Sample identification by
EER

SAMPLE IDENTIFICATION
7-30-92

Kind of sample COAL TEST #TRWO01

reported to us NO._08792 _ •

Sample taken at
6

Sample taken by P.O. NUMBER 489.12

Date sampled
SAMPLE NOT DRIED BEFORE SCREENING

Date received July 4, 1992

Analysis Report No. 04-68430

, _Tzv'_ RESULTS
passinq RetAined On % Weiqht % RetAined % Passlnq

..... NO. 100 8.10 8.10 91.90
NO. 100 NO. 200 30.40 38.50 61.50

NO. 200 NO. 325 28.80 67.30 32.70
NO. 325 0 32.70 I00.00 0.00

Respectfullysubmitted,

COMME_STING & ENGINE_.

A-5 Ma_,_ge(,SanPedroLaboralory
/ER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES



AttachmentA-5

COMMERCIAL TESTING & ENGINEERING CO.
GENERALOFFICES:1919SOUTH HIGHLANDAVE., SUITE210-B,LOMBARD,ILLINOIS 60148* (708) 953.9300

s0_ce0oDD Memberof thoSGSGroup(Soc_to'Goh#ra_oCoSurveNance)

PLEASEADDRESSALLCORRESPONDENCETO:
1921N, GAFFEYSTREET,SUITEB, SANPEDRO,CA90731

August 5, 1992 TELEPHONE:(213)831.1331
FAX:(213)831.1892

ENERGY & ENVIRON. RESEARCH CRP
18 MASON

e

IRVINE CA 92718 Sample identification by
EER

SAMPLE IDENTIFICATION
7-30-92

Kind of sample COAL TEST #TRW001

reported to us NO. 108792

Sample taken at ...... "

Sample taken by • P.O. NUMBER 48912

Date sampled

SAMPLE NOT DRIED BEFORE SCREENING

Date received July 4, 1992

Analysis report no. 04-68430

MOISTURE ......................... 10.40 •

i

Respectfullysubmitted,
COMMERCIALT.T.F._TING& EN_G/NEERINGC9.

/ER 40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

NalermatkedForYourProtect,or' TERMSANDCOND[TIONSONREVERSE
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kn_ly_ ]_oport_ Nu, 04-68434

...... 'No. 100 _.20 9.20 _0,80
_o. 1o0 No, 200 ._3.30 42.50 57,$0
No. 200 No. 325 _a.50 91.00 29.00
l_o. 325 0 2_,00 100,00 0.00
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AttachmentA-8

£Trl _ COMMERCIAL TESTING & ENGINEERING CO.
GENERAL OFFICES: 1919 SOUTH HIGHLAND AVE., SUITE 210-B, LOMBARD, ILLINOIS 60148 • (708) 953.9300

,

,ioe Member of the SGS Group (s_._.' G_e _e Surve,l_n¢,)

PLEASE ADDRESS ALL CORRESPONDENCE
1921 N. GAFFEY STREET, SUITE B, SAN PEDRO, CA IK

TELEPHONE:(213) 831.1
August 18, 1992 FAX: (213) 831.1

ENERGY & ENVIRON. RESEARCH CAP
18 MASON

IRVINE CA 92718 Baulplo identiflcatlon by
EER

SAMPLE IDENTIFICATION
8-13-92

Kind of sample COAL TRUCK #3 P003
reported to us SITEt EER TEST SITE

LOCATIONt LARGE MILL

Sazplo taken at ...... . • SAMPLE DESCRI'PTION: TAW COAL
NO. 136996

Sample taken by ......

Date sampled ......

Date received August 14, 1992

Analysis Report No. 04-68442

BIEVE ANALYSIS

.......CUXUL_TZVZUSULCS
Passi=q Retained On % We_ah_ t Retaln¢¢ t Pass£=q

..... NO. 100 9.69 9.69 90.31
NO. 100 NO. 200 29.90 39.59 60.41
NO. 200 NO. 325 23.33 62.92 37.08
NO. 325 0 37.08 100.00 0.00

Respectfully =ubmlttecl.

COMMERCIAL TEST!_NG&E_IG4HEERING CO.

OVER 40 BRANCHLABORATORIESSTRATEGICALLYLOCATEDIN PRINCIPALCOALMINING AREAS,TIDEWATERAND GREATLAKESPORTS,AND RIVER LOADINGFACILIT



AttachmentA-9

Zfmk_ COMMERCIALT,STING & ENGINEERING CO.
GENERALOFFICES:1919SOUTHHIGHLAND AVE., SUITE 210-B,LOMBARD, ILLINOIS 60148• (708) 953.9300

s.,,ca_ooo MemberolthoSGSGroup(So¢:._s'Gdr1_'¢edoSurveillance)

PLEASEADDRESSALLCORRESPONDENCE'
1921N GAFFEYSTREET,SUITEB,SANPEDRO,CA90

August 18, 1992 TELEPHONE;(213)831.1:
FAX (213)831.11

ENERGY K ENVIRON. RESEARCH CAP18 MASON

IRVINE CA 92718 Sa=ple identification by
EER

SAMPLE IDENTIFICATION
8-13-92

Kind of sample COAL TRUCK #3 P003
reported to us SITE: EER TEST SITE

LOCATION: LARGE MILL

Sample taken at ...... SAMPLE DESCRIPTION: TAW COAL
• NO. 136996

Sample taken by ......

Date sampled

Date received August 14, 1992

AnalTsis reFrt no. 04-68442

MOISTURE ........................ 9.99 %

Respectfullysubmitted,
COMMERCIALTES'[tNG &_NEERING CO

• j '

.Z .,oA- o/
_Manager,S_nPedroLab6rallory

OVER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILrTI



Attachment A-10 "

alt_ COMMERCIAL TESTING & ENGINEERING CO.
liP"1_ GENERALOFFICES:1919SOUTH HIGHLANDAVE., SUITE 210-B,LOMBARD,ILLINOIS 60148 ,/08) 953-9300

,iol Memberof theSGSGroup(_' G_'._a__eSurve,_u_ce)

PLEASEADDRESSALLCORRESPONDENCETO:
1921N GAFFEYSTREET,SUITEB,SANPEDRO,CA90731

• TELEPHONE:(213)831.1331
August 28, 1992 FAX (213)831-1892

-
ENERGY K ENVIRON. RESEARCH CRP
18 MASON

IRVINE CA 92718 Sample identification by
EER

SAMPLE IDENTIFICATION
8-20-92

Kind of sample COAL TRUCK #4 P049

reported to us NO. 136987

Sample taken at ......

Sample taken by P.O. NUMBER 49135

Date sampled

Date received August 26, 1992

Analysis Report No. 04-68447

SIEVE ANALYSIS

_TIVE RESULTS

PassinR _tained On % WeiRht % Retained % Passinq

..... NO. 100 8.84 8.84 91.16

NO. 100 NO. 200 30.19 39.03 60.97

NO. 200 NO. 325 24.23 63.26 36.74

NO. 325 O 36.74 100.00 0.00

Respectfullysubmitted,

A"11 M_,. P..,oL.bo,.,oe
/ER 40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

Watermart,e_ co' You' Prc)tec_,on TERMSANDCONDITIONSONREVERSE



A_tacnment A-] 1

NERALOFFICES:1919SOUTH HIGHLAND AVE., SUITE210-B,LOMBARD,ILLINOIS60148 • 1708)953-9300
s,,,,cE,foe Memberof theSGSGroup(So¢._e'Gih_e aeSurveil_nce)

PLEASEADDRESSALLCORRESPONDENCI
1921N. GAFFEYSTREET,SUITEB,SANPEDRO,CA

August 28, 1992 TELEPHONE:(213)831-
FAX:(213)831.189:

ENERGY & ENVIRON. RESEARCH CRP18 MASON

IRVINE CA 92718 Sample identification by
EER

SAMPLE IDENTIFICATION

8-20-92

Kind of sample COAL TRUCK #4 P049

reported to us NO. 136987

Sample taken at "-"_'_'_'" "

Sample taken by . P.O. NUMBER 49135

Date sampled ......

Date received August 26, 1992

Analysis report no. 04-68447

MOISTURE ......................... 10.37 %

Respectfully,submitted,
COMMERCIALTESTING& ENGINEERINGCO.

A-12 'Manage/_n Pedro Laboratory
;)VER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDIN PRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

I WatermarkedForYourProtection TERMSANDCONDITIONSONREVERSE



Attachment A-12

ctr__._.._o c o M M ER C lAL TEST IN G &E N G INEERI

N G CO.

FFICES:1919SOUTH HIGHLAND AVE., SUITE210-B,LOMBARD,ILLINOIS60148• (708) 953-9300
S,NCt,,oe Memberof theSGSGroup(so_e' G_h_e _ Su,'_l_)

PLEASEADDRESSALLCORRESPONDENCETO
1921N.GAFFEYSTREET,SUITEB, SANPEDRO,CA90731

TELEPHONE:(213)831-1331
November 2, 1992 FAX:(213)831.189;

D,
ENERGY & ENVIRON. RESEARCH CRP
8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION

SAMPLE #108801

Kind of sample COAL 10-23-92

reported to us 3:30 P.M.

TRU6K9 _ PO49
Sample taken at EER

LARGE MILL

Sample taken by COAL

Date sampled

Date received October 26, 1992

Analysis Report No. 04-68499

SIEVE ANALYSIS

CUMULATIVE RESULTS

Passinq Retained On % Weiqht % Retained % Passinq

NO. 100 12.33 12.33 87.67

NO. 100 NO. 200 32.96 45.29 54.71

NO. 200 NO. 325 31.03 76.32 23.68

NO. 325 0 23.68 100.00 0.00

Respectfullysubmitted.
COMMERCIALTESTING& ENGINEERINGCO

A- 13 _," ManagerA_an Pedro _ratory

VER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

WatermarkedForYourProtect,on TERMSANDCONDITIONSONREVERSE



i"_Li,¢i_lIIIII_{IL/'_"I_

l_i_Ik COMMERCIAL TESTING l ENGINEERING CO.
LOMBARD, ILLINOIS 60148" (708)953-9300210-B,

LI_ GENERALOFFICES:1919SOUTH HIGHLAND AVE., SUITE
mEE_

s._cl ,los Memberof the SGSGroup(Soci_e'G,,t_m deSurve_ance)

PLEASEADI_RESSALLCORRESPONDEN(
1921N. GAFFEYSTREET,SUITEB,SANPEDRO,

November 2, .1.992 TELEPHONE:(213)83
FAX:(213)831.189;

ENERGY K ENVIRON. RESEARCH CRP
8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION

SAMPLE #108801

Kind of sample COAL 10-23-92

reported to us 3:30 P.M.

T_u_._K.#+_'.Po49
Sample taken at EER

LARGE MILL

Sample taken by ...... . COAL

Date sampled ......

Date received October 26, 1992

Analysis report no. 04-68499

MOISTURE ......................... 10.98 %

Respectfullysubmitted.

A-14 Manage_,'_ranPedroLaboratory
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Attachment A-14

_t_k_ COMMERCIAL TESTING & ENGINEERING CO.
GENERALOFFICES:1819SOUTH HIGHLAND AVE., SUITE 210-B, LOMBARD, ILLINOIS60148 * (708)953.9300

_cc,eo6 Memberofthe SGSGroup(Socd__ deSurvollUm_)

PLEASEADDRESSALLCORRESPONDENCETO:
1921N. GAFFEYSTREET,SUITEB,SANPEDRO,CA90731

TELEPHONE:(213)831.1331
November 18, 1992 FAX:(213)831.1892

ENERGY & ENVIRON. RESEARCH CRP

8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION

SAMPLE #108934

Kind of sample COAL 11-2-92

reported to us 7:30 A.M.TR_ _6 " '
Sample taken at ...... EER

. LARGE MILL

Sample taken by ...... COAL

Date sampled

Date received November 4, 1992

Analysis Report No. 04-68510

SIEVE ANALYSIS

CUMULATIVE RESULTS

passinq _etained On % Weiqht % Retained % Passinq

..... NO. 100 12.07 12.07 87.93

NO. i00 NO. 200 34.32 . 46.39 53.61

NO. 200 NO. 325 34.05 80.44 19.56

NO. 325 0 19.56 100.00 0.00

Respectfullysubmitted,
COMMERCIALTESTI_IG& ENGINEERINGC_

,- ..
IVER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREA_ TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

WatermarkeCFor You' Protection TERMSANDCONDITIONSONREVERSE



_L_acnmen_ A-I b

COMMERCIAL TESTING 8,. ENGINEERING CO.
953-9300ILLINOIS60148* (708)

m REmllIml_....--..._
s,,,,¢E,,oe MemberoftheSGSGroup(sock,'G_._e deSu,wi,_.e)

PLEASEADDRESSALLCORRESPONDENCI
1921N GAFFEYSTREET,SUITEB,SANPEDRO,CA

TELEPHONE:(213)831.

I_ January 4, 1993 FAX:(213)831.1892ENERGY & ENVIRON. RESEARCH CRP
800Z ZRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION
SAMPLE #136982

Kind of sample COAL 11-11-92
reported to us 2:30 P.M.

Sample taken at EER
LARGE MILL

Sample taken by COAL

Date sampled AMENDED REPORT
RE-RUN ANALYSES

Date received December 14, 1992

Analysis Report No. 04-68539

SIEVE ANALYSIS

CUMULATZVE RESULTS

Passin_ Retained On % We_qht % Retained % Passinq
%..

NO. 100 14.13 14.13 85.87
NO. 100 NO. 200 32.17 46.30 53.70
NO. 200 NO. 325 27.09 73.39 26.61
NO. 325 0 26.61 100.00 0.00

Respectfullysubmitted,

COMMERCIALT_TING &_-'NGINEERINGCO;...

)VER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDE'WATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

WatermarkedForYourProtection TERMSANDCONDITIONSONREVERSE



Attachment A-16

COMMERCIAL TESTING & ENGINEERING CO.
GENERALOFFICES:1919SOUTH HIGHLAND AVE., SUITE210-B,LOMBARD, ILLINOIS60148• (708J953-9300

i,,,,c=,,oo= Memberof theSGSGroup(So¢_#G4k_a__ Su,wtllance)

PLEASEADDRESSALLCORRESPONDENCETO:
1921N GAFFEYSTREET,SUITEB,SANPEDRO,CA90731

December 22t 1992 TELEPHONE:(213)831.1331
FAX:(213)831.1892

ENERGY & ENVIRON. RESEARCH CRP
8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION

SAMPLE #136982

Kind of sample COAL 11-11-92

reported to us 2:30 P.M.
TRUCK #7

Sample taken at ...... EER "_='J_ '
LARGE MILL

Sample taken by . COAL

Date sampled

Date received December 14, 1992

Analysis report no. 04-68539

MOISTURE ......................... 9.90 %

I

Resbecttullysubmitted,
COMMERCIAL"rF._TING& ENGINEERINGCO.

-// "//__'2 "_/ //
/ ......+,+/:i/-

./" .., / .+" _ /
,/ ,." / •

A-17 Manage_,SanPedroLaboratory
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Attachment A-17

_T _ COMMERCIAL TESTING & ENGINEERING CO.GENERALOFFICES:1919SOUTH HIGHLAND AVE., SUITE210-B, LOMBARD, ILLINOIS60148 • (708)953.9300Hi--
I,NCl _eoe Memberof the SGSGroup(Soc_e'C,_e_e _ Sun_ell_nce)

PLEASEADDRESSALLCORRESPONDENCI
1921N. GAFFEYSTREET,SUITEB,SANPEDRO,CA

TELEPHONE:(213)831-133i
February 5, 1993 FAX:(213)831.1892

ENERGY & ENVIRON. RESEARCH CRP

8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identification by
EER

SAMPLE IDENTIFICATION

SAMPLE #148105

Kind of sample COAL JAN. 18, 1993

reported to us 8:00 A.M.
EER"T%ST STTE

,

Sample taken at ...... TRUCK #0

. COMPOSITE SAMPLE #148109
Samplo taken by

Date sampled

Date received January 21, 1993

Analysis Report. No. 04-68563

SIEVE ANALYSIS

CUMULATIVE RESULTS

Passinq Retained On % Weiqht % Retained % Passinq

..... NO. 100 9.92 9.92 90.08

NO. 100 NO. 200 33.67 43.59 56.41

NO. 200 NO. 325 40.32 83.91 16.09

NO. 325 0 16.09 100.00 0.00

Respectfullysubmitted,
COMMERCIALTESTING& ENGINEERINGCO

/ Mana0er,SanPedroLaboratory

)VER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDIN PRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS.ANDRIVERLOADINGFACILITIES

WatermarkedForYourProtection TERMSANDCONDITIONSONREVERSE



Attachment A-! 8

COMMERCIAL TESTING & ENGINEERING CO.
953.9300LOMBARD, ILLINOIS60148• (708)

r_i_b, GENERALOFFICES:1919SOUTHHIGHLAND AVE,, SUITE 210-B,
S,NCt,OOe Memberof theSGSGroup(Soci_e'Gehe_'l_deSurvtlllance)

PLEASEADDRESSALLCORRESPONDENCETO
1921N, GAFFEYSTREET,SUITEB,SANPEDRO,CA90731

February 5, 1993 TELEPHONE:(213)831.1331
FAX:(213)831.1892

ENERGY & ENVIRON. RESEARCH CRP
8001 IRVINE BLVD

SANTA ANA CA 92705 Sample identif_catlon by
EER

SAMPLE IDENTIFICATION

SAMPLE #148105

Kind of sample COAL JAN. 18, 1993
reported to us 8:00 A.M.

EER TEST SITE

Sample taken at ...... TR'-uC'_"=#_ " '
COMPOSITE SAMPLE #148109

Sample taken by

Date sampled ......

Date received January 21, 1993

MOISTURE ......................... 8.55 %

Respectfullysubmitted,
COMMERCIALTESTING& ENGINEERINGCO

,/"- Manager,San_PedroLaboratory

rER40BRANCHLABORATORIESSTRATEGICALLYLOCATEDINPRINCIPALCOALMININGAREAS,TIDEWATERANDGREATLAKESPORTS,ANDRIVERLOADINGFACILITIES

NatermarkedForYourProtection TERMSANDCONDITIONSONREVERSE



APPENDIX B

TEST DATA SUMMARY TABLES



B. TEST DATA SUMMARY TABLES

On February 2, 1993, the Design Verification Test (DVT) series was completed with
a successful duration run. Overall, 43.1 hot-fire hours were accumulated on the
precombustor and the DCFS was run for 22 hours. These hours were accumulated over 28
tests utilizing 160 tons of performance coal.

Table B. 1 is a listing of the tests that were conducted, their objectives, and the
conditions at which they were run. The first Healy test is designated as CTS test no 3A169
because it was the 169th test run in Cell 3A. The preeombustor was run utilizing the CTS
facility coal feed system through test 3A185. Between tests 3Ai85 and 3A186, the DCFS
installation was completed and a series of air flow tests were performed. Table B.2 is a
listing of the major preeombustor data taken during each test. Table B.3 shows the major
DCFS data taken starting with"test 3A186. Table B.4 shows the conditions and
measurements taken during the initial DCFS air flow tests.

The emissions data shown on these tables was taken as a reference and diagnostic for
use during the DVT series. This emissions data has no relevance to the Healy Plant since at
Healy the total precombustor/slagging combustor system will be operated. Firing only the
precombustor produces higher NOx and CO than when it is coupled to the slagging
combustor. However, the CO measurements provide a good diagnostic for assessing the
combustion performance of the precombustor.
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Table 4 DCFS Air Flow Test Data

I1 11 S¢11660r 'Q Cycloae | DP/Q IP/Q DP/Q
TesL |pit. Fiovto rlovYe_tFlov5d Ist. Ilov Ilov Isltt _vJ, Xv|, Avj. I_ ta lJlet Splttttr Inlet tycloneSplttLtr Cydone11ovdovn

Duper (kpph) (kpph) (kpph) 1=1. 0o, }on Press Split DPcyc 0PSd (I/fU) Vii. ('ldo) Vel. ('k2o)
Setttn| (l) htto htt= ('_o) le ('_o) ('_0) (K/t) (ft/s)

1.1-1 100 30.11 41.01 |.00 102.7] -2.7 I.I 12.7| I.It i.|| 0.00 0.0721 41.11 I.|2 |1.1 0.133 1.12 1.11 1.00
2.1-1 100 31.12 41.02 0.00' 102.76 -l.I 0.1 ]1.1! i. II 4.fl 0,00 i.0112 41.11 I,SO i1.| I,t04 1,11 1.20 1,00
1.1-I 100 40,03 41.25 I.O0 I0),01 -).1 I.i !i,21 I.IS 4.71 0.00 0.0005 44.42 1.47 48.1 1.51| I.TI 1.11 I,O0
1.1-1 100 40.12 40.75 1.11 104.51 -1.1 2,1 10,11 1.13 4.51 1.00 0.0011 44,15 1.41 40.1 I,|?| 1.7! T,IZ 1,00
2,1-2 1| 40,12 40,17 0,77 103,04 -1,1 hi |l,?) 0,11 1,11 1,00 1,0111 44,11 1.47 t4,t 1,011 t.11 1,01 1,00
2,1-3 $0 40,00 40,71 1,44 103,01 -2,0 I,I |0,74 I.I1 1.03 0,00 1,0111 44,01 1,41 IT,| 2,271 1,11 1,12 1,00
2.1-4 100 21,43 31.21 1,00 101.12 -|.| I.t 1.20 1.57 1.12 |.00 0.0120 31.51 0,21 40,2 0.341 1.11 1.41 1.00
1,1-4 100 25.14 30.00 0.00 t05,10 -I,I 1,0 11.21 0.47 2,41 1.00 0,0014 31.14 0.24 14.1 0,205 h12 1.41 I.O0
2.1-5 15 2|,14 31,21 0,13 105.35 -4.2 2,1 51,11 0.4! 1.12 1,00 0,0811 |2.01 1.21 41.4 1.5i1 1.12 1.1! 1.00
1.1o5 50 2t,05 30.93 0.47 105.11 -3,! I,I 10,75 0.47 4.10 1.00 0.0113 32,11 0.21 71.1 1.255 1.10 1.14 1,00
2.1-7 100 40.20 40.93 0.15 102.11 -hi 0.4 41.27 0.1l 4.11 1.00 0.0771 45.11 0.41 |0.1 0,5}! 1.00 1,71 1,00
2.1-1 100 29.15 40,46 0,44 102.40 -1,3 1.l 13.41 0,1| 4,15 1.00 0,0730 41.07 6.12 51.1 0,131 1,11 1.04 I.O0
2,1-8 100 40.01 41.39 0.31 104.23 -3.4 0,1 50,t2 0.15 4.56 6.00 0,000! 44.18 1.47 41.1 0,571 hlO 1.t1 I.O0
2.1-1 100 19.1! 40.12 0.35 102.21 -2.4 Q.! 41.20 0.00 4.75 6.00 0.0711 45.00 1.41 10.1 0.5i3 1.10 1,02 1.00

1.2-I 100 11,45 ||.0! 3.t! 101,52 1.5 10.1 11.12 6.10 4.11 1.12 0.072t 41.53 1.51 11.4 0.511 1,11 1.11 I),12
2.2-2 100 40.10 32.77 7.10 101.17 1|,3 1t,5 17.47 0.i2 5.0! I.)T 0.07)1 41.50 0.51 13,5 0.130 1.77 I.OI 14,0i
1.2-3 100 40.12 28.2T 11.11 It.TI 2t.5 It.3 21.12 6,11 5.01 11.10 I.I154 41.52 6.51 52.1 I.IlI 1.11 6.13 I1.11
2.2-4 100 ]!.!0 2].11 11,29 100,55 40.2 40,1 41.45 1.11 S.O| 12.17 |.OTTI 45.14 1.41 |0.| 0.5|2 1.10 1.51 11,54
2.2-5 100 2!.70 20.0! 3.31 105.T0 5,4 11,2 I.?5 0.51 2.00 4.11 0.0111 15.11 6.21 40,1 1,354 1.1! 1,11
2.H 100 30.04 25.41 5.I1 104.13 15.1 1hi 10.13 I.|T l.ll 1.40 O,OT2|, 37.01 I.|O 40.1 0,3|1 1.02 6.32
2.2-7 100 30.21 2hll 1.21 102.11 27,1 30.I 11,40 I,|I 2.13 I131 i.OItl Ihll I,tO 40.3 I.ISI htl 0.11
2.2-1 100 21.70 I!,11 11.75 104.14 35,4 1hi 22.50 0.54 2.17 I.II 1.0748 25,53 6,21 31.1 1,341 1.12 8,41 10.li
2.2-1 100 )0,1I II.12 14.45 102,15 44,0 4hl 30.71 1.54 2.1l I,U 6.0TI1 35.44 6,21 th| 1.|4! 1.01 6.44 22.61

2.)-I I00 40.1t ll.OI 4.11 10h02 10,1 11.1 12.10 1.13 |.0| I.I1 1,0726 4l.tl I,|l 14.1 1.141 1.14 1.T1 1|,11
2.3-2 I0 )hll 31.11 4.15 101.15 I.I 11.1 14.10 I.II 1.11 11.40 i.Ol)| 41,11 0.|2 17.1 1.112 1.Tt 1,1| 11.11
l,l-I 10 31.10 )S.ll 4,70 102.19 I.I 11.1 11.00 I.I1 /.11 12.41 0.0734 41.31 0,|1 11.I 1.270 1.11 I,IO I.I1
1.3-4 t0 40.02 )hll 4.94 I02.75 I.I 12.1 20.10 1.14 1.01 11.21 0.0141 41.10 I,|l 10|.1 1.4l) 1.13 l.It I.|0
|.3-S 100 lhll 11.10 1.31 101.30 11.1 lhl 10.S2 l.lO 4.10 I.I1 6.0131 41.11 0.11 II.i I.Ill 1.71 6.04 15.14
1.3-1 I0 3hTI 31.71 I.ll 100.7t 20.| 21.1 21.15 I,IO 1.51 12.34 0,0143 41.10 I,Si I1.1 I.IIO 1.11 I,II 12.1_
2.3-7 l0 11.74 11.0l 1.47 10hi1 11,1 21.2 22,11 1,1| 1,40 13,101,074841,54 1,1O 14.1 1,245 1,71 1,14 1h01
l.l-I I0 40.II 32.11 1,11 I01,[I II,I II,I II,II I,II 10,II II,II1,015441,II I,II IN.I 1,4TI I,II 4,10 I,II
I.H I00 40.01 11.01 12.14100,41 II,I I0,I 17,11 I.I0 4.11 11,101,171141,11 1,1O ll,l l.lll I,II I,II 11,14

2.3-16 10 3hTl 20.02 12,531Ohll ll,l 31.5 31,ll 1,11 1,13 14,01l,ITll45,10 6,41 14,I 1,131 l,ll l,ll II,02
l,l-ll I| 40.02 11.11 ll.Tl102,10 II,I II.I I4,li I,II 1,14 I|,II.1,111140,11 I,II II,4 l,lll I,II I,II II,II
I.I-12 I0 31.12 21.01 12.14101,15 lhl 31,1 II,II I,II 1,14 II,III,IIII41,II 1,41 lll,l I,I14 I,II 4,14 I,II
I,I-12 I00 40.13 12.11 li.llI00.II 40,4 40.1 41,11 l.ll 1,01 11,441,171145.11 .1,41 ILl l,lll hll 1.42 10,II
1.3-14 II 40,10 14.11 11.15160.11 II,I 40,1 11,11 I,II I,II 11,411,111141,14 I,II .12,1 I,III 1,14 1,11 11,11
I.I-II II 40,11 II,II 11,11100,11 40,1 41,4 4h10 I,II I,II II,III,IIII41,14 1,41 II,I I,I01 I,II 1,01 11,14

1.1-11 II 40,10 14.11 15.10,100,15 II,I 11.1 41,11 I.II 1,45 II,II1,1116 41,11 I,II 116,1 1,311 1,11 3,11 _,31
1.1-17 100 40.02 11.31 11.21 II,I0 4i,I 41,1 11,00 I,II 4,11 11,111,171144,13 t,41 41,1 i,I11 I,TI i,40 12,11
2.3-tT 100 11.11 11.11 11,32 15,11 II,I 45,1 11,11 1,14 4,11 13,161,610144,21 1,41 41,1 1,112 1,11 1,41 23,15
1.1-11 10 11.12 20.11 11.11 II,II 41,4 41,1 10,11 1.11 1,40 11,44I,IIII41,11 1,41 11,1 1,112 I,II I,II 11,14
1,1-11 10 11.12 10.10 II.II 11,14 41,1 41,1 16,11 I,II 1,01 11,111,111141,11 1,41 11,1 1,151 1,11 1,61 14,11

1,1-20 10 40.01 10.01 11.31 II,II 10.1 41.1 11,41 1,14 I,II 10,141,1111II,II I,II 11,4 1,111 1,10 4.02 I,II

1111oBova- (Idet-V.L)/IaleL
12Ilovdova- tKLOtL/[alet

Use.or disclosure of data containedon this sheet is subject to the restrictiono,f
cover letter.
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SOUND LEVEL DATA



C. SOUND LEVEL DATA

Sound level measurements were taken during the last two Healy DVT hot-fire tests at
CTS. As various systems (air, water, fuel) were successively activated, the decibel level at
each condition was determined at the precombustor head end. The sound meter was held
approximately 1 to 2 feet from, and pointed directly at, the PC. Unless noted, the acoustic
level given for each particular condition includes all of the previously listed conditions.

Activation Sequence Sound Level

PC main cooling water and
scrubber/quench pumps on ............................. 84 dB

Secondary air fan on ................................ 85 dB

Primary air fans on ................................. 89 dB

Duct heaters on ................................... 92 dB

Oil gun on ...................................... 93 dB

Carrier air fan on .................................. 97 dB

Oil gun off & coal at half load .......................... 98 dB

Oil gun off & coal at full load .......................... 99 dB

Oil gun on & coal at half load ......................... 104 dB
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1. EXECUTIVESUMMARY

This report describescold flow tests that were conducted at TRW in support
of the Healy combustordesign. The primarypurpose of the combustorcold flow
model testing was to determine the effect of proposed combustor design
modificationson combustorflow patternsand mixing performance. These design
modificationsincludea new precombustorsecondarymixing sectionto accommodate
higher temperature air as well as the addition of mill air, multiple coal
injectors in the slagging stage, a modified combustor exit geometry to
accommodate firing into the bottom of the furnace, and limestone injector
location and geometry in the slag recovery section.

The main focus of cold flow testing is on the followingareas:

• Precombustorsecondaryand mill air mixing
• Multiple coal injectorpositioning
• Slag recovery sectionflow patterns
• Limestoneinjectorpositioningand geometry

Tests were performed using a transparent, 1/10 scale model of the Healy
combustor and included qualitative flow visualization as well as detailed
measurementsof concentrationand velocityprofiles at selected locations. Key
combustorflow parameters such as the swirl number and injector-to-freestream
momentum ratios were maintained during testing in order to preserve the major
flow and mixing patternswithin the combustor.

Based on a comparisonbetween tne baseline Cleveland secondary air mixing
section and the new Healy configuration,the new arrangement allows for
significantlyimprovedmixing between the precombustorburner exhaust and the
secondary air for the same level of burner swirl. This improved mixing was
achievedby introducingthe secondaryair at the inlet to the round-to-rectangle
transition section, rather than through a slotted mix bustle used during
Cleveland testing. This should reduce the fouling risk in the rectangular
connection duct leading to the slagging stage as well as in the oxidizer
footprintregion in the slaggingstage.

The key parameter which affects secondary air mixing is the burner swirl
number. Mixing performancewas also found to be relatively insensitiveto the
ratio of burner to secondaryair flows, which impliesthat mixing performance
shouldbe preservedat off-nominalcoal splits and loads, provldedthe level of
swirl in the burner is preserved. The azimuthallocation of the secondaryair
windbox inlet was found to have only a secondaryeffect on mixing performance.

Tests were also performedto characterizethe degree in which mill air mixes
with both the primaryand secondaryflows. The mill air injectionarrangement,
with 16 individual injection ports located around the circumference of the
precombustor,was found to producevery good mixing betweenthe mill air and the
primary and secondary flows. Mixing performance was observed to be rather
insensitiveto mill air-to-burnermass (or momentum) ratios, and was instead
primarilya functionof the degreeof burner swirl. Parametrictests also showed
that mixing performancewas relatively insensitiveto the number of mill air
injectionports in the range of 8 to 16, provided the total injectionflow area '
was held constant. This indicatesthat it may be possibleto reduce the number
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of mill air ports without significantlyaffectingprecombustorsecondarymixing
or foulingrisk.

Slaggingstagemultiplecoal injectormixingtestswere performedusing carbon
dioxide,powder, and water as injectionmaterials. The tests were performedto
characterizemixing of the flow from the coal injectorswith the swirling flow
in the slaggingstage. Of primaryinterestwas the interactionbetweenthe flow

. from the injectorsand the off-axisvortex which exists in the headenddue to a
single tangential air inlet. Based upon the cold flow model tests, it was
observed that the injectorsplaced at the out-boardlocation (74" full scale)
were found to be less affectedby the vortex inthe headendthan injectorsplaced
at the in-boardlocation (52.5" full scale). Furthermore,the injectorat the
9:00 location (lookingdownstream)was found to interactwith the vortex more
than the other injectors. The adjacent injectors at the B'O0 and 10"00
locations, together, interacted similarly to the single injector at the g:o0
location.

Tests were also performedto characterizeflow in the slag recoverysection
(SRS). Parametersinvestigatedincludeda jet trap locatedat the back wall of
the SRS, angle of exhaust, slag recoverysectionheight,and swirl number. The
flow velocity in the slag recoverysectionwas observedto be highestalong the
back face of the slag recovery sectionwith a slight bias toward the right side
(awayfrom the precombustor). The flow velocitywas highestalong the back face
because the flow impingeson the back face while making the gO degree turn from
the baffle into the slag recovery section. The'flow slightlybiases the right
side becauseof the swirl direction(forthe left-handedcombustor). Tests with
and without the jet trap were not observed to change the flow distribution
significantly. Also, in the range of exhaust angles tested (vertical and
orthogonalwith respectto the combustor),the flow distributionwas not observed
to change significantly.

Lastly,tests were performedto determinean appropriatelocationand geometry
for the limestoneinjector in the slag recovery section. Combustortesting at
Cleveland has shown that the best location for the limestone flow is in the
middle of the slag recovery sectionflow, in order to minimize limestonelosses
due to depositionon the combustorwalls. The limestoneinjectorconfiguration
which best accomplishesthis is injectionat the wall, with a reduced injector
diameter (2.1" full scale) to increasethe penetrationof the limestoneflow so
that the limestoneflow reachesthe center of the slag recovery section flow.
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2. INTRODUCTION

This document presents the objectives, modeling guidelines, test
configurations, test results and conclusions of sub-scale cold flow model tests
that were conducted at TRWin support of Healy combustor design.

The Healy slagging coal combustor is a scale-up from TRW's 34 inch dialneter
combustor successfully fired on Healy coal at TRW'sCleveland test facility. In
order to meet Healy performance and operational requirements, several combustor
modifications are required, including a precombustor secondary mixing section
compatible with both high temperature secondary air (730"F) and mill air exhaust,
multiple coal injectors in the slagging stage, a modified slag recovery section
for firing into the bottom of the furnace, and a limestone injector in the slag
recovery section.

Cold flow modeling has been successfully used by TRWin the past to provide
valuable information on combustor flow and mixing patterns, particle
trajectories, and flow uniformity. Cold flow modeling is useful during the
design phase as it allows several promising combustor configurations to be
evaluated in a convenient and expeditious manner, prior to hot-fired design
verification testing. A cold flow model can also serve as a diagnostic tool
during hot-fire testing in two ways: first, by confirming a problem identified
duringtesting, and second,by quicklyevaluatingpossibledesign modifications.

In order to minimizethe risk associatedwith thesedesignmodifications,cold
flow model tests were conductedto provide informationon combustor flow and
mixing performance. Tests were performedwith a 1/10 scale, transparentmodel
of the Healy coal combustorwith atmospheric,room-temperatureair as the primary
fluid. A photographof the cold flow set-up is shown in Figure 1.

Figure 2 shows the relationshipbetweencold flow testingand Healy combustor
design and Design VerificationTesting(DVT) activities. The precombustorcold
flow tests were definedbased on issuesidentifiedduringperformanceassessment
and engineeringanalysisactivities. These testswere then used to help evaluate
and confirmDVT precombustordesign chcices. As shown in Figure 2, additional

4 precombustor cold flow tests may be conducted, if necessary, during DVT
precombustortestingto supporttroubleshooting.

Cold flow testingrelatedto the multiplecoal injeLtorsand the slagrecovery
sectionwere performedto evaluatevariousaspectsin the Healy combustordesign
(i.e. jet trap, exit angle, coal injector positioning, limestone injector
positioning). The results of this testing will be fed into the preliminary
design of the Healy combustorslaggingstage and slag recovery section.

The next sectionof this report(Section3) coversthe design issues addressed
in the cold flow model testing. The modelling approach and the guidelines
utilizedare describednext in Sections4 and 5, respectively. Section6 covers
the test resultsand Section 7 covers a discussionof the major finds. Lastly,
in Section 8, major findings and conclusionsare given.
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3. COMBUSTORDESIGN ISSUES

As mentionedin the introduction,severalcombustordesignmodificationshave
been proposed in order to accommodate specific Healy operational and
configurationalrequirements,includingsecondaryair preheattemperaturesof up
to 730"F,the introductionof some,or all of the mill air intothe precombustor,
and a vertical combustor exhaust into the furnace. In addition, the Healy
combustorwill be equippedwith multipleinjectorsin the slaggingstage inorder
to preserveslag recoveryand coal/airmixing at the largercombustorsize. The
main purpose of the combustor cold flow modeling activities was to provide
informationon the effect of these design modificationson.combustorflow and
mixing patterns. This was accomplished through both qualitative flow
visualization as well as quantitativepressure drop, velocity, and mixing
measurements.

Table ] lists specific combustor design issues that have been addressed
throughcold flow model tests. These issuesincludeprecombustorsecondaryair
mixing,multiple coal injectorpositioningin the slagging stage, slag recovery
section flow patterns,and limestoneinjectorpositioningin the slag recovery
section.

3.1Precombustor SecondaryMixing

In the precombustor,coal is burned with p_imary air in the head end at a
stoichiometryin the range of 0.85 to 1.0 as indicatedin Figure 3. Secondary
air is added downstreamof the primary combustionzone to achieve the required
stoichiometryinthe slaggingstage. DuringClevelandtesting,the secondaryair
temperaturewas approximately350"F. An uncooledmix bustle,shown in Figure4,
was used to mix the primary and secondary flow prior to injection into the
slagging stage.

For the Healy combustor, secondaryair temperaturesare expected to reach
730"F. In addition,the precombustormust be designed tb accommodatea portion
of the mill air exhaustedfrom the coal feed system,at a nominaltemperatureof
135"F. Coal fines that are not captured by the coal feed system cyclones are
included with the mill air, at an approximateparticulateloading of 6 pounds
coal for every 1000 pounds of mill air.

Followinga preliminaryassessment,itwas concludeUthat designmodifications
to the precombustorwere necessaryto accommodatethese new requirements. The
baselineHealy precombustordesign is shown in Figure 5. The primarycombustion
air and precombustorcoal are deliveredto a FosterWheeler-designedswirlburner
in the head-end of the precombustor. Clean, high temperature secondary air
enters the precombustorthrough a windbox and is injected in an annularregion
at the downstreamend of the combustionchamber. An adjustableorificeplate is
located at the upstream end of the annulus to distribute the secondary air
uniformlyin the circumferentialdirection. The mill air is injectedthrough8-
16 ports just downstreamof the combustionchamber. In the transitionregion,
the secondaryair and mill air mix with the swirlingcombustionproductsfrom the
precombustorburner in order to achievea mix temperaturein the range of 2000-
2500"F.

A key operationalissue relatedto the design of the precombustorsecondary
mixing section is slag accumulationin the mixing section or in downstream
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i

components. Porous slag growthscan occur along relativelyhot, rough surfaces
that do not receive adequate radiativeor convectiveheating. For example, if
mixing between the primary combustion products anJ secondary air is poor, a
relatively cold layer of air may be present along the outer walls of the air l
inlet section,which may in turn promoteporous slag growthsthroughconvective
cooling. These slag growthsmay eventuallyreduce the flow area significantly,
and cause an unacceptablepressure loss in the combustor. If this relatively
cold layer of gas persists intothe slaggingstage, foulingmay also occurwithin
the oxidizerfootprintregion,which may in turn adverselyaffect slaggingstage
performance. The precombustorsecondarymixing sectionshould thus be designed
to promote rapid mixing of the primary, secondaryand mill air flows.

3.2 Multiple Coal Injector Positioning J

Aftermixing in the precombustor,the flow enters the main, or slaggingstage
through a tangential inlet, creating a highly turbulent,confined vortex flow
field. The remainderof the coal is injected in the head-endof the combustor
through multiple coal injector ports, as shown in Figure 6. The overall
stoichiometryin the slaggingstage isnominally0.87 for Healy performancecoal.

One of the important combustor design issues addressed during cold flow
modelingwas the positioningand locationof the multiple coal injectorsin the
head-endof the combustor. Typically,six injectorare evenly spaced aroundthe
circumference of an injector circle. As the injector circle diameter is
increased,ash particleconfirlementin the slaggingstage is expectedto improve,
howeverthe mean particlein-flightresidencetime may decrease,which may lead
to lower carbon burnout. Two injector circles are being built into the Healy
combustordesign, one with a 52.5 inch diameter (half the combustordiameter),
and one with a 74 inch diameter. Cold flow model tests have been conductedto
characterizeparticle trajectoriesand fuel/oxidizermixing for each injector -
case.

Anotherimportantconsiderationisthe clockingof the coal injectorsrelative
to the air inlet. Due to the use of a singleair inlet, the flow along the head
endplate is not symmetricabout the main axis. Instead,the center of the vortex
is shifted slightly to the air inlet side. As a result of this asymmetry,
initialcoal particletrajectoriesdepend in part on the positioningof the coal
injectorrelative to the air inlet. Cold flow model tests have been performed
to determinethe best clockir_gof the injectorsfor the Healy combustor.

3.3 S1ag Recovery Section Flow Patterns

After leaving the slagging stage, the flow enters the slag recovery section,
where slag is tapped along the bottom of the combustor and the gas flow is
directedupwardstowardsthe furnace. In previous installations,the combustor
was designed for sidewall firing into the furnace, as shown in Figure 7. At
Healy, the combustorswill fire directlyintothe bottomof the furnace,as shown
in Figure6.

One objective of cold flow testing the slag recovery section was to
characterizethe flow uniformityat the exit. The resultswill be utilized in
combustordesign and furnacedesign efforts. Slag recovery sectionparameters
which may affect flow uniformityat the exit are the presenceor absenceof the
"back wall pocket"or jet trap, the angle of exhaust, and the height of the slag
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recovery section. These design parameters have been investigatedin the cold
flow model.

3.4 LimestoneInjectorPositioning

In the slag recovery section, limestone is injected into the exiting
combustiongases and is carriedinto the furnacewhere it undergoescalcination.
The preferredinjectionlocationis such that the limestoneis centrallylocated
in the main stream of the SRS. This is to minimize limestone losses due to
depositionon the combustorwalls. It is also importantto locate the injector
as close as possible to the SRS exit, to minimize potential.dead burning.

In the cold flow model,limestoneinjectordepth, injectionheight (alongthe
SRS), and injectionface (SRSface) were varied. Furthermore,the momentumflux
of the limestonesimulatedflow was varied relative to the freestreammomentum
flux to see the effect on limestonepenetrationand mixing.
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4. MODELINGAPPROACH

4.1Precombustor Secondary Mixin9 Tests

The general approach adopted for the precombustor secondary mixing tests was
to first characterize the mixing and flow patterns of the secondary air mix
bustle Used during Clevel_,.J testing, since there exists a large amount of
operational experience with this configuration. Testing involved qualitative
flow visualization using flow tufts, and quantitative mixing experiments. The
degree of mixing between the primary and secondary flow streams was determined
by introducing a tracer gas into either the primary or secondary flow and
measuring tracer concentrations downstream of the mixing section. Details of the
testing method are provided in Section 6 (Test Configurations and Results).

Once the flow and mixing patterns in the Cleveland mix bustle were
characterized, similar tests were conducted with the proposed Healy secondary
mixing section and compared against theCleveland results. In addition, anumber
of parametric tests were conducted with the Healy configuration to assess the
flow distribution in the secondary windbox and to identify the parameters which
affect the precombustor secondary mixing process.

The specific test objectives of the precombustor secondary air mixing tests
were to"

• Characterizethe flow and mixing patterns of the Clevelandmix bustle.

• Evaluate flow distributionand uniformityin the Clevelandsecondaryair
windbox.

• Characterizethe flow and mixing patterns of the Healy secondarymixing
section to be tested at CTS.

• Evaluate flow distribution and uniformity in the Healy secondary air
windbox.

t • Characterizemixing patterns of mill air injected in precombustoras a
function of jet-to-freestreammomentum ratio and the number and size of
injectionports.

4.2 Hultiple Coal InjectorTests

For the multiplecoal injectorcharacterizationtesting,both qualitativeand
quantitativemixingmeasurementswereperformedto characterizethe flowpatterns
and particletrajectoriesin the headendof the combustor. Mixing measurements
down the length of the combustorwere also performed.

Specificcold flow test objectiveswere to:

• Characterizethe flow patterns,particle trajectories,and mixing as a
functionof the injectorclocking,injectorcirclediameter,and number of
injectors.

C-19
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• Characterizefuel and oxidizermixing patternsin the head-end,air inlet,
and baffle regions of the slaggingstage as a function of coal injector
configuration•

4.3 Slag RecoverySection Flow Tests

The slag recovery section tests focused on the flow patterns and velocity
profiles from the slagging stage baffle to the furnaceentrance.

The specific test objectives of the slag recovery section flow
characterizationtests were to:

• Characterizethe flow patterns in the slag recovery sectionthrough flow
visualization.

• Determinevelocity profilesat the combustorexit for the Healy baseline
configuration.

• Determinethe effectof exit sectionlengthon the combustorexit velocity
profile.

• Investigateeffectof the jet trapon the flow uniformityat the combustor
exit.

• .

• Investigate the effect of combustor exhaust angle on combustor exit
velocity profile.

4.4 Limestone InjectorTests

The limestoneinjectortests focusedon penetrationand mixing patternsof the
limestone-simulatedflow in the SRS flow. Quantitativemixing measurementswere
performed.

The specific test objectiveswere to:

• Determinethe effect of injectorinsertiondepth on limestonepenetration
and mixing.

• Determine the effect of injection location in the SRS on limestone
penetrationand mixing.

• Determinethe effect of limestonemomentumflux on penetrationand mixing.

4-2
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5. MODELINGGUIDELINES

A number of modeling guidelines were developed for the Healy cold flow
experimentsfor the purposeof ensuringthat the major flow and mixing patterns
within the combustorwere preserved. These modeling guidelineswere then used
to size the model hardware and to select cold flow test conditions. Each
modeling guidelineis discussedbrieflybelow:

(1) Preservegeometricalsimilarity.

This guidelineis one of severalnecessaryto preservethe macro flow patterns
within the combustor. In order to keep the model at a workable size, all
internaldimensionsof the Healy combustorwere scaleddown by a factorof 10.3.

(2) Preserve swirl number (in both PC burner and slaggingstage).

The swirl number, or the ratio of tangential to axial velocity, is an
important parameter in determining the flow patterns, recirculation zones,
mixing, turbulencelevels and pressuredrop within the combustor.

(3) For experimentsin which the mixing of two or more flows is being studied,
preservethe momentum flux ratio of the two streams.

In addition to preservinggeometricalsimilarityand swirl number,matching
the momentum flux ratio of the two stream being mixed is importantin order to
preservethe degree of penetrationor diffusionof one fluid into the other. The
momentum ratio is defined as

where the density, p, and the velocity,U, of each stream (I and 2) corresponds
to values just upstreamof the mixing section.

(4) For experimentsin which particletrajectoriesare being studied,preserve
the ratio of particle accommodationlength to combustordiameter.

Particleaeroballisticsand dynamicsaredeterminedby the combustordiameter,
the swirl in the flow and by the ratio of the particle accommodationlength,t,
to the combustionchamber diameter,D, is defined as

30_ pg

where pp and P9 are the particleand gas density, d the particlediameter and C
the drag coefficient.

5-1
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(5) Select cold flow model size such that model Reynoldsnumbers are in fully
turbulentregime and in the same ap;'roximaterange as actual combustor.

In addition to the above modeling guidelines,there were a number of other
considerationsand constraintswhich factored into the selectionof model size
and operatingconditions. These include:

• Use existingblower (0.4-0.5Ib/s max capacity).

• Installmodel in existingcombustorcold flow model lab.

• Model should be large enough to allow access for flow tufts, hand-held
probes,etc.

• Model shouldbe small enough to be convenientlylocatedin cold flow model
lab and to accommodateexisting air supply.

• Model should not have excessive pressure drop since overall air system
pressure drop is limited. Model pressure drop should be limited to
approximately5 inches of water.

• Majorityof model shouldbe transparentto allow for visual observations.

• Model should be of modular constructionto allow for investigationof
alternategeometriesand injectorconfigurations.

• Cold flow investigationsshouldtake full advantageof existingdiagnostic
equipment.

• Model design should emphasize simplicity and ease of manufacture. Use
standard plexiglastube sizes and plate thicknesseswhenever possible.

The selection of the model size was based primarily on existing blower
limitations,the use of flow tufts for flow visualization,and Reynolds number
considerations. A plot of model flow velocitiesat selectedlocationsis shown
in Figure 8 for a air flow rate of Q.4 Ib/s. Flow tufts in the slagging stage
are usually not very effectivebelow tangentialvelocitiesof about 40 ft/s (27
mph), which limitsthe slaggingstagediameterto approximately10 inchesor less
given the present capacityof the air blower. It is also necessaryto keep flow
velocitiesin the slag recoverysectionabove approximately]0 ft/sec to ensure
accurate measurement of velocity profiles. Finally, it should be noted that
model Reynoldsnumbers decrease with increasingmodel size, for a constant air
flow rate. This relationshipis shown in Figure9, where the ratio of cold flow
model Reynolds number to hot-firedcombustor Reynolds number is plotted as a
functionof model diameter. At a model combustordiameter of 10 inches,model
Reynoldsnumbers (based on combustordiameter) are 15-20% of the corresponding
hot-fired values, or approximately33,000 to 90,000 (dependingon combustor
location). As the'cold flow combustordiameter is increasedto 20 inches,this
ratio drops off to 0.10, which is on the lower end of the fully i_urbulentflow
regime.

5-2
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Therefore,based on the above considerations,a cold flow combustorinternal
diameter of 10 incheswas selected. This is a large enough size to allow for
convenientflow visualization,while small enough to ensure turbulentflow with
the existingblowerair supply. The resultingmodeling scalingfactor assuming
a Healy combustordiameter of 105 inches and a I inch slag layer is thus I :
10.3.
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6. TEST CONFIGURATIONSANDRESULTS

6.1 Cleveland Precombustor Secondary Mixing Testing

6.1.1 Test Configuration

The first configuration tested, shown in Figure ]0, simulates the Cleveland
mix bustle. Cold flowmixing tests were performed to establish a baseline prior
toevaluatJon of the proposed Healy secondarymixing section. Primary air enters
tangentially in the head end of the precombustor, creating a swirling flow.
Secondary air is Jnt-oduced at the mixing bustle. Flow tufts. (bothwa11-mounted
and probe-mounted) were used for qualitative flowvisualization. Mixingpatterns
were determined by introducing C02 tracer into one of the flows and measuring CO,
concentrations at subsequent positions downstream of the injection point. A
diagnostic section is located in the rectangular duct section downstream of the
secondary mixing zone to allow for C02 measurements with a 1/8" gas sampling
probe. Measurements were taken throughout the flow cross-section and converted
to concentration and/or temperature profiles. Figure ]] defines the duct
coordinate system (X,Y,Z) used for plotting the results, as well as the
corresponding hardware dimensions H, W, and L. The same coordinate system is
used for describing the results from Healy secondary mixing tests. (Section
6.2.2)

It should be noted that the cold flow model head-end geometry was fabricated
to match that of the backupHealy precombustorburner,with primaryair entering
througha singletangentialinlet as shown in Figure 10. A singlecoal injector
is locatedon-axiswithin a combustioncan which serves as a flame holder. (A
more detailedsketchof the internalsis given in Figure15). This configuration
was used for both the Clevelandand Healy secondarymixing tests. Recently,a
decision has been made to use a split flame swirl burner supplied by Foster
WheelerEnergyCorporation,shown in Figure5, duringDVT. While the two burners
are similar in that coal is injectedin the center of a swirling air flow just
upstreamof a flow baffle, there may be some differencesin the de9ree of swirl
at the inlet to the secondarymixing section. The actual swirl numbers at the
exit of the FosterWheeler burnerwill be determinedduringDVT. At the time of
this submittal,the need to conductadditionalcold flow experimentssimulating
the exhaustconditionsof the Foster Wheeler burner is being assessed.

6.1.2 Test Results

Table 2 lists the test matrix followedfor the Clevelandmix bustle testing.
A total of ten tests were performed,with the key parametersof interestbeing
axial distance downstream of the transitionsection,precombustorburner swirl
number, and the momentum flux ratio between the secondary and primary air
streams. The swirl number is defined as the ratio of the maximum tangentialto
axial velocity at the precombustorbaffle.

The momentum flux'ratio is defined as

R2 = P2V#

t
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where P2 = density of PC burner exhauststream
V_ - plug flow velocity at PC combustionchamberexit
P= - density of secondaryair
V= - effectiveflow velocitythroughmix bustle slots

(based on effectiveflow area)

For cold flow testing,the densitiesof the two streamswere essentiallyequal
(exceptfor the effect of the CO2 tracer). The correctmomentumratio was thus
obtained by adjustingthe velocity ratio, or the mass flow ratio, of the two
streams. In most gas-gas mixing situations,density differencesusually have
only a secondaryrole on mixing, providedthe momentumratio,of the two streams
is preserved. In order to verify this, the density of the mill air gas stream
was varied during parametricHealy cold flow tests (see Section6.2.2.5).

Figure 12 presents isotherm plots for the baselineClevelandconfiguration,
both with and without burner swirl. These plots are based on CO= concentration
measurements taken over the flow cross-sectionat X/L= 0.3, which roughly

, correspondsto the location of the air inlet dampersjust downstreamof the mix
bustle in the rectangularduct leading to the slagging stage. The view is
lookingdownstreamtowards the slaggingstage from the PC burner. To generate
these plots, the temperaturedistributionin the primary flow upstream of the
mixing section was assumed to be uniformat a temperatureof 3620"F,which is
consistentwith rapid devolatilizationof coal in the burner at a stoichiometry
of approximately1.0. The secondaryair temperaturewas assumedto be 350"F,
consistentwith Clevelandair preheatconditions. If both streamswere perfectly
mixed, the resultingtemperaturewould be 2440"F.

For the case with no primary swirl, the mixing of the primary and secondary
flows is far from complete,with a temperaturedifferenceof approximately1500'F
between the coldest areas near the lower corners and the hottest region in the
center of the rectangularduct. With swirl,mixing is significantlyimproved,
with a maximum temperaturedifferenceof approximately600"F. Note also that
while the temperaturecontours in the no swirl case are fairly symmetric, the
swirl case has a distinct asymmetricmixing pattern. The center, upper right,
and lower left regions are fairly well-mixed,while the upper left and lower
right cornershave higher temperatures(lessthan averageamounts of secondary
air in these regions). This effect is attributedto the combinationof a single
air inlet to the secondaryair windbox coupledwith a swirlingprimaryflow. A
more detailed explanationof this mixing pattern is brovided in Section 7.1.

Figure 13 shows the effect of secondaryair momentum ratio on overallmixing
performancefor X/L=O.05. In each case, the perfectlymixed temperaturewas set
to 2440"F in order to isolate any mixing differences. Note that the overall
mixing patterns are similar in all three cases, with a fairly well mixed core
region. Higher than average temperatureswere observed in the upper left and
lower right corners,while lower than averagetemperatureswere observed in the
lower right and upper left corners. In each case, the maximum temperature
difference is on _he order of ]O00-]]O0"F.Thus it appearsthat the secondary
air momentum ratio, or alternatelythe ratio of secondaryflow toprimary flow,
has at most a secondaryeffect on overallmixing performance.

Cold flow tests were also run to characterizemixing changes as the flow.
proceedsdown the rectangularduct connectingthe precombustorand the slagging
stage. The results are plotted in Figure 14 for various mixing lengths. As
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expected,mixing improvesas the flowmoves downstream,with maximumtemperature
differencesof 1000, 600, and 450"Ffor X/L= 0.05, 0.30, and 0.55, respectively.
Note, however, that while the temperaturedifferencesdecreasewith an increase
in mixing length,the samedistinctmixingpatternis presentin each case. This
is consistentwith visual observations,which indicatedthat the swirl portion
of the flow is confined to the center region of the duct, while the flow along
the side walls and in the corners is primarily axial with little swirl.
Additionalmixing is expectedas the flow passes throughthe air inlet dampers,
since the sidewallflows are then directedback into the swirling core flow.

6.2 Healy PrecombustorSecondaryMixingTesting

6.2.1 Test Configuration

Followingthe evaluationof the Clevelandmix bustleperformance,a model of
the Healy secondarymixing section,shown in Figure15, was installedand tested.
As mentioned previously,the same precombustorhead-end geometry was used for
both configurationsin order to isolatethe mixing differences. In additionto
the primary and secondary air streams used above, a third air stream was
introduced to simulate injectionof mill air. Flow visualization and mixing
studies were conducted similar to those described above. C02 tracer was
introducedinto either the secondaryor mill air flow during individualruns to
characterize mixing performance. Parametric tests were run for different
momentum ratios,windboxgap settings,and number of mill air injectionports to
determinemixing sensitivity.

6.2.2 Test Results

Table 3 lists the test matrix followedduring the Healy secondaryair ?.ixing

test phase. The firste series of tests focused on mixing between the primary
burner flow and secondaryair. Key parametersof interestwere the precombustor
burner swirl number, the location of the secondary air inlet, the secondary
windbox gap opening, and the momentum ratio between the primary and secondary
air. In order to determinemixing performance,C02 tracer was introducedwith
the secondaryair.

The second seriesof tests focusedon the mixing of the mill air with both the
primary and secondary flows. The key parameters for this testing were the
momentum ratio between the mill air and primary flo_s, the number of mill air
ports, and the mill air injectionport diameter. A C02tracer gas was introduced
with the flow simulating mill air. Several tests were also dedicated to
assessingthe impact of density differenceson mixing performance,with either
argon gas or carbondioxidegas used to simulatethe colder,higherdensitymill
air.

Table 4 lists the range of primary, secondary,and mill air flows expected
during start-upand steady stateoperationof the Healy combustor. The range of
secondary air-to-PCburner flow momentum ratio, R2z , ranges from 0.01 (during
start-up)to 0.85 (35% MCR firingwaste coal), with a nominalvalue of 0.55 for
performancecoal at ]00% MCR. The range of mill air-to-PCburner flow momentum
ratio, R22 , ranges from 0.0 (no mill air injectionto ]7.9 (during start-up),
with a nominal value of 0.64 for performancecoal at 100% MCR. Figure 16 shows,
the expected operatingmap for both secondaryair momentum ratio and mill air
momentum ratio, along with cold flow test conditions. Note that in both cases,

6-9 c-34



FZGURE 15- HEALY PRECOMBUSTOR TEST SET-UP
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92.HP.AG.368

cold flowmomentumratioswere variedover a much largerrange thanthat expected
during hot-firedoperation in order to characterizethe sensitivityof mixing
performanceto momentum ratio.

6.2.2.1BaselineCase - CombinedSecondaryand Mill Air Injection

The two baselinetemperatureprofilesfor the Healy mixing configurationare
shown in Figure 17, for the secondaryair inlet located on either the top and
side of the secondary windbox (see Figure 18). The profiles are based on
concentrationmeasurementsmade just downstreamof the circular-to-rectangular
transition,at X/L - 0.05. These plots includeboth the effectsof secondaryair
as well as mill air injection. To generatethe plots, two separatemeasurements
were made, one inwhich the C02tracerwas introducedwith the secondaryair, and
the other in which the tracer was introduced with the mill air. Overall
temperatureprofileswere then determinedby suppositionof the two measurements.
For Healy conditions,the fullymixed temperatureis 2500"F,which assumesrapid
devolatilizationof the coal in the PC burner (with no significant char

. oxidation),a secondaryair temperatureof 730"F,and a mill air temperatureof
135"F.

6.2.2.2Flow Distributionin SecondaryWindbox

Notethat in both cases,the levelof mixing is significantlyhigherthanthat
observedduring testingwith the Clevelandmixing configuration. Since the mass
ratios and momentum ratios are similar between the two configurations,the
improvementin mixing is attributedprimarilyto geometricaldifferencesbetween
the two configurations. In eithercase, the swirlingactionof the primaryflow,
rather than the penetration of the secondary flow, is the dominant mixing
mechanism. In the Healy configuration,the secondaryand mill air streamsare
introducedupstreamof the transitionsection,and thus have a longermixingtime
relative to the Cleveland configuration,in which the secondary flow enters
through a series of slots along the transitionsection.

From Figure 17, it is seen that locating the air inlet on the side offers
slightly better mixing performancethan locating the air inlet on the top.
Insightinto the cause of these differencesin mixing patternscan be gained by
examining the correspondingcases in which the primary flow is non-swirling.
These cases are plotted in Figures Ig and 20 for the side inlet and top inlet
configurations,respectively.

For the side inlet case, concentration gradients are primarily in the
horizontaldirection,with high concentrationsof secondaryflowon each sideand
low concentrationsin the center. Also note that the secondaryair penetrates
fartherfrom the left side (same side as air inlet) than from the right.: Also
shown in Figure19 are concentrationprofilesfor the swirlingprimaryflow case.
Note that althoughthe presenceof swirl significantlyimprovesmixing,there is
still some evidence of a horizontalconcentrationgradient as well as greater
penetrationof secondaryair on the same side as the air inlet.

For the top inlet case shown in Figure20, the concentrationof secondaryair
is highest along the sides and lower corners of the duct, with very little
secondaryair at the top. When swirl is added to the primary air, mixing again.
improves dramatically, although there is still more secondary air along the
bottom than the top of the duct. An explanationfor the difference in mixing
patternsfor the two air inlet locationsis discussed in Section 7.3.
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As indicatedin Table 3, a series of tests were conducted to evaluate the
effectivenessof the secondarywindboxorifice plate in providinguniformflow
distribution. Tests were run at gap openingsof 0.]25,0.25 (nominalsetting),
and 0.50" for both a swirlingand non-swirlingprimaryflow. Figure21 showsthe
resultsof the tests with primaryswirl. From the plots, it can be seen that the
gap opening has a negligible effect on the mixing patterns downstream of the
transitionsection. At first, this was unexpectedbut upon furtherexamination
it was determinedthat most of the flowmaldistributionoccursdownstreamof the
orifice plate in the annularsectiondue to the wall convergenceon only two of
the four sides. Flow patterns in the annuluswere clearlyflowingaway from the
top towardsthe sides and bottomcorners. Similarresultswere obtainedfor the
non-swirlcase.

6.2.2.3 _ffect of. Secondary Air Mo.mentumRatio

A series of tests were run to assessthe sensitivityof secondaryair mixing
to differentmomentum ratios, (ormass ratios)betweenthe primaryand secondary
flows. The results of these tests are shown in Figure 22. Here, the ratio of
secondaryto primary flow momentumwas varied from 0.]4 to 2.25, which is a far
largerrange than that expectedduringhot-fireoperation. Note that while there
are noticeabledifferencesin the mixingpatternsof the three cases,the overall
level of mixing is not significantlydifferentover the range of interest. One
trend that is evidentis that as the momentumof the secondaryflow is increased
relative to the primary flow momentum,the secondaryair tends to concentrate
more along the sides of the duct. The distinctionbetween a swirlingcore flow
and primarily axial side flows also became more apparent during flow
visualizationas the momentum of the secondaryflow was increased.

6.2.2.4 Mill Air Mixing

Figure 23 shows the concentrationprofiles for the case in which the C02
tracer was introducedwith the mill air rather than with the secondary air.
Without primaryswirl, the mill air concentrationsare higher along the walls of
the duct than in the center, which indicates that the mill air does not
adequatelypenetrateto the center of the duct in the transitionsection. Also
note, that the mill air appears to penetratemore on the same side as the
secondaryair inlet,which is the same resultfound for the secondaryair for the
side inlet configuration. This appearsto indicatet_at the primaryair favors
the side away from the air inlet. When swirl is added to the primary flow,
mixing is improved considerably,as was observed for both Cleveland and Healy
secondaryair mixing. There is still,however,a slighttendencyfor the primary
air to favor the side away from the air inlet, resulting in a slightly higher
concentrationof mill air on the left sideof the duct. The difference,in terms
of temperatures,is on the order of 50 to 100 degrees and is not considered
significant.

In Figure 24, an 8-port mill air injectionconfigurationis compared against
the baseline ]6-port configuration. The comparisonis made for the same total
injectionflow area and injection-to-freestreammomentum ratio. The injection
flow area was held constant by increasingthe injectionport diameter from 0.5"
to 0.71" as the number of ports were decreasedfrom 16 to B. In comparingthe
two cases, the B-port configurationwould be expectedto have a slightlyhigher
jet penetrationdue to the largerport diameter,while the ]6-portconfiguration
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would be expected to achievea somewhatmore uniformmill air distributionalong
the peripheryof the duct. As can be seen from Figure 24, the level of mixing
is essentially the same in each case. Thus it appears that the two effects
balance out over the range of interest,or more likely,neither jet penetration
or jet distributionis a criticaldeterminantof mixing performance. This will
be further confirmedin the cases that follow.

Figures25 and 26 show the effectof injector-to-freestreammomentumratio for
the 8-port and 16-portinjectorconfigurations,respectively. Here again, it is
seen that mill air momentum ratio has at most a secondary effect on mixing
performance for this mixing situation. In each case, the _nomentumratio was
variedover the range 0.64 to 32, which is largerthan the region expectedduring
hot-firedconditions,even for the start-upscenarioin which the combustormust
accommodate100% of the mill air.

6.2.2.5 Effect of DensityDifferencesBetweenPC Burner J_xhaustand M111 Air

Two tests were run to determine if density differences have a significant
impacton mixing performance. Recallthat the secondaryand mill air flows have
higher densitiesthan the primaryflow, at least initially,by factors of 3 and
6, respectivelydue to theirlower temperatures. Inmost mixing studies,density
ratios have been found to have only a secondaryeffectprovided other important
parameters,such as the momentum ratio and swirl number, are preserved. There
was some concern, however, in this case, that centrifugalforces would have a
negative impact on mixing as denser fluids would tend to remain near the outer
wall. In order to investigatethis, a worst case scenario was run in which a
denser fluid, in this case C02,was introducedat very low momentum through the
mill air ports. The resultsof this case are shown in Figure 27. Here, it is
shown that the denser C02 gas, even though it is virtually dribbled along the
outer walls of the transitionsection, mixes very thoroughly with the primary
swirling flow by the time it reachesthe end of the transition section. This
furtherconfirmed that the primarymixing mechanismwas the swirling action of
the primary precombustorflow and that secondaryand mill air momentum (or mass
flow) ratios have only secondaryeffects on the mixing process.

6.3 Slagging Stage Multiple Coal InjectorTesting

6.3.1 Test Confiquration

A schematicof the slaggingstage multiplecoal injectortest set-up is shown
in Figure 28. The primaryair enters the slaggingstage tangentiallyfrom the
precombustor, while a secondary air stream is injected through the coal
injectors. Flow tufts and water injectionwere used for flow visualization.
Small particleswere injectedthrough individualcoal injectorsto characterize
particle trajectories. Mixing patterns were determined using the CO2 tracer
method. Key parameters which were varied during testing included injector
clocking and injector circle diameter.

6.3.2 Test Results

Table 5 lists the test matrixfollowedduringthe Healy multiplecoal injector
test phase. During this test phase, water and powder were utilized as tracer
materials as well as carbon dioxide.
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Water was utilizedto reveal the locationof the vortexon the head endplate.
This locationis importantsince the vortex is off-axisat the head endplatedue
to a single tangentialair inlet. Tests were conductedto determinethe effect
of the off- axis vortex on coal particletrajectoriesand overallmixing.

Powderwas utilizedto reveal trajectoriesand flow paths of particlesbeing
injectedthroughthe coal injectors. In particular,the interactionbetweenthe
vortex and individualcoal injectorswas observed.

Lastly,carbon dioxidewas utilizedto reveal, in a quantitativemanner,the
mixing behaviorof flow coming from the injectors. Carbon d4oxidemeasurements
were made through the slagging combustor and in the slag recovery section
transition. Both centerlinemeasurementsas well as radial measurementswere
performed. Mixing behavior of each individualinjectorwas also characterized.

The multiplecoal injectorconfigurationstested are shown in Figure29. The
multiple coal injector configuration consists of setting the coal injector
clocking,and the injectorcircle diameter.

Two coal injectorclockingswere utilized. The first was the "odd" clocking
which refersto the injectorsbeing placedon the odd numberedhours. The second
was the "even" clocking which refers to the injectors being placed on even
numbered hours. The "odd" clocking is the baseline for the Healy combustor.

Two injectorcircle diameterswere also tested. The first was the in-board
circlewhich refersto an injectorcircle diameterwhich matches the diameterof
the baffle (52.5 inchesfor full scale combustor). The out- board circlerefers
to a calculatedresultgeared to yield optimumhot fire slag recoveryperformance
(74 inches). The out-boardcircle is the baseline for the Healy combustor.

For the majorityof the tests performed,the cold flowmomentum ratio was set
to match hot flow conditions. The momentum ratio is defined as the ratio of the
momentumof the headendflow to the precombustorflow. This preservesthe global
interactionbetweenthe precombustorflow and the flow from the coal injectors.
The swirl number was also maintained close to hot fire conditions.

6.3,2.1 Water In_ection or) Head Endp!ate

Representativeflow visualizationresults from water injectiontests on the
head endplate are shown in Figure 30. In this figure, the location of the
vortex at the head endplate is observed to be off-axis,between the in-board,
9:00 injector and the combustorcenter.

During this series of tests, the vortexwas observed to streng.thenwith high
combustor swirl, however, the location was observed to remaln essentially
unchanged. The locationwas also the samewhen the out-boardinjectorcirclewas
used.

6.3.2.2 BaselineMixing Test Results from Carbon Dioxide and powder Injection

The baseline injectorconfigurationis the six port, out-board,odd clocking
case (Figure29C). Mixing characterizationresultsfor this case are shown in
Figures31 to 35. For these tests, carbon dioxidewas injectedthrough all the
injectors.

B-31
C-56



w
w

c_
M



0

w

I,,g
n_,_



l

M

6-:34
C-59



ILd !
0K I-

i I I I I I I I I 'i I I I i i i ]'i I I I I i I i I I I I I I I I I i I i'| I i I i i I i L_ _ _

: _t iil

" ZZZO _;_- IE
0 C"b(') r"" ..,, _ _,.¢"-'_,,_r'

_-- /// _z+- J_J_ O_. o /, ig _- C) C) O,O

. 0:,<>,: _ ".
: 0 :tI$_, / _.- _- _
. m _,o_

- + :!- i _

.- _ =i
" ,,, _ u i_

, . ,, _ '-_

: =_ !Id

- _N "
" ::_Z- o,,, .°,°°
- o_ '=.
" X M u.-_- . Oa

L_ _ I_) L'_ ,-- 0 MwO

NOIIV_lN39NO3 _O30"4ZIGVHNON

d

W

N
u_



wa
a

iAio
3

o -- ,.=,_
'"'""' "'"'"' '"'"" "'"'""I'"'"" " _

- (/3 "

" 0 - , Z x:__- [ - 0
ro - F- ,,,z

- bJ -to tn_ zo, , i,d i.d
.., . n,- z _,

_- z _-° _< _. n/- I"_
-J I-- Zl,_

" _J . kl M
" "_ z t_L_
- _- _ - o _,
- _ "_0_ . g_
. 0 _(" -o0 _ a_o

. nl / D_ --i, ol-

-r" ,¢_ 0.-_- - U IAI
- I'-- .. - rr" 1313 W_
- - 0 ,-jz. _ - __ _ " _
- 0 - O0

./ d z-- - _ b. W

. _ . 0 O-JZ
m. , :, - ..m

- -_ __
- / "- _.z _'_

. : __
- " r'_c3 arz

" "_Z _mw
I I I I I i I i I' I I I I i I I I I I i I I I I I i I I I I I i"l I f'l I I I 0 LI_ Z 0 _t_

c_ _LU w_
0 0 0 0 0 0 ww._

NOIIVU.LN39N03_09 C]3ZIqV_UON.

w

I-I
U.



ee
0
I.-
(J
Ill
i.l
II

0Z
z

M M

WL_,)
._.1

z I-
- M I¢)

ila

. _1-,,

1.0 _

- II. U

•_..: . _ _1

/ t - "°$ ;_ ] _ x i,,i
X a

. I,,,i i_l
:E:O

Z Ill

O__ el" i _' / " 011310H9I

II ( ='- _ I"
:l

I.,0
- 0

_j _

J Z

.J i I _ I,.I
I,,,t I,,,,

,,, _=
_M

8_ z
O0
)-, C,,,)

1,4
t,_

15-37

C-62 I



(5-98
C-63



A

92.HP.AG.368

Figure31 and 32 showsmixingcontoursand radialcarbondioxidemeasurements,
respectively,for the headend region. The carbon dioxide values shown are
relativevalues,and have been normalizedto the perfectlymixed carbon dioxide
value. In this plot, high carbon dioxideconcentrationsare observedto be in
the vicinityof the vortexnearthe g:00 injector. Carbondioxideconcentrations
are lowestnearestthe air inlet. A steep gradient is thus observedbetweenthe
vortex and the 12"00 and 3"00 injectors.

Figure 33 shows carbon dioxide measurementsmade down the center of the
combustor. The profileindicatesalmostlinearmixing from the air inlet to the
baffle. Shortlyafter the baffle,the gases are observedto be completelymixed.

Figure34 and 35 showsmixingcontoursand radialcarbondioxidemeasurements,
respectively,for the locationjust upstream of the baffle. The figures are
consistentwith the good mixing result above. Carbon dioxide concentration
valuesare closer to the perfectlymixed case, and more evenlydistributedabout
the centerlineas comparedto the headend.

Figure 36 shows carbon dioxide measurements made down the combustor
centerline. For these tests,carbondioxidewas injected,one at a time, through
each injector. In this Figure,the 9"00 injectoris observedto contributemore
carbon dioxide to the centerlinethan the other injectors. The 7"00 injector
also contributesmore than the average, but not as much as the g:00. Flow
visualizationresultsfrom powder injectioncan help to explainthese centerline
carbon dioxidemeasurements.

Figure 37 shows particle flow patterns observed when powder is injected
througheach individualinjector. In these tests, the larger particlesmaking
up the powder were observed to be centrifugedto the wall, whereas the smaller
particleswere observedto followpathswhich eventuallylead to the vortex. The
particles(both large and small)coming from the g'00 injectorand 7"00 injector
were observed to be drawn into the vortex almost immediately. This is because
of the close proximityof these injectorsto the vortex. This result translates
to reduced contact between these particles and the precombustorflow which
results in reducedmixing in the headend. This result also explains the high
carbon dioxide concentrationmeasurements made earlier for these injectors.
Powaer from the other injectorstravel at least a quarter turn more, allowing
more time to diffuseand mix. Interestingly,these particlesfollow a circular
path the same diameter as the injectorcircle. This tonditionmay be useful in
terms of start-up or light-offof the coal coming from the injectors.

6.3.2.3 Effect of InjectorClockinqon InjectorPerformance

Mixing characterizationresultsare shown in Figure38 to 42 for the six port,
out-board configurationwith even clocking. The headend mixing contours and
radial carbon dioxidemeasurementsare shown in Figure38 and 39, respectively.
Within the measurementaccuracy,these results are observed to be very similar
to the baseline case (odd clocking).

Centerlinecarbondioxidemeasurementswere also performedas shown in Figure
40. The odd clocking and even clocking cases are observed to have similar
centerlineprofiles as well.
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92.HP.AG.368

Figure 41 shows the centerline measurementsfor carbon dioxide injection
through each individualinjector. In this case, the 8:00 and 10:00 injectors
contributemore flow to the centerlinethan the other injectors. This result is
because these injectorsstraddle the vortex and are closer to thecenter of the
vortex thanthe other injectors. The amountof carbondioxidecontributedto the
centerlinefrom these injectorsfalls betweenthose from the g:o0 injectorand
7:00 injectorin the odd clockingconfiguration. The net centerlineresultthus
balances out for the odd clocking and even clocking cases.

Figure42 shows the flowpatternsobservedfrom powderinjectionthrougheach
individualinjector. For these tests, the large particleswere again observed
to be centrifugedto the walls, whereas the small particleswere observed to be
drawn into the vortex. The particlesissuingfrom the 8:00 and 10:00 injectors
were observed to flow directly into the vortex,whereasparticle from the other
injectorswere observedto spend more traveltime aroundthe combustorperiphery
before entering the vortex. These resultsare consistentwith the centerline
carbon dioxide profiles observed earlier.

6.3.2.4 _ff_ctof Injectorcircle Pi_meteron InjectorPerformance

Mixing characterizationresults are shown in Figures 43 to 49 for the six
port, in-board,odd clocking configuration. The mixing contours and radial
carbon dioxidemeasurementsfor the headendregion are shown in Figures43 and
44, respectively. In these figures,the peak carbondioxidevalues are again at
the vortex, as in the baseline case, however,the peak values are higher. This
can be observed from the centerlinemeasurementsas shown in Figure 45.

Figure45 indicatesthat althoughthe concentrationgradientsare more severe
for the in-boardinjectors,near completemixing is still achievedshortlyafter
the baffle. The mixing contours and radialcarbondioxidemeasurementsfor just
upstream of the baffle are shown in Figure 46 and 47, respectively. These
results are consistent with good mixing at the baffle. Peak carbon dioxide
values are observed to be closer to the completelymixed case, and the carbon
dioxide values are more evenly distributed.

Figure 48 shows carbondioxidemeasurementsdown the combustorcenterlinefor
carbon dioxide injection through each individual injector. As shown in the
Figure,the 9:00 injectorcontributesover three times more flow than the other
injectorsaway from the vortex (1"00 to 5"00).This Is significantlyhigherthan
the out-boardcases, and is the reasonwhy the centerlinemeasurementsof carbon
dioxide are higher as well.

Figure 49 shows flow patterns for powder injectionthrough each individual
injector. In this figure, powder injectionfrom the in-board,g:O0 injector,
adjacentto the vortex, is observed to flow immediatelyinto the vortex. Powder
from the 7:00 and 11:00 injectors also quickly flows into the vortex. Powder
from the remaininginjectors are more diffuse since they are further from the
vortex.

The in-boardinjectorconfigurationwith even clocking is shown in Figures50
and 51 for comparison with the above results. Theresults are observed to be.
similar to the out-board injector case in that the 8'00 and 10:00 injectors
contributemore flow to the vortex than the other injectors. The contributions
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92.HP.AG.368

from the 8'00 and 10:00 injectors,however, are not as large as for the 9:00
injector (odd clocking).

6.4 Slag RecoverySectionTestin9

6.4.1 Test Confiauration

A schematicof the slag recovery sectiontest set-up is shown in Figure 28.
Air flows throughboth the precombustorand slaggingstage prior to enteringthe
slag recoverysection. Flow tufts were used for flow visualization. Velocity
measurementswere taken throughoutthe flow cross-sectionat.selectedstations,
using a anemometer. Key parameterswhich were varied during testing included
slag recovery sectiongeometry (i.e. effect of back wall "pocket"),angle of
exhaust, slag recovery sectionheight,and swirl number.

6.4.2 Test Results

Table 6 lists the test matrix followedduring cold flow testingof the Healy
Slag RecoverySection(SRS).The first seriesof tests focusedon the evaluation
of the jet trap. The combustor swirl number and mass ratio between the
precombustorand the main combustorflows were set similarlyto Healy hot fire
conditionsunderfull loadoperation. Jet trapconfigurationstestedwere a flat
plate or no jet trap, a regularsize pocket,and an extended size pocket (3x the
nominaldepth) as shown in Figure 52. Velocitymeasurementswere performedat
the SRS exit for each jet trap configuration.

The second seriesof tests focusedon the effect of the SRS exhaust angle on
flow non-uniformitiesat the SRS exit. The previous series of tests were run at
an exhaust angle orthogonalto the combustoraxis (slantedwith respect to the
vertical) as shown in Figure 53. This series of tests focused on a vertical
exhaustangle for comparison(Figure28). Velocitymeasurementswere again made
at the SRS exit.

The last series of tests focusedon the effect of SRS exit height on flow
non-uniformitiesat the SRS exit. The SRS exit height was varied as a function
of Z/Lmin where Lmin is the minimumdesign height for the SRS (- 100"). Details
of the coordinatesystem used in the cold flow are shown in Figure 54.

6.4.2.1 Baseline Case Test Results

The operating conditions for the baseline test were set for a nominal swirl
and mass flow ratio. A flat plate was installedin place of a jet trap (no jet
trap) for the baselinecase. Also, the slantedexhaust exit was utilized,with
a SRS height equivalentto the minimumdesign height (Z/Lmin=1).

The velocity distributions are shown in Figure 55. Orientation of the
velocity distributionplot with the SRS can be understood as follows. The SRS
flow cross-sectiopis in the XY plane and the velocitiesare in the Z direction,
normalizedwith respect to the averageplug flow velocity. The baffle face is
parallel to the XZ plane. The jet trap is also parallel to the XZ plane at
Y/D:O. The precombustorflow enters from the left simulating the left-handed
(south) combustor. The swirl is clockwise in the XZ plane as viewed looking
downstream.
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9_ The flow non-uniformityis determined by a standard deviation (std) amongvelocity measurementstaken across the flow cross- section. For the baseline
case, the non-uniformityis 32% relativeto the plug flowvelocity. The velocity
measurementstaken for the baselinecase range from 0.4 to 1.5 times the average
plug flow velocity. The flow is highestalong the back side (flat plate),with
a slight bias toward the right side. The flow is lowest along the front, left
side.

6.4.2.2 Effect of Oet Trap on Velocity Distributionat the Combustor Exit

Velocity distributionsat the combustorexit are shown in Figures 56 and 57
for the jet trap configurationstested. Figure 56 shows surface contour plots
whereas Figure 57 shows topographicalplots. In the topographicalplots, the
value of 1.0 representsthe averageor plug flow velocity case.

The operating conditions for the tests were similar to the baseline
conditions. A slantedexit (Figure53) was utilizedwith a SRS height equivalent
to the minimum design height.

The velocitydistributionfor the regularpocketcase showed some improvement
in flow uniformityover the baselinecase. The standarddeviationwas observed
to be 26% for the regularpocketcase as comparedwith 32% for the baseline. The
_low uniformitywas improvedprimarilydue to highervelocities in the low flow
zone along the front, left side. The low flow zone increasedin velocity from
40% of the average plug flow velocity to 60%.

The velocity distribution for the extended pocket case showed a slight
improvementin uniformityover the baselinecase, however,a slight decrease in
uniformity as compared with the regular pocket case. The low flow zone also
changed locationsmoving frem the front, left side to the front, right side.

6.4.2.3 Effect of ExhaustExitAnqle on VelocityDistributionat CombustorExit

Figure 58 and 59 shows surface contour plots and trpographical plots,
respectively,for velocity distributionsat the combustor exit for a vertical

t exhaust exit. Similar operatingconditionsas the slanted exhaust exit cases
above were utilized. The same jet trap configurationswere also tested.

Comparing Figures 56 and 57 with Figures 58 and _g indicates that the flow
uniformity at the combustorexit for the vertical exhaust appears to be very
similarto the slantedexhaust for each jet trap configuration.

6.4.2.4 Effect of Slag Recovery Section Heiqht on Velocity Distribution at
Combustor Exit

Figure 60 and 61 shows surface contour plots and topographical plots,
respectively,for velocitydistributionsat the combustorexit for various SRS
heights. The hei'ghtsare described by Z/Lmin which is the fraction of the
minimum design height, Lmin, for the SRS. Diagnostic ports in the SRS were
available for Z/Lmin's of 3, .6, ] (baseline),and 1.4. A Z/Lmin of 0.3 is
located just after the turn in the SRS transition.
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For these tests, no jet trap was installed. The slantedcombustorexit was
utilizedand operatingconditionswere similarto the baselineconditions.

The standarddeviation in the velocity distributionsmeasured for the four
diagnosticports in order of increasingheight were 30%, 36%, 32%, and 27%. The
flows were initially high along the back plate (1.5 times the plug flow
velocity), and low along the front (0.8 times the plug flow velocity). With
increasingSRS height,the flow distributionrotatedin a clockwisefashionwith
the higher flowsmoving toward the back, right,and the lower flowsmoving toward
the front, left. The flow uniformitydid not improveinitiallywith additional
height as seen from the standarddeviations. The flow in the'front,left corner
decreasedin velocityfrom 80_ of the averagevelocityto only 40%. The flow in
the back, right corner remained high at 1.4 times the averagevelocity. After
the seconddiagnosticspool, the flow uniformityshowedonly slight improvement.
The flow in the front,left corner increasedfrom 40% of the averagevelocityup
to 60%. The flow in the back, right corner remained high at 1.5 times the
average plug flow velocity.

6.5 Limestone InjectionTesting

6.5.I Test Confiquration

The air flow model was configuredwith air entering the slagging combustor
tangentiallyfromthe precombustoraswell as axiallythroughthe head end of the
slagging combustor to obtain a combustor swirl number and mass ratio which
matched hot flow conditions. Air was injected downstream of the slagging
combustorin the SRS to simulatelimestoneinjection. Key parameterswhich were
varied during testingincluded injectorlocationand the ratio of momentum flux
between the limestonesimulatedflow and the SRS flow.

6.5.2 Test Results

Table 7 shows the test matrix followed during cold flow testing of the
limestone injector. During this test phase, carbon dioxide was injected with the
limestone simulated flow as a tracer material. The tracer was used to determine
where the limestone goes in the SRSen injection and how well it mixes with the
gas flow fromthe slaggingcombustor. Powderwas not injectedsincethe particle
slip is expected to be small relative to the size of.the SRS.

The first four tests investigatedthe effect of injectorpenetrationdepth on
limestoneinjectionperformance. Limestonesimulatedflowwas injectedfrom the
back wall of the SRS at a height of Z/Lmin of 0.6. The back wall of the SRS as
well as the other injectionfaces of the SRS are shown in Figure 62. The SR_
coordinate system used was the same one used in the velocitymeasurementtests
performedearlier (Figure54). Carbondioxidemeasurementswere made at a Z/Lmin
of 1.0 which is at the exit of the SRS. Hot flow momentum flux ratio was

preserved for these tests as well as injector diameter.

The next threetests investigatedthe effectof injectorlocationon limestone
injection performance. Tests were performed as above on the remaining three
faces of the SRS.
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The next two tests focused on the effect of limestone injection height on
limestone injection performance. The injection height was first lowered to
Z/Lminof 0.3 with carbondioxidemeasurementsmade at the exit at Z/Lminof 1.0.
Then, the injectionheight was raised back to Z/Lmin of 0.6 with measurements
made at Z/Lmin of 2.7. This second testdeterminedthe extent of mixing and any
possibleshifts in the locationof the limestonedownstreamof the SRS exit (in
the furnace).

Next, limestoneinjectionwas simulatedat the wall with an increasedmomentum
flux. The momentum flux of the limestone simulated flow was increased by
increasing its mass flow. This test was performed to determine limestone
penetrationand mixing at the higher momentum flux.

The last test performedwas similarto the previoustest in that the limestone
simulatedflowwas injectedat the wallwith a higherthan nominalmomentumflux.
The differencewas, however,that the momentum flux of the limestonesimulated
flow was increasedby decreasingthe diameter of the injector at constantmass
flux.

6.5.2.1Effect of InjectorPenetrationDepth

Figure 63 shows the effect of injector penetration depth on limestone
injectionperformance. The limestonesimulatedflow was injectedfrom the back
wall of the SRS, and the arrows on the plots indicates the injection depth
tested. The contour lines representlines of constant carbon dioxide values
normalizedwith respectto the average.

The highconcentrationsof carbondioxidefound inthe contourplots indicates
that little mixing takes place from the point of injectionat Z/Lmin of 0.6 to
the measurementpoint at Z/Lmin of 1.0.

For injectionat the wall, the limestone simulated flow moved toward the
right side (away from the precombustorside) and stayed along the back wall.
This was c_nsistentwith the SRS flow patternsobservedearlier.The I" injector
depth (10" full scale) moved the limestone further away from the back wall,
however, there was still a slight bias to the right side of the SRS. The 2"
injectordepth (21" full scale)was observedto place the limestoneclose to the
center of the SRS. The 3" injectordepth slightly overshot the center of the
SRS.

6.5.2.2 Effect of InjectorLocation

Figure 64 shows the effectof limestoneinjectionfrom the other sides of the
SRS on limestone injector performance.The tests were run at the 2" injector
depth at Z/Lmin of 0.6. This case was observed previouslyto centrallylocate
the limestonefor the back wall injectioncase. For injectionon the other three
faces, the limestonesimulatedflow was still found to be centrally located in
the SRS flow at the SRS exit. Injectionpenetrationwas found to be slightly
more for injectionfrom the SRS sides versus the SRS back wall.

6.5.2.3 Effect of InjectorHeiqht

Figure 65 shows the effect of limestone injection height on limestone
injectionperformance. Figure65A shows the injectionpoint as before at the 2"
injectordepth, from the left side, at a Z/Lmin of 0.6. Figure 65B shows the
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injectionpoint at the 2" injectordepth, from the left side, but at a lower
height of Z/Lmin of 0.3. For this case, the limestonewas found to be still
centrally locatedat the SRS exit, but with improvedmixing.

Figure 65C shows the injectionpoint at the same location as Figure 65A, but
with the measurementpoint downstreamof the SRS exit at a Z/Lmin of 2.7. This
case was run to give a hint as to what may happen to the limestone in the
furnace. The limestonewas found to be still centrallylocated with a slight
bias toward the left side, along the backwall. The mixed state of the limestone
was near completion.

6.5.2.4 Effect of InjectorMomentum Flux

Figure 66 shows the effect of increasedmomentum flux ratio on limestone
injectionperformance. The momentumflux ratio,R2, is the ratio of the momentum
flux of the limestoneflow to that of the SRS flow.

Figure 66A shows the plot for injectionas before from the back wall, with a
"' nominal momentum flux ratio of 5.8. Figure 66B shows the case with the same

injectionlocationas before,but with an increasedmomentum flux ratio of 22.1.
For this case, the momentumflux ratio was increasedby increasingthe mass flow
of the limestonesimulatedflow. Significantlimestonepenetrationwas observed
with the limestonesimulatedflow nearthe center of the SRS flow. A slightbias
was observed toward the right side. Mixing was slightly improved over the 2"
injectordepth case.

Figure66C and Figure66D show the plots for injectionfrom the left face, and
from the right face, respectively,for the higher momentum flux ratio of Z2.1.
The limestone simulatedflow again appears to be centrally located in the SRS
flow, with slightlymore penetrationfor injectionfrom the right face.

Figure 67B shows the case of injectionfrom the left face, with an increased
momentum flux ratio of 39.7. In thiscase, the momentum flux ratio was increased
by decreasingthe diameterof the injectorfrom0.375 inchesto 0.21 inches (3.75
to 2.1 inches full scale) and keepingthe mass flow through the injector the
same. For this case, the limestone simulatedflow was found to be centrally
located in the SRS flow as before.
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, 7.0 DISCUSSIONOF RESULTS

The purpose _,f this section is to examine someof the key results of the cold
flow model testing in more detail and to discuss the implicationsof the cold
flow results on Healy combustordesign and operation.

7.1 Analysis of AsymmetricMixing PatternsObserved With ClevelandSecondary
Mix Bustle

The baselinemixing patterns for the Clevelandsecondaryair mix bustle are
shown in Figure 12. For the swirl case, note that the center, upper right, and
lower left regions are nearly isothermal,while the upper left and lower right
cornershavemuch highertemperatures.This impliesthat alarge fractionof the
colder, secondaryair enters the mix bustle through the upper right and lower
left corners, with a much lower fractionentering in the upper left and lower
right corners.

The reason for this nonuniformdistributionof secondaryair can be seen from
the schematicshown in Figure68. As the secondaryair enters the outer windbox,
it begins to flow around the mix bustle on both sides. However, due to the
orientationof the primaryswirlingflow,more of the secondaryair shouldenter
in the upper right corner since the swirl is moving away from the top wall and
serves to aspirate the secondaryair in this region. On the other hand, the
swirlingflow is moving towardsthe upper left corner,which tends to discourage
secondaryair entry in this region. The same argument holds for the bottom of
the mix bustle,exceptthatmore secondaryair shouldenter the lower left corner
as the swirl ismoving away fromthe bottomwall. Once the secondaryflow enters
the mix bustle,it appearsto readilymix with the primaryflow due to the strong
swirlingaction. One of the reasonsthat the upper left and lower right corners
remain relatively unmixed is that as the flow transitions from a circular to
rectangularcross-section,the swirl primarilystays in the center of the duct
while axial flow is observed near the side walls. This result can be seen in

Figure 14, where one can observethat the generalmixin9 patterns do not change
significantlyas the flow progressesdown the rectangularduct.

It is important to note that during the Healy coal tests conducted at
Cleveland,therewere no signs of foulingin the precombustorupstreamof the air
inlet dampers. Thus, even with the marginal mixing performanceinferred from
cold flow modeling, the level of mixing was still h'ighenough to prevent the
persistenceof relativelycold layerswhich can promote fouling.

7.2 Comparisonof Clevelandand Healy Mixing Performance

The baseline Cleveland and Healy mixing patterns just downstream of the
circular-to-rectangulartransition section (X/L-O.05)are shown in Figure 69.
As mentionedpreviously,the Healy configurationresults in significantlybetter
secondary mixing than the baseline Clevelandconfiguration. The primary air
swirl and the secondaryair momentum ratioswere similarin each case. The main
advantageof the Healy configurationis believed to be due to the introduction
of secondaryairat the inletof the circular-to-roundtransitionsection,rather
than all along the length of this transition section as is the case for the
Cleveland configuration. More of the secondary air is thus exposed to the'
swirling primary flow for a longer length prior to entering the slagging stage
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air inlet section. Since the primarymixingmechanismis the swirlingactionof
the primary flow and not the penetrationof the secondaryair, the longer the
secondaryair is exposed to the swirl, the better the mixing performance. This
improvedmixing performance should reduce the fouling risk in the rectangular
connection duct leading to the slagging stage as well as in the oxidizer
footprintregion just downstream of the slagging stage inlet due to a larger
convectionheat flux component in these regions.

7.3 Flow Distributionin SecondaryWindbox

The flow distributionin the Healy secondarywindboxwas found to be somewhat
sensitiveto the location of the secondary air inlet. When the air inlet is
located on the side, the secondaryair favors the side of the duct, with more
secondaryair entering in on the side closestto the air inlet (see Figure 19).
On the other hand, when the air inlet is locatedon the top, the secondaryflow
tends to favorthe sides and bottomof the duct, as evidenceby the no-swirlcase
shown in Figure20. The maldistributionof secondaryair in the annular region
is due to the fact that the walls of the transitionsectionconvergeon the top
and bottom,but not on the sides. This tends to direct more of the flow to the
sides. Fortunately,the swirlingaction of the primary air tends to smooth out
a large amountof this flow nonuniformity,so that at the exit of the transition
section,there is only a slightdifferencein the overalllevelof mixing between
the two cases. Thus it appearsthat eitherair inletlocationis acceptablefrom
a mixing viewpoint.

7.4 Number of Mill Air InjectionPorts

As with the secondary air mixing, the primary parameter which affects the
level of mixingof mill air with the primaryand secondaryflow is the amountof
swirl in the primary flow. Very little difference in mixing was found between
the 8 port and 16 port cases. Due to its larger port diameter, the 8-port
configurationwould be expectedto have a slightlyhigherjet penetration,while
the 16-port configurationwould be expectedto provide a somewhatmore uniform
mill air distribution along the perimeter of the duct. Since the mixing
performancewas essentiallythe same for each case, it appearsthat any changes
in the two effectsare either balanced,or more likely,neitherjet penetration
or jet distribution is a critical determinantof mixing performance. In any
event, it appearsthat the number of mill air injectionports can be reducedfrom
16 to 8 without any significantchange in mixing performance.

7.5 Multiple Coal Injector Configuration

The multiplecoal injectortestswith carbondioxideand powder indicatesthat
the out-boardconfigurationis preferredover the in-boardconfiguration.This
is becausefor the in-boardconfiguration,injectors7:00 to II'00 are too close
to the vortex which causes flow from the injectorsto be drawn in more quickly.
This conditionlessens the contactbetweenthe injector flow and the flow from
the precombustor,.whichreduces headendmixing.

In the out-boardconfiguration,very littledifferenceexists in performance
betweeninjectorsin the odd clockingor even clockingconfigurations.It appears
that the 9:00 injector (odd clockingconfiguration),which is influencedby the
vortex the most, is balanced by the 8'00 and 10"00 injectors (even clocking
configuration),which are also influencedby the vortex,but to a lesser degree.
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In the in-board configuration,the even clocking case appears to provide
improvedmixing relativeto the odd clockingcase. This is because in the odd
clockingconfiguration,the 9:00 injectoralmostlies in the vortex,which causes
a significantamountof the injectorflow to be drawn in. In fact more flowgets
entrainedintothe vortexwhen the flow originatesfrom the 9:00 injectorversus
at the center of the headend as seen in Figure 70.

A test was run to see whether or not turningthe in-board,9:00 injectoroff
improvesperformance. The resultsare shown in Figure71. The result indicates
that centerlinemixing is improved. Furthermore,with the g:00 injectoroff,the
centerline mixing is very similar to the even clocking case with all the
injectorson.

A test was also run to see whetheror nol_moving the in-board,g:o0 injector
to the out-boardpositionimprovesperformance.The centerlinemixing result is
also shown in Figure 71. The result indicatesthat only slight improvementin
centerlinemixing is obtained.

Based on the aboveresults,odd injectorclockingwill allow added flexibility
duringcombustorcheckoutwith the least amountof impacton the other injectors.
If problemswiththe 9:00 in-boardinjectorare identified(i.e.fouling,reduced
slag recovery),the injectorcan either be shut off completelyor relocatedto
the out-boardposition. Witheven clocking,two injectors(8"00 and 10"00)would
have to be either shut off or relocated,which will have a larger impact on the
remaining four injectors.

7.6 Flow Distributionat CombustorExit

The flow distributionobservedat the combustorexit for the baseline case is
characteristicof highervelocityalongthe back plate with a slight bias toward
the right side, and lower velocity at the front, left corner. This flow
distributionwas observednot to changesignificantlywith the change in exhaust
angle or the additionof a jet trap. To help understandthis flow distribution,
the cold flow model was operatedunder zero swirl conditions. This was done to
separate the effects of swirl from those related to the go degree turn just
downstream of the baffle.

Figure 72 and 73 show surface contour plots and topographical plots,
respectively,for velocitydistributionsat the combus'torexit for the zero swirl
and nominal swirl cases. The zero swirl case shows relativelyhigh velocity at
the back plate with a bias toward the corners, and low velocity at the front.
This flow patternis consistentwith that observed for flow througha g0"elbow,
in which the flow velocity is highestalong the outsideradius of the turn. In
this case, the flow is also preferentiallydirected towards to the outside
corners due to impact with the flat back plate.

The zero swirl case helps explainwhy the flow is high along the back plate
for the baseline case. With a clockwiseswirl (lookingdownstream for a left
handed combustor)as shown in Figure 74, the flow also has a tendency to move in
the direction of the right side. This explains why the flow moves in the
directionof the back, right side for the baselinecase. Furthermore,since the
flow is moving toward the back, right side, this also explains why the flow is.
low toward the front, left side.
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Figures 72 and 73 alsu show a case at elevated swirl conditions. This case ,
represents swirl conditions similar to that of hot flow conditions under
combustorturndownoperation. The flow distributionat the combustorexit for
the elevated swirl case is similar to that of the nominal swirl case. The
non-uniformity,however,is slightlylargerfor the high swirlcase (3B%standard
deviation)over the baseline (32%).

7.7 LimestoneInjectionin the SlaggingRecovery Section

The preferredlocationfor the limestoneis in the centerof the slag recovery
section flow, away from the combustor walls. This is to prevent loss of
limestonedue to depositionon the combustorwalls.

Limestoneinjector configurationste;ted which were observed to center the
limestonein the SRS flow are given in Table 8. Of these configurations,#3 is
the preferredconfigurationfor two reasons. First,coolingrequirementsfor the
injectorare not severe since injectionat the wall minimizescontact with the
hot combustiongases. Second,the momentum flux of the limestone is increased
without having to deviate from the required flowrates (at the expense of
increaseddelta p). This is accomplishedinstead by decreasing the injector
diameter.
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TABLE 8. PREFERREDLIMESTONEINJECTORCONFIGURATIONS

, ,, , ,, i

Test Parameters Configurations

#1 #2 #3
iii ii i i

InjectorDepth, inches 2" At wall At wall

InjectionFace* " Any b, l; r l

Z/Lmin 0.6 0.6 0.6

R2 5 8 22 ] 39 7Momentum Flux Ration, . . .

InjectorDiameter, inches 0.375 0.375 0.21
,

* l = left face, r = right race, b = back face of SRS
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, 8.0 CONCLUSIONS

1. Based on a comparison between the baseline Cleveland secondary air
mixing section and the new Healy configuration, the new arrangement
allows for significantly improved mixing between the precombustor burner

• exhaust and the secondary air for the same level of burner swirl. This
improved mixing was achieved by introducing the secondary air at the
inletto the transitionsection,ratherthan all along the length of the
transitionas in the case with the mix bustle. • •

2. The improvedmixing providedby the Healy Configurat4onshould serve to
reduce the risk of foulingin the air inlet regionas higher temperature
air will be presentnear the walls of the air inlet.

3. The key parameterwhich affectssecondaryair mixing is the precombustor
burner swirl number, or ratio of tangentialto axial velocity at the
burner exit.

4. Mixing performancewas found to be relativelyinsensitiveto the ratio
of burnerto secondaryair flows,which suggeststhatmixing performance
should be preserved at off-nominal precombustor coal splits and
combustor loading, provided the level of swirl in the burner is
maintained.

5. Mixing patterns at the precombustorexit were found to be dependent on
the location of the secondaryair inlet, however the overall level of
mixing was similarfor both the top inlet and side inlet cases.

6. The baseline mill air injection configurationwas found to promote
excellent mixing between the mill air and the primary and secondary
flows.

7. The degree in which the mill air mixes with the primary and secondary
flows was found to be relativelyinsensitiveto injection-to-freestream
momentum ratio. As in the case of secondaryair mixing, the main mixing
mechanism is the primaryair swirl.

8. Mill air mixing performancewas also relatively insensitive to the
number of mill air injectionports in the range of 8 to 16, provided the
total injectionarea was held constant. This indicatesthat it may be
possible to reduce the number of mill air ports without significantly
affectingprecombustorsecondarymixing or foulingrisk.

9. The locationof the vortex in the headend is betweenthe in- board, 9:00
injectorand the center of the combustor° The vortex is adjacentto the
9"00 injector.

10. The out-board multiple coal injector configuration yields improved
headendmixing resultsover the in-boardconfiguration. This is because
injectorflow from the out- board configurationis not as readilydrawn
into the vortex as the in-board configuration. Complete mixing,
however, is still achieved for both cases by the time the flow passes
past the baffle.
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II. For the out-boardconfiguration,odd and even clocking yield similar
headendmixing results. Thi_ is because the combined contributionsof
the 8"00 and 10:00 injectorsin the even clocking are similar to the
single contributionof the g'O0 injector in the odd clocking.

12._ The out-boardodd-clockinginjectorconfigurationis recommendedas the
baseline for the Healy cembustor. An in-board odd-clocking injector
ring should also be includedin the Healy design to allow for greater
flexibilityduring combustorcheck-out.

13. The jet trap was observed to have an insignificent effect on the
velocity distributionuniformity at the combustor exit. The velocity
distributionat the combustorexit isdeterminedmainly by the go degree
turn at the SRS transitionand the combustor swirl.

14. The angle of exhaustwas also observed to have an insignificanteffect
on the velocitydistributionat the combustorexit.

15. Limestone injection at the wall is preferred to minimize cooling
requirements. Adequate limestonepenetrationto the center of the SRS
can be achieved, without increasing the limestone carrier flow, by
decreasing the injector diameter from 0.375" to 0.21" (3.75" to 2.1"
full scale).

C-118
8-2



Direct Coal Feed System
Cold Flow Nodel Report

C-119



Table of Contents: Part 3

Direct Coal Feed System
Cold Flow Modeling Report

1. Executive Summary 1-1

2. Introduction 2-1

2.1 Background 2-1
2.2 Splitter Concept Evaluation 2-4

2.2.1 Downstream Isokinetic Splitter 2-4
2.2.2 Downstream Proportioner Splitter 2-7
2.2.3 Upstream Splash Plate 2-7
2.2.4 Upstream Cylindrical Splitter 2-8

3. Baseline Direct Coal Feed System Description 3-1
3.1 Pressure Budget 3-1
3.2 Cyclone Characteristics 3-1
3.3 Coal Flow Split 3-1

4. DCFS Design Considerations 4-1
4.1 Blowdown Cyclone Design Issues 4-1
4.2 Variable Flo;w Splitter Design Issues 4-1
4.3 Overall DCFS Design Issues 4-1

5. Cold Flow Model Test Approach 5-1

6. Modeling Guidelines 6-1

7. Twin Cyclone Characterization Testing 7-1
7.1 Test Objectives 7-1
7.2 Test Configuration 7-2
7.3 Test Results 7-3

8. Splitter Evaluation 8-1
8.1 Test Objectives 8-1
8.2 Test Configuration 8-1
8.3 Test Results 8-2
8.4 Discussion 8-4

9. Eductor Evaluation 9-1

9.1 Test Configuration 9-1
9.2 Test Results 9-1

I0. Slagging Combustor Splitter and Transport i0-I
Line Evaluation
10.1 Test Objectives 10-1
10.2 Test Configuration 10-1
i0.3 Test Results 10-1

i-1

C-120



11. Conclusions and Recommendations 11-1

11.1 Twin Cyclone Characterization Testing 11-1
11.2 Splitter Evaluation 11-1
11.3 Eductor Evaluation 11-3

11.4 Slagging Combustor Splitter & Transport Eval 11-3

i-2

C-121



1.0 EXECUTI_'E SU_L_Y

This report describes the cold flow model tests that were
conducted in support of the design of a direct coal feed system for
the Healy Clean Coal Project.

In conventional pulverized coal-fired boilers, the total
output from the mill is directly fired into the furnace using
conventional burners. For Healy coals, this mill output has an
air-to-coal ratio of approximately 3 at full load. If this were to
be fired directly into the TRW coal combustion system, the
temperatures in the slagging stage would be low enough to cause
slag freezing, since the mill air is at only about 130°F.
Therefore, in order to prevent slag freezing, it is necesmary to
reduce the carrier air per pound of coal fired, that is, reduce the
air-to-coal ratio to less than 1. This poses the following unique
requirement on the direct coal feed system: Concentrate the mill
output such that the combustor receives all (or most) of the coal
but only about one-third of the mill air (the balance of the air
and any remaining coal is bypassed to the furnace directly) and
split this concentrated stream to the precombustor and the slagging
combustor.

A direct coal feed system (DCFS) was selected over an indirect
storage-type system as it offers advantages in terms of safety,
simplicity, and cost. The proposed system features an upstream
cylindrical splitter, a pair of cyclones, and individual feed lines
which deliver coal separately to the precombustor and slagging
stage of the TRW combustor. Both cyclones are operated in a unique
blowdown mode to furnish the carrier air required to transport the
coal to the combustor. The remaining air and finem from the
pulverizing mill are vented through the top of the cyclones and are
subsequently injected into the precombustor or furnace NO. ports.

Due to the unique operation of the proposed system, cold flow
tests were required to provide key information to guide system
design and operation. Of primary concern were issues related to
system pressure budget, blowdown cyclone characteristics and coal
splitter design and operation. Results of cold flow tests were
then used to help define the design criteria for the full-scale
Healy system, as well as a sub-scale coal feed system that will be
tested during precombustor tests at TRW's Capistrano Test Site
(CTS).

The cold flow test hardware was designed to simulate the key
aspects of DCFS operation while maintaining flexibility to
investigate alternate concepts if necessary. The model was
constructed primary from a transparent material to allow for flow
visualization. Key mcdeling guidelines to ensure a realistic
simulation included preserving geometrical similarity, cyclone
efficiency, solids-to-gas ratio, and saltation velocity margin.
Talcum powder was used to simulate pulverized coal. The model was
installed and tested in the existing cold flow laboratory at TRW.
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The cold flow test program was divided into 4 phases: twin
cyclone characterization, splitter evaluation, eductor evaluation,
and transport line/slagging combustor splitter evaluation. This
sequencing allowed for cyclone-specific issues to be addressed
independently of the type of splitter selected. Once twin cyclone
operation was adequately characterized, tests were conducted to
evaluate the most promising splitter configurations. Tests focused
on splitter geometrical arrangement, splitter accuracy, flow split
control range, and sensitivity to inlet coal distribution.
Following the splitter evaluation, tests were conducted to evaluate
the performance and overall effect of a single eductor system
installed in the precombustor leg, in the event that such an
eductor may be required at Healy to provide additional pressure
boost. Finally, tests were performed to evaluate several different
slagging combustor splitter configurations, and to obtain pressure
drop data for the splitter and injector feed lines.

Twin Cyclone Characterization Testing

The primary objective of the twin cyclone tests was to
characterize twin blowdown cyclone operation in terms of pressure
drop, flow stability, powder loading, and blowdown control.
Cyclone pressure drop, measured from cyclone inlet to cyclone vent,
was found to be independent of blowdown ratio in the range of
interest (20-40%).

Both the cyclone and blowdown pressure drops were confirmed to
be proportional to the square of the cyclone inlet velocity, for a
given cyclone inlet area. In addition, both pressure drops were
found to decrease as the cyclone area was reduced, for a constant
inlet velocity. This revealed that the cyclone pressure drop was
not only dependent on cyclone inlet velocity, but on inlet mass
flow as well. This result has implications on the control and
measurement of flow split, as is discussed in the splitter
evaluation section.

The cyclone and blowdown pressure drops were also found to
decrease proportionately when powder was injected into the air
stream upstream of the cyclone. This decrease in pressure drop is
attributed to an increase in effective wall roughness, which in
turn reduces the average tangential velocity in the cyclone and
subsequently the overall pressure drop.

Finally, cold flow tests confirmed the initial configuration
for CTS testing, in which the twin cyclones are connected at the
blowdown end to feed a single precombustor. The baseline U-shaped
connection was shown to effectively de-swirl the blowdown flow from
the cyclones without powder accumulation.

Splitter Evaluation

The primary objective of the splitter tests was to evaluate
the most promising splitter concepts and select a configuration for
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CTS testing based on split control range and accuracy, flow
stability, and pressure drop considerations. The first, a 360"
upstream cylindrical splitter was rejected due to unacceptable
powder accumulations in the splitter drum. The second, a 135"
upstream cylindrical splitter, was found to effectively minimize
solids storage while promoting a continuous flow of powder through
the splitter and cyclone components. In addition, splitter
pressure drop was found to be small relative to cyclone pressure
drop (on the order of 10%).

In general, the flow of powder and air through the splitter
and cyclone hardware was observed to be very stable, with little or
no solids storage in the system. The nominal flow split was found
to be slightly dependent on the powder distribution upstream at the
inlet, however for a given powder injection method, the powder
split was very repeatable, with a relative standard deviation of
1.3%. Another promising aspect of the system was the tendency of
the splitter and cyclone to dampen, to some extent, inlet powder
flow fluctuations, apparently as a result of recirculation zones
that exist in the splitter and upper region of the cyclones. This
indeed is an encouraging result, since the combustor operates best
when a continuous, steady coal stream is supplied from the coal
feed system.

The powder split was found to be primarily controlled by the
positioning of the cyclone inlet dampers. As one damper is closed
down, the air and powder flow to that cyclone decreases, with a
corresponding increase of air and powder to the other cyclone. The
change in flow split lags the change in cyclone inlet area, due to
the coupled nature of the two cyclones and the fact that the
cyclone pressure drop depends on both inlet velocity and inlet mass
flow. This, however, does not prevent the splitter from operating
rellably over the required flow split range (± 15%), which was
demonstrated during cold flow tests. Tests also confirmed that the
powder splits in the same proportion as the air (no phase
segregation), as a result of the long entrance region upstream of
the splitter. This simplifies flow split measurement.

Tests also demonstrated that the position of the splitter
plate (within the splitter drum) plays only a secondary role on
flow split for splitter plate positions between 40 and 60%. As a
result, most tests were conducted with the splitter plate in its
nominal 50/50 position.

During the splitter evaluation, several important features of
the DCFS were verified. First, the overall cyclone blowdown, or
total carrier air, was found to be independent of the air and
powder split to the two cyclones. This verified the baseline
control approach in which the cyclone vent dampers control the
total carrier flow to the combustor, while the cyclone inlet
dampers control the air and powder split to the precombustor and
slagging stage.
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Second, the pressures at the bottom of each cyclone were found
to be equal over the expected range of flow split. Since total
carrier air also remains constant, this suggests that the
individual carrier flows will automatlcally adjust with coal flow
split in order to maintain this pressure balance.

Third, total cyclone efficiency was found to remain
effectively constant over the full range of the flow split. This
verified that the position of the inlet damper does not adversely
affect cyclone efficiency.

Finally, a method was developed for determining coal split
indirectly through measurement of cyclone pressure drop and inlet
damper position. Very good agreement was found between this method
and post-test powder splits. Preferably, calibration of cyclone
p_essure drop in the field should be performed at the nominal
solids-to-gas ratio, however, if this is not feasible, then cold
flow data can be used to correct calibration curves obtained during
air-only checkout.

EductorEvaluatlon

The primary objective of the eductor tests was to characterize
eductor operation in terms of flow requirements, coal/gas outflow
uniformity, and impact of other DCFS components. In general, good
agreement was found between measured and calculated eductor
performance for tests with and without powder flow. The flow
through the eductor was observed to be steady at the nominal
eductor conditions. A slight swirl pattern was Observed both
upstream and downstream of the eductor (left over from the
cyclones), however, the presence of swirl does not appear to
significantly affect eductor performance. Finally, the presence of
the eductor in the system did not appear to adversely affect the
operation of either the splitter or the cyclones.

Slagging Combustor Splltter and Transport Line Evaluation

The primary objective of the slagging combustor splitter tests
was to help select a configuration for the Healy DCFS that could
reliably and stably split the slagging combustor coal flow into six
individual stream feeding the six coal injectors located at the
head end of the combustor. This test phase was particularly
important since the slagging stage coal feed llne and splltter will
not be verified with hot-fired tests at CTS prior to installation
at Healy.

The most successful splitter tested was a cone-like splitter
located in a vertical line section Just upstream of the combustor.
A similar splitter was successfully operated during Healy tests at
TRW's Cleveland facility. The splitter pressure drop was
determined to be within the allowable pressure budget for the Healy
DCFS.

A unique "cobra" splitter, similar in concept to the main DCFS
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splitter, was also evaluated. This splitter was found to be
susceptible to solids accumulation in the horizontal transition
section just upstream of the splitter. Several different
modifications were attempted to eliminate this problem, however
some temporary accumulation remained. As a result, this splitter
type was removed from consideration.

In conclusion, the cold flow tests described herein verified
the feasibility of the proposed direct coal feed system. Flow
through the system was found to be inherently stable, with
continuous movement of both air and powder. The cyclone inlet flow
dampers were found to be an effective and reliable means of
controlling the split over the required range. The total coal
carrier flow can be controlled independently by the cyclone exhaust
damper. The overall pressure drop appears to be within allowable
limits. Finally, design verification tests at CTS have now
verified the overall design and operation of the direct coal feed
system.

1-5

C-126



2.0 INTRODUCTION

2.1 Background

Starting in September 1991 under the Phase I Healy Clean Coal
Project, TRW had been proceeding with the design of an indirect
pulverized coal feed system which would supply a steady, metered
flow of coal to the TRW slagging combustor. TRW's on-going efforts
to design an indirect coal feed system for application on Healy
were suspended by AIDEA on January 21, 1992 due to concerns
pertaining to the safety of coal storage systems for high volatile
sub-bituminous coals. TRW's experience when firing slagging
combustors had been with indirect coal feed systems which depend on
the temporary storage of coal. Non-storage systems, and direct
systems in particular, tend to be safer and less complicated and
consequently, AIDEA directed TRW to perform an evaluation of such
systems for applicatlon to the Healy Project. As an alternative to
indirect coal feed systems, TRW submitted a proposal on February
17, 1992 for a direct coal feed system design concept. The
proposed system featured a pair of counter-rotating flow twin
cyclones, a single fire valve, and a variable splitter as. The
logic that led to the proposal of this direct CFS design approach
is outlined in Figure 2-1.

The proposed system depends on the pressurization of the mill
or the coal-laden air leaving the mill to yield a favorable
pressure gradient. TRW predicted that 60 inches W.G. would be
required. As illustrated in Figure 2-2, the proposed direct coal
feed system would control blowdown and coal split. Coal flow rate
control to the combustor, which in the indirect system had been
controlled by the CFS mass weigh feeder, would now be regulated by
the stock feeder upstream of the pulverizer.

Both cyclones are operated in a unique blowdown mode to
furnish the carrier air required to transport the coal to the
combustor. Approximately 25 to 30% of the inlet mill air from the
pulverizer is required for this purpose. This configuration
complies with slagging combustor restrictions for maximum carrier
air flow rate.

Blowdown is controlled by a damper in the cyclone common vent
stream positioned to provide back pressures to promote air flow
through both cyclone blowdown "coal discharge" ports. A common
vent pipe and single blowdown damper ensures that the cyclones will
be maintained at about the same pressure over the specified load
range. TRW believed this would enable the whole process to
function predictably. Vent air containing coal fines exiting the
blowdown damper is transferred to either the precombustor mill air
ports or to the boiler furnace NO a ports.
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A variable flow split between the precombustor and slagging
combustor was proposed utilizing an "in-line" isokinetic splitter
located downstream of the cyclones in the vertical flow leg, to
minimize pressure drop. This splitter relied on a common cyclone
discharge configuration to provide a non-swirling, uniform flow
across the cross-section without hindering the cyclone vortex
motion.

2.2. Concept Evaluation

In addition to the proposed downstream isokinetic splitter,
other concepts utilizing the proposed direct coal feed system with
blowdown cyclone operation were hypothesized after receipt of
notice to proceed. The three primary alternative concepts
investigated included:

1. Downstream proportioner splitter
2. Upstream splash plate splitter
3. Upstream "cylindrical" splitter

The splitters can be categorized into two basic configurations
relative to the cyclones: upstream splitters or downstream
splitter, as illustrated in Figure 2-3. The general Capistrano DVT
test configuration for the coal feed system was established to
accommodate either splitter configuration readily. Attributes of
the four splitters are presented in Table 2-1. The upstream
splitters were determined to be more attractive concepts because
the split occurs in a dilute coal in air stream which results in
less pressure drop, a key Healy design constraint.

2.2.1 Downstream Isokinetic Splitter

The isokinetic splitter divides the coal flow as the particles
move vertically down the pipe.

To yield a reliable spllt, the splitter requires a uniform
distribution of coal at the inlet. Any significant variations in
uniformity could potentially result in coal split errors. The
splitter also requires a significant amount of balance air to
achieve a reasonable coal split range. Adding large quantities of
balance air to obtain a wide split range would result in increased
blower and operating costs. Also, the inner assembly leading edge
and side walls, and the interior walls of the exterior assembly are
subject to erosion. Changes in the cross-sectional area due to
erosion would result in split errors since the split is a function
of geometry.

The following is a summary cf the attributes and deficiencies
of the downstream isokinetic splitter concept.
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_ttributes_,

o Provides split to multiple injectors
o Isokinetic split if pressure balanced
o Low pressure drop for a downstream splitter

Deficiencies:

o Limited split range
o Requires pressure balancing which would be difficult to

control over a large split
o Wear effects split
o Requires uniform cross-sectional distribution of coal
o Precombustor eductor boost would affect split

2.2.2 Downstream Proportloner Splltter

The downstream proportioner splitter is a commercially
available device presently used to obtain 50:50 splits. It has an
adjustable diverter shoe to balance the discharge flows. Inlet
flow uniformity is not a prerequisite for effective flow splitting
due to the inlet conditioning geometry of the splitter. Control of
the air stream split is accomplished by adjusting the shoe which
acts like an orifice to the air flow. A decrease in discharge area
in one leg results in a corresponding increase in discharge area in
the other leg. A split other than 50:50 could be obtained by
adjusting the shoe to control coal flow rates in each discharge
leg, although this would require demonstration tests. To achieve
the require range of flow split control, the splitter must have a
pressure drop of the same order as the downstream feed lines. Some
of the attributes and deficiencies of the downstream proportioner
splitter are listed below.

A_tributes:

o Wear resistant

o Commercially available hardware
o Less sensitive to coal flow uniformity at inlet
o No pressure balancing required
o Compact design

Peficienc_es:

o Limited split range
o High pressure drop necessary to obtain required splits
o May cause coal classification between split streams
o Precombustor eductor boost affects split

2.2.3 Upstream Splash Plate

The upstream splash plate impacts coal on a plate located near
the inlet to the cyclones and then re-entrains the coal in the air
stream. The air flow rates to each cyclone are controlled by flow
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dampers located at the inlets to the cyclones. The premise to
successful operation of this concept is that the coal splits in
proportion to the air split upon re-entrainment. This splitter may
be sensitive to inlet flow nonuniformity and requires inlet flow
conditioning. The main concern with this device pertains to
whether the coal splits in proportion to the air split since the
particles of coal have an established inlet momentum that must be
overcome by the shear forces of the air stream. The primary
attributes and deficiencies of the upstream splash plate splitter
are listed below.

_ttributes:

o Wear resistant

o Low pressure drop
o Self pressure balancing
o Simplicity
o Wide split range

Deficiencies:

o Unproven technology
o Relies on coal to split in proportion to air split
o Potential for coal accumulation

2.2.4 Upstream Cylindrical Splitter

Of the two upstream splitter concepts considered, the
cylindrical splitter appeared to be the most promising. The
cylindrical splitter concept keeps the coal flow moving on the
interior housing of the splitter. This minimizes the pressure drop
associated with coal re-entrainment into the air stream. The

splash plate concept, on the other hand, relies on the pressure
drop associated with the stagnation of coal particles and
subsequent re-entrainment into the air stream. The cylindrical
splitter also provides a convenient means for transitioning from
the circular mill duct to the rectangular cyclone inlet ducts
without significant flow separation. The cylindrical splitter can
also be designed to minimize coal accumulation, whereas the splash
plate would inherently have some accumulation of coal. The primary
attributes and deficiencies of the upstream cylindrical splitter
are given below.

Attributes:

o Low pressure drop, keeps coal moving
o Provides means to transition from circular duct to cyclone

rectangular inlets without flow separation or coal
accumulation

o Self pressure balancing
o Splitter disc feature improves splitter damper control to

ensure more reliable split than splash plate splitter
o Based on commercial experience with similar hardware

2-8

C-134



o Recommended by experienced CFS engineering firm

Defic_encies_

o None

After a detailed evaluation of all four splitter concepts, TRW
selected the cylindrical splitter operating in conjunction with the
blowdown cyclones as the baseline configuration for cold flow
testing. The downstream isokinetic splitter and _he proportioner
splitter were considered primary backups to be tested if the
results with the upstream cyclindrical splitter were not promising.
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3. BASELINE DIRECT COAL FEED SYSTEM DESCRIPTION

The Healy CFS components, from the inlet elbow, which receives
coal and primary air from the exhauster fan, to the injector
interfaces on the combustor, define the extent of equipment
comprising the coal feed system.

The coal feed system splits and transports pulverized coal and
primary air received from the exhauster fan, to the TRW two-staged
combustor. The first stage, known as the precombustor, nominally
receives 30 to 45% of the total pulverized coal feed to the
combustor. The rest of the coal is directed into the second stage,
known as the slagging combustor. The design requirements
pertaining to the Healy CFS are delineated in Table 3-1.

The physical details of the coal feed system are TRW
proprietary and are excluded from this report.

3.1 Pressure Budget

The available pulverizer mill system pressure level, above the
pressure required at the precombustor and slagging combustor coal
injectors, determines the pressure budget available for operation
of the coal feed system. CFS pressure drops include the drop in
the cyclones required for separation of the mill air, the
pulverized coal and carrier air exiting the blowdown port of the
cyclone and the vent air with fines exiting the top of the cyclone.
The pressure drops of the variable flow splitter, transport lines,
and slagging combustor injector splitter are also included. The
pressure must be sufficient for the overall system to achieve full
load.

Implementing the proposed TRW direct coal feed system,
requires that the mill system be pressurized and that coal

transport llne pressure drops be minimized. Transport line
pressure drops are minimized for the Healy design by minimizing the
number of bends and line lengths, and selecting appropriate
transport pipe diameters that provide a margin above saltation yet
minimize pressure drop over the range of loads and splits. Figure
3-1 illustrates the mill pressure required at the inlet to the coal
feed system for various loads.

If the available pressure budget is insufficient and a small
boost pressure is required, the addition of an eductor in the
precombustor leg, which has a higher back pressure, may be
incorporated. If the pressure boost requirement is large, the
amount of eductor air and subsequent blower power demand will
become a issue.

3.2 Cyclone Characteristics

The use of two smaller cyclones as opposed to one larger
cyclone offers the advantage of reduced pressure drop for a given
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TABLE 3-1. COAL FEED SYSTEM REQUIREHENT$ FOR DVT

,, -, , . r u ;, ,, _ _=

1, Coal Feed System.Type: ....... Nonstoragesystem (contractual)

2. NominalCapacity: 49,240 Ib/hr coal

3. Facility"Mill"Air FlowRate: 122,860 Ib/hr air nominal

4. CarrierFlowRate: 28,000 Ib/hr air totai- -- , , ,, , , • m, , j , ,. ... .i

5. CarrierAir Temperature: 135°F (150°F max)

6. CoalType: Performance,blend, ROM, waste
, ,,,,,. , , , , , , , _ ,__

7. Coal Grind'. 50 to 70% through200 mesh

8. Coal Moisture: 9 to 13%

9. Coal Feed SystemInlet Pressure: 60 inch W,G.

10. CycloneSeparationEfficiency: > = 93%, ,, , ,,, u ,., u

11. CombustorInterface Pressures: 24 inch W,G. at precombustor
11 inch W.G. _t slagging
combustor

_12. = C0al FI0w Split:, 30 to 45% (38%.nom!nal) _ _

13. Coal FlowAccuracy Input: Inputto DCFS mustbe better
than +/- 1.0%

I Output: Output of DCFS mustbe better

t than +/- 2.5%

,., ,, , , , , , . , ,,, .., _ _ |1

14, Standards: Compliancewith NFPA 85F
' ,' - ' _---J/
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separation efficiency. If the cyclonic flow field within the
cyclone is not affected, blowdown should provide increased
performance at the same pressure drop due to more effective removal
of the smaller particles near the bottom of the cyclone, these
fines would normally be entrained with the vent air stream. A
configuration employing two cyclones allows application of either
an upstream or downstream variable flow splitter configuration,
whereas a single cyclone allows only a downstream splitter
configuration. The downstream configuration is compatible with a
slmple flow deswirl design which provides a uniform flow to a
downstream splitter, without affecting the strength of the cyclonic
vortex.

3.3 Coal Flow Split

The best configuration, upstream or downstream, for obtaining
flow split cannot be resolved solely by analytical methods only.
An economical approach to obtaining splitter design and performance
data is to conduct cold flow tests using a bench scale model.
Trying to resolve design issues and implement design modifications
in a DVT size coal feed system or Healy coal feed system is not
practical. The cold flow test results are used to obtain the
required design criteria and performance characteristics to
minimize the risk associated with fabricating the DVT and Healy
CFS.
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4.0 DCFS DESIGN ISSUES

Because the _roposed direct coal feed system was a new concept
that had never been operated before, there was a need to resolve
both analytlcally and experimentally, technical issues pertaining
to the design and operation of this system.

4.1 Blowdown Cyclone Design Issues

Cyclone characterization analyses and cold flow tests were required
to resolve the following issues:

1. Pressure drop during blowdown operation as compared to normal
cyclone, zero blowdown, operation.

2. Cyclone pressure drop, from inlet to vent and from inlet to
blowdown port, variations as a function of blowdown air flow
rate.

3. Flow uniformity across the cross-section of the cyclone
blowdown port leg.

4. Effect of cyclone blowdown mode operation on flow split,
cyclone efficiency.

5. An upstream splitter, blowdowncycloneconfiguration relies on
balanced pressures between the precombustor cyclone and
slagging combustor cyclone. Is balanced pressure maintained
over all operating conditions?

6. Blowdown control sensitivity.

7. Range limitation of blowdown operation.

4.2 Variable Flow Splitter Design Issues

t Variable flow splitter characterization analyses and cold flow
tests were required to resolve the following issues:

1. Influence on blowdown cyclone operation.

2. Effect of particle distribution flow uniformity in splitter
inlet duct cross section.

3. Range of flow split control.

4. Pressure drop across splitter.

5. Sluggishness of splitter control and Inethod for split control
feedback.

6. Influence of inlet flow swirl on splitter. 0
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7. Susceptibility to coal accumulation and wear.

8. Sensitivity to coal to air ratio.

9. Impact on performance if application of eductor boost is
required

4.3 Overall CFS Design Issues

Tests incorporating both the cyclones and varlable splitter
were required to obtain the following information or resolve the
following issues:

1. Provide scaling criteria and relationships for DVT and Heall'
design.

2. Provide data inputs to analytical models.

3. Confirm eductor configuration and pressure boost.

4. Investigate eductor influence on other CFS hardware
performance.

5. Ascertain method to achieve slagging combustor and
precombustor interface pressures with limited pressure budget
and provide data to predict overall pressure drop of CFS.

6. Validate overall Healy design configuration.
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5.0 COLD FLOW MODEL TESTAPPROACH

The overall approach was to divide the cold flow study into
three distinct phases:

(1) Twin Cyclone Characterization Testing
(2) Splitter Evaluation
(3) Eductor Evaluation
(4) Slagging Combustor Splitter and Transport Line Evaluation

This four phase test program allowed for specific cyclone
issues like pressure drop, efficiency, blowdown control, particle
loading, and flow uniformity to be investigated without
complicating the system with the addition of a flow splitter. Once
these issues were adequately addressed, tests were conducted to
evaluate the most promising splitter arrangements. Then,
additional tests were conducted to more fully characterize splitter
flow control range, split accuracy, the effect of powder loading,
system pressure drop and pressure balancing, and sensitivity to
inlet powder distribution. Next, an eductor was installed in one
of the coal feed lines to assess eductor performance as well as the
impact of the eductor on DCFS operation. Finally, several
different slagging combustor splitter configurations were evaluated
in terms of flow patterns, split distribution, and pressure drop
characteristics.
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6.0 MODELING GUIDELINES

A number of modeling guidelines were developed for the Healy
DCFS cold flow experiments for the purpose of ensuring that the
results of the experiments could be reliably transferred to the
design and operation of the CTS design verification tests as well
as to the actual Healy system. These modeling guidelines were then
used to size the model hardware and to select cold flow test

conditions. Each modeling guideline is discussed briefly below:

(I) Preserve geometrical similarity.

Preserving geometrical similarity means that all critical DCFS
component dimensions are geometrically scaled by the same factor.
This is necessary to preserve the macro flow patterns of the gas
and particle trajectories. In order to keep the model at a
workable size, internal dimensions of the splitter and blowdown
cyclones were scaled down by a factor of 4 from the CTS hardware.

(2) Preserve cyclone efficiency.

The cold flow cyclones were designed to yield cyclone
efficiencies comparable to values expected for CTS tests as well as
for the Healy system. This was important since one of the major
objectives of the test was to determine whether cyclone efficiency
varies over the flow split range, or as a function of mill air flow
rate. To reasonably address this issue, the cyclone efficiency
should be in approximately the same range, i.e 90-98%.

(3) Preserve solids-to-gas ratio.

The solids-to-gas ratio is an important parameter in the feed
system as it affects the minimum allowable velocity in the splitter
drum-to-cyclone connecting ducts, the cyclone pressure drops,
eductor performance and the pressure drops in the feed lines to the
combustor.

(4} Preserve ratio of transport velocltyto saltation velocity.

The saltation velocity is the minimum velocity in which
particles are fully entrained in the gas. It is most important in
horizontal runs of pipe. Cold flow transport lines and flow rates
were selected in order to preserve the margin above saltation
velocity that is expected at CTS and Healy in order to preserve
transport line gas and particle dynamics.

(5) Allow for flow split control in the range 42.5-57.5%.

The Healy coal splitter must be capable of controlling the
split over a precombustor fuel split range of 30-45%, or 15
percentage points. To simplify testing, both the cold flow
splitter and the CTS splitter were designed to be symmetric
splitters, with a required flow control range of 42.5-57.5%, or 15
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percentage points.

In addition to the above modeling guidelines, there were a
number of other considerations and constraints which factored into
the selection of model size and operating conditions. These
included:

o Use existing blower - (maximum flow capacity = 0.6 1b/s)
(maximum pressure = 20 " H20)

o Maximum particulate feed system capability = 10 lb/min.

o Install model in existing cold flow lab - (maximum lab
height available for model installation = 12 feet.)

o Model should be large enough to allow access for flow tufts,
hand-held probes - (minimum cyclone diameter = 6".)

o Majority of model should be transparent to allow for visual
observations.

o Model should be of modular construction to allow for
investigation of alternate DCFS arrangements.

o Cold flow investigations should take full advantage of
existing diagnostic equipment.

o Model design should emphasize simplicity and ease of
manufacture. Use standard plexiglas tube sizes and plate
thicknesses whenever possible.

The selection of model size was based primarily on existing
blower limitations, flow visualization considerations, and room
height limitation. As mentioned previously, the minimum cyclone
diameter was determined to be six inches in order to allow for

meaningful flow visualization, while the maximum cyclone diameter
was determined to be 12 inches based on the limited room height
available as well as the fact that both upstream and downstream
splitters were being considered at the time of model design.

The other important sizing issue is the diameter of the
various feed lines downstream of the blowdown cyclones. Here, the
modeling guideline was to preserve the margin above saltation
velocity.
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7.0 TWIN CYCLONE CHARACTERIZATION TESTING

7.1 Test Objectives

The primary objective of the twin cyclone tests was to
characterize twin blowdown cyclone operation in terms of pressure
drop, flow stability, particulate loading, and blowdown control.

During the preliminary evaluation of non-storage coal feed
systems performed as part of the DCFS proposal activities, very
little information was found in the open literature related to the
fluid dynamic characteristics of blowdown cyclones. Some of the
important questions to be answered as part of this study were:

o What are the pressure drop characteristics of blowdown
cyclones (relative to standard zero blowdown cyclones)?

o How does cyclone pressure drop (from cyclone inlet to
cyclone top) and blowdown pressure drop (from cyclone inlet
to cyclone bottom) vary as a function of the ratio of
blowdown flow to total cyclone flow?

o How stable is the gas and coal flow at the cyclone exits?

o What is the effect of particulate loading on blowdown
cyclone pressure drop and flow stability?

o Over what range of blowdown can the cyclone be reliably and
stably operated?

A second overall objective of the tests was to evaluate twin
cyclone exit manifold options and select a configuration for CTS
testing based on pressure drop, flow stability, and flow uniformity
considerations.

The first configuration proposed for CTS testing consisted of
two blowdown cyclones feeding a single precombustor. The coal and
carrier air enters the twin cyclone arrangement, with approximately
25% of the air discharged through the bottom of the twin cyclones
along with nearly all of the coal. At the bottom of the two
cyclones, the two discharge streams are combined together prior to
feeding a full-scale Healy precombustor. This configuration was
selected since it allows for an evaluation of twin blowdown cyclone
operation without employing a coal splitter.

Some of the key questions that needed to be answered prior to
proceeding with the detail design of the CTS hardware were:

o How should the two cyclone blowdown exits be configured, i.e
u-shaped manifold, settling tank, v-shaped?

o What should be the size of the blowdown cyclone exits so as
to limit the blowdown pressure drop, and allow non-inhibited
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flow?

o What should be the size of the common exit line?

o How uniform is the flow in the common exit line?

7.2 Test Configuration

A photograph of the cold flow model installed in the lab is
shown in the original proprietary version of this report. Primary
air was supplied to the cold flow model by a i0 hp blower through
existing ductwork located in the lab. Air flow was measured with
a sharp edge orifice plate that had previously been calibrated with
a laser doppler anemometer (LDV) system. For the air and powder
tests, talcum powder was pneumatically fed from a particulate feed
tank at a nominal flow of 6 ib/min. The pressure and flow of the
particle carrier air was also measured with a sonic venturi. The
particulate was injected into the primary air stream far upstream
of the twin cyclones (approximately 20 duct diameters) to achieve
a well-mixed flow stream at the cyclone inlets.

The twin cyclones were configured with a single Y-shaped inlet
in order to evaluate the cyclone characteristics independent of the
splitter arrangement. A portion of the total air (nominally 25%)
is "blown down" through the bottom of the cyclones, along with 90-
98% of the powder. The remaining air and powder fines were vented
through the top of the cyclones. The bottom of the cyclones were
joined together into a single blowdown exit through the use of two
90 degree elbows and a tee. For several of the tests, a flow
straightening cross was located just downstream of the tee. For
powder tests, the blowdown air and powder was driven through a
particulate collection tank and filter. The particulate collection
tank was bypassed during air-only testing. A butterfly valve was
located downstream of the collection tank for the purpose of
controlling the hydraulic impedance of the blowdown lines. The
clean air flow was measured with a sharp-edge orifice plate and
exhausted to the roof of the building.

The cyclones were also coupled together with a single exhaust
manifold located at the top of the twin cyclone assembly. A
control damper was located in this exhaust line for the purpose of
controlling the cyclone pressure and thus the amount of air blown
down through the bottom of the cyclones. The cyclone exhaust
stream was also measured with an orifice plate prior to being
exhausted to the roof of the building.

Pressure measurements were made in the air supply line just
upstream of the Y-shaped inlet, in the top exhaust manifold, and in
the single blowdown line. During powder tests, these pressure
measurements were recorded by a video camera along with the air
flow measurements for post-test data reduction. Initial and final

powder weights were also recorded for thepurpose of determining
cyclone efficiency and individual cyclone powder splits.
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7.3 Test Results

A total of 12 cold flow tests were conducted during this test
phase, including 7 air-only tests and 5 powder tests. A test
matrix highlighting the important test parameters is shown in Table
7-1. Key test parameters were cyclone blowdown ratio, cyclone air
flow rate, cyclone inlet area, cyclone exit pipe diameter, and
particulate loading. Tests were also conducted to investigate the
effect of a flow straightening cross on cyclone operation and flow
uniformity and steadiness.

Tests are listed in Table 7-1 in chronological order. The
first twin blowdown cyclone set-up was configured with 2" cyclone
exits (8" - CTS scale). This exit pipe size was determined to have
a relatively high pressure loss and thus the pipe size was
increased to 2.5" for subsequent tests. Tests were run to assess
the effect of particulate loading, blowdown ratio and cyclone inlet
velocity for each configuration. Following these tests, several
tests were conducted with a reduced cyclone inlet area to determine
the effect of cyclone pressure drop.

The other details of test results are TRW proprietary and are
excluded in this report. These results include the effect of the
following parameters:

o Blowdown Ratio

o Cyclone Inlet Velocity

o Blowdown Pipe Diameter

o Powder Loading

o Cyclone Inlet Area
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8.0 SPLITTER E_TALUATION

8.1 Test Objectives

The primary objective of the splitter tests was to evaluate
viable splitter concepts and select a configuration for CTS testing
based on split control range and accuracy, flow stability, and
pressure drop considerations.

This test phase was perhaps the most critical part of the cold
flow study. Initially, four different splitter concepts were
selected for possible cold flow investigation: an upstream
cylindrical splitter, an upstream splash plate, a downstream
isokinetic scoop splitter, and a downstream proportioner splitter.
The attributes and disadvantages of each splitter concept were
discussed in Section 2.2. The baseline splitter going into cold
flow testing was the upstream cylindrical splitter, with the
downstream isokinetic splitter and the downstream proportioner
splitter as alternates. As the evaluation of the upstream
cylindrical splitter proceeded, it became apparent that this
splitter was by far the most promising candidate due to its simple
operation. Thus, the entire splitter evaluation test phase was
dedicated to a thorough examination of upstream splitter operation
and control.

The major questions for the upstream splitter were as follows:

o How sensitive is splitter operation to the powder
distribution at the splitter inlet?

o How effective are the cyclone inlet dampers in controlling
the air and powder split?

o Does the powder spllt in the same proportion as the air?

o How does cyclone and blowdownpressure drop vary with damper
position?

o What is the effect of powder addition on cyclone and
blowdown pressure drop?

o What is the effect of splitter plate position on flow split?

o Can coal split and total carrier flow be independently
contz -led?

o Is the flow split stable and repeatable?

o Can the flow split be accurately determined?

8.2 Test Configuration
0

The test configuration is TRW proprietary and is excluded in
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this report.

8.3 Test Results

Table 8-1 lists the overall test matrix for the splitter
characterization tests. In a11, a total of 69 tests were
conducted, including 3 air-only calibration tests, 9 powder
calibration tests, and 57 parametric powder runs. The majority of
the tests were operated in the zero blowdown mode, in which powder
collection pipes were installed at the bottom of each cyclone.
This test mode was inherently simpler to operate and thus allowed
a variety of parameters to be investigated in a expeditious manner.
The key results of the zero blowdown tests, however, were confirmed
during blowdown testing.

As shown in Table 8-1, the initial tests were dedicated to
investigating basic splitter geometry. The 360 ° splitter was
evaluated first, however it was determined that the tangential
velocity in the splitter drum was insufficient to lift all of the
powder up the splitter drum wall, thus resulting in significant
powder storage in the bottom of the drum. The splitter drum was
then reconfigured for a 135 ° turn, which eliminated the need to
transport the solids up the wall of the splitter drum. Rectangular
45 ° elbows were installed downstream of the splitter drum to
minimize the horizontal portion of the connecting duct. This
arrangement eliminated particle accumulation in the splitter drum.

Tests were also run to assess the impact of inlet powder
uniformity on solid split. The results of these tests, discussed
in more detail in subsequent sections, indicated that the nominal
split varied somewhat, from 45 to 55%, for different powder
injector positions. However, for a given powder injector
configuration, the flow split was very consistent from test to
test, with a relative standard deviation of 1.3%.

A series of tests was also conducted to assess the effect of

cyclone damper and splitter plate positions on cyclone air and
solids split. During these tests it was determined that cyclone
air and solids splits were primarily controlled by cyclone inlet
damper position, with the splitter plate having only a secondary
effect.

The next series of tests focused on accurate control and
measurement of the solids and air split through changes in inlet
damper positioning. Tests were run in both the blowdown and zero
blowdown mode and compared with flow split predictions based on
symmetric damper test data (CALIBI-9). The agreement between the
experimental data and predictions was very good, demonstrating that
the coal flow split can be accurately controlled through cyclone
inlet damper positioning and determined indirectly through
measurements of cyclone pressure drop and damper position.
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A number of miscellaneous tests were also conducted to assess

the impact of splitter design modifications on DCFS operation.
These design modifications included lengthening the horizontal
connecting duct sections just upstream of the cyclone inlet
dampers, reducing the effective width of the connecting ducts, and
providing a gap along the bottom of the damper blades to allow a
small amount of air behind the damper to prevent powder storage.
In addition, tests were also run to confirm instrumentation and
diagnostic equipment locations for testing at CTS.

In general, the flow of powder and air through the splitter
and cyclones hardware was observed to be very stable, with a
minimal amount of solids storage in the system.

The tests were designed to observe and record the effect of the
following parameters:

o Inlet Powder Distribution

o Cyclone Inlet Damper Position

o Effect of Splitter Plate Position

o Effect of Powder Addition on Cyclone Pressure Drop

8.4 Discussion

The baseline direct coal feed system (DCFS) concept
demonstrated during cold flow model tests is a simple, inherently
stable system that requires a minimum amount of control and
instrumentation equipment to operate. The total coal flow rate is
controlled by a weigh feeder upstream of the pulverizing mill. The
total mill air flow is also controlled at the inlet of the mill.

The basic function of the DCFS is to obtain th6 desired coal split
between the precombustor and slagging combustor while controlling
the amount of mill air to be used as carrier gas.

The DCFS is designed in a manner such that the functions of
coal split control and total carrier air control are independent of
each other. Coal split is controlled by the relative positions of
the cyclone inlet dampers. Total carrier flow, on the other hand,
is controlled by a single cyclone exhaust damper. Due to the
coupled nature of the twin cyclone system, individual coal-to-
carrier ratios will vary as a function of coal split in an unique
manner such that the cyclone pressures are balanced.

A discussion on the mechanics of DCFS flow control and
measurement based on the information obtained from cold flow

testing is provided below.

The basic principle of splitter operation is to control the
coal split through control of the air flow to each cyclone. This
is accomplished by ensuring that essentially all coal particles are
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fully entrained at the splltter inlet and thus travel along flow
streamllnes. The splitter inlet region is designed to minimize
streamline curvature over the split control range of interest (±
15%), in order to minimize phase segregation, or particle
"slippage" effects. The air flow to each cyclone is controlled by
the relative position of the cyclone inlet dampers.

There are essentially four different ways to determine the
coal flow split to the precombustor and slagging combustor. They
are (1) measure coal flow directly in the individual feedlines, (2)
infer coal spllt from direct measurement of the air flow to each
individual cyclone, (3) infer coal split from indirect measurement
of the air flow to each individual cyclone, and (4) infer the coal
split based on precombustor and combustor operatlonal
characteristics. While a11 four methods above are still considered
viable options, cold flow testing focused on item (3) above.

Two different indirect air flow measurement schemes were

considered. The first method allows one to infer cyclone inlet
velocity and mass split based on cyclone pressure drop and inlet
damper position. The second method relies on direct measurement of
flow velocity in the region just upstream of the cyclone inlet
dampers. In both cases, the actual powder split is determined by
assuming that no phase segregation occurs upstream of the splitter,
i.e. the powder is fully entrained and uniformly distributed
throughout the flow, and travels along flow streamlines.
Comparisons between actual and calculated flow splits were then
made to determine the validity of this assumption.

In the first method, cyclone pressure drop must first be
characterized as a function of damper position. This was
accomplished by conducting a series of tests at different inlet
damper positions. For each test, the relative damper position of
each cyclone was the same so that the cyclone inlet velocity and
inlet mass flow rate should also be the same. As powder was added,
the cyclone pressure drop was observed to decrease, due to changes
in the effective wall friction coefficient.

4

One of the objectives of the cold flow test program was to
develop recommendations on DCFS instrumention for CTS testing. To
this end, a number of different pressure tap locations were
evaluated during cold flow testing. Table 8-2 lists the
recommended locations for CTS testing. All pressures correspond to
static conditions with the exception of the cyclone exhaust
manifold, where the pressure tap is located at a stagnation point.
The splitter inlet pressure tap should be located 1 duct diameter
upstream of transition section. The cyclone inlet pressure taps
should be located on the top wall of the connecting ducts just
upstream of the inlet dampers, in order to keep the pressure taps
relatively clean. Likewise, the pressure taps in each of the
blowdown legs should also be located along the top of the pipe,
downstream of the 90 ° elbows. Pressure measurement upstream of the
elbows should be avoided as significant circumferential variations
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in pressure were observed due to the swirl in the pipe.

A number of te_ts were conducted to ensure that the DCFS was

designed to minimize the temporary and/or permanent storage of coal
within the various DCFS components. Temporary storage is defined
as accumulation of powder during operation which does not remain
when powder flow to the system is shut off. Permanent solids
storage persists after shutdown and thus may be considered in some
circumstances to be a safety hazard. During inltial splitter
testing, both types of storage were observed in the system.
Subsequent to this observation, design modifications were made to
minimize solids storage.

The first area of concern was the splitter drum. Wlth a flat
splltter plate, the axial veloclty within the drum was not high
enough to direct the powder to the splltter exit within the first
half turn. To correct this, a contoured splitter plate, was
designed and installed in the cold flow model. The contoured plate
was observed to effectively direct both the air and powder towards
the spliiter exits while minimizing powder accumulation within the
drum.

Temporary solids storage was also observed in the connecting
ducts between the splitter and the two cyclones, particularly for
duct velocities below 40 ft/s. At first, an attempt was made to
locally increase the velocity in the critical region of the duct by
adding ramp-like inserts. This approach proved to be unsuccessful
as powder accumulation was still present downstream of the ramp
inserts where the velocity fell below 40 ft/s. The next approach
was to reduce the width of the connecting duct along its entire
length. This was accomplished in the cold flow model by installing
3/8" inserts along the inside wall of each duct. This increased
the average velocity along the entire duct and effectively
eliminated the solid storage problem An the cold flow model.

During DCFS Design Verification Tests at CTS, coal
accumulation in the connecting ducts was observed. In response to
this problem, the DCFS cold flow model was reactivated and used for
trouble shouting. A new insert was designed and verified through
cold flow testing. This insert was subsequently scaled to DVT size
and then successfully tested at CTS. The connecting ducts for the
Healy DCFS are based on this modiflad design.

The powder storage was also observed behind each damper at the
inlet of the cyclones, which was believed to be caused by flow
recirculation due to the lower pressure behind the damper. This

storage was particularly undesirable since it was difficult to
remove on-line, as well as limited the range of the dampers. The
solution to this problem was to trim the bottom of each damper to
create a small gap. This allowed a small portion of the air to
sweep under the damper and prevent powder from accumulating behind
the damper. Following this modification, no solids storage of any
kind was observed behind the dampers.
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9.0 EDUCTOR EVALUATION

9.1 Test Objectives

The primary objective of the eductor tests was to characterize
eductor operation in terms of flow requirements, coal/gas outflow
uniformity, and impact on other DCFS components.

Due to pressure difference between the precombustor and the
slagging stage, it may be necessary to boost the precombustor coal
line pressure through the use of an eductor system in order to
properly balance the system. In anticipation of this, a sub-scale
eductor was tested in the cold flow model. Key concerns is whether
a sufficient pressure boost can be obtained at an acceptable
eductor supply pressure, whether the presence of the eductor
adversely affects the operation of the coal feed system, and also
to verify the analytical model HE the eductor system.

9.2 Test Configuration

The test configuration for the eductor evaluation tests was
similar to that for the splitter evaluation, except that a
transparent eductor was installed in the right cyclone blowdown
leg. An additional compressed air supply line was connected to the
eductor motive fluid injector, with the compressed air measured
with a sonic orifice. Pressures were measured on each side of the

eductor in order to determine boost performance. During powder
tests, all pressure and flow measurements were recorded with a
video camera for post-test data reduction. A second video camera
was used to record powder flow patterns in the eductor.

The rest of the details are TRW proprietary and excluded in
this report.

9.3 Test Results

The test matrix followed during eductor testing is shown in
Table 9-1. Three air-only tests were first conducted in order to
compare actual eductor performance against an in-house eductor
performance code. Tests were run at two different locations
downstream of the 90 ° elbow (L/D - 3 and 9) to effectlvely bracket
the range of eductors locations being considered for CTS testing.
Two additional eductor tests were run with the nominal powder
addition used for the splitter tests (solids-to-gas ratio = 1:4).
The first test was run with symmetric cyclone dampers, while the
second was run with the left cyclone damper partially closed.

During the air-only tests, the eductor flow ratio, defined as
the eductor motive fluid flow divided by the eductor inlet flow,
was varied over the range of 9-17%. The nominal eductor flow ratio
during CTS testing is expected to be 15%. The results of eductor
test #1 (EDUCT1) indicated that the actual eductor boost was
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significantly below that expected based on model calculations.
Following the test, the eductor was inspected and it was determined
that the injector at the center of the eductor was slightly
misaligned. Subsequent troubleshooting revealed that the eductor
performance was quite sensitive to injector positioning, at least
for eductor flow ratios in the range of interest. Thus, prior to
the next text the eductor injector was carefully aligned along the
centerline of the eductor.

The results of EDUCT2 indicated much better agreement between
the data and model calculations.

Test EDUCT3 was conducted to determine the effect of eductor
location on performance. For this test, the eductor was moved six
duct diameters downstream away from the 90 ° elbow to effectively
reduce the swirl at the inlet of the eductor. The results of
EDUCT3 indicated good agreement between the data and calculation.

During tests EDUCT4 and EDUCT5, powder was introduced into the
flow upstream of the splitter in order to verify eductor
performance during two-phase flow operation. During these tests,
the eductor motive flow was held constant, however the inlet flow
(cyclone blowdown flow) tended to decrease slightly as the
particulate filter located in the powder collection tank started to
clog. This effect allowed for collection of data over a range of
eductor flow ratios. The results of EDUCT4 and EDUCT5 indicated
that both the measured and calculated values are lower than those

obtained during air-only testing, due to the effect of powder
addition. However, the difference between the measured eductor
boost and the calculated values is approximately 10-15%, which is
the same as that observed during air-only testing.

In general, the flow of air and powder through the eductor was
observed to be steady at the nominal eductor conditions. A swirl
pattern was observed both upstream and downstream of the eductor,
however, the presence of swirl does not appear to significantly
affect eductor performance. The swirl was observed to tighten in
the throat of the eductor, and then stretch out again in the
diffuser section.

The presence of the eductor also did not appear to adversely
affect the operation of either the splitter or the cyclones. For
symmetric inlet dampers, a powder split of 49.4/50.6 was obtained,
which is slightly unusual since the nominal powder split for
symmetric dampers was 51.3/48.7. The powder split obtained when
the left cyclone damper was partially closed was 45.0/55.0 which
agrees well with the previous splitter calibration data. A
complete calibration of the splitter was not performed during
eductor testing due time and budgetary constraints as well as the
uncertainty of whether an eductor system will be required for the
Healy DCFS.
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I0.0 SLAGGING COMBUSTOR SPLITTER ANDTRANSPORT LINES EVALUATION

10.1 Test Objectives

The primary objective of the slagging combustor splitter and
transport lines tests was to help select a configuration for the
Healy DCFS that could reliably and stably split the slagging
combustor coal flow into six individual streams feeding the six
coal injectors located at the head end of the slagging combustor.
This test phase was particularly important since the slagging stage
coal feed line and splitter will not be verified with hot-fired
tests at CTS prior to installation at Healy.

Some of the important selection criteria for the slagging
combustor splitter include low pressure drop, split distribution,
lack of solids accumulation, low wear characteristics, and the fit
within the coal feed line topology. One additional consideration
is the relationship between the injector coal flow distribution and
the mixing patterns within the head end of the combustor. Previous
cold flow studies showed that asymmetric mixing patterns exist in
the head end of the combustor as a result of the single tangential
air inlet. Coal that is injected on the same side as the air inlet
has a greater tendency to travel down the centerline of the
combustor, with a corresponding lower residence time and a lower
probability of slag particle capture. Thus, a splitter which feeds
a larger proportion of the total coal to the injectors on the
opposite side of the air inlet is desirable.

A number of different splitter concepts were considered prior
to cold flow testing, including a scroll-type splitter similar to
the precombustor coal burner, a ring-type splitter, a rectangular,
or "cobra" splitter, and a cone-llke splitter.

For the cold flow evaluation, the cobra splitter was given top
priority due to its success in providing a uniform powder and air
distribution in previous tests with the primary DCFS splitter. The
cone splitter was also tested since it had been successfully
demonstrated during Cleveland hot-fired testing, although in a
different orientation.

10.2 Test Configuration

The test configuration is TRW proprietary, and is excluded in
this report.

10.3 Test Results

The test results are TRW proprietary, and are excluded in this
report.

i0-I

C-159



II.0 CONCLUSIONS AND RECOMMENDATIONS

11.1 Twin Cyclone Characterization Testing

1. A total of 12 cold flow tests were conducted during this test
phase, including 7 air-only tests and 5 powder tests.

2. Key test parameters were cyclone blowdown ratio, cyclone air
flow rate, cyclone inlet area, cyclone exit pipe diameter and
powder loading.

3. Cyclone pressure drop, measured from cyclone inlet to vent was
found to be independent of cyclone blowdown ratio over the
range of interest (0-40%).

4. Blowdown pressure drop, measured from cyclone inlet to
blowdown exit, increases linearly with blowdown ratio. For
the cyclone geometry of interest, the blowdown pressure drop
is 20-40% higher than the cyclone pressure drop depending on
blowdown ratio.

5. Cyclone pressure drop was observed to be proportional to the
square of cyclone inlet velocity, for a constant cyclone inlet
area.

6. Both the cyclone and blowdown pressure drops were observed to
decrease when powder was injected upstream of the cyclones.
This decrease in pressure drop is attributed to an increase in
effective wall roughness, which in turn reduces the average
tangential velocity and subsequently the overall pressure
drop.

7. Both the cyclone and blowdown pressure drop were found to
decrease as the cyclone inlet area was reduced, for a constant
inlet cyclone velocity. This reveals that the cyclone
pressure drop was not only dependent on cyclone inlet
velocity, but on inlet mass flow as well.

11.2 Splitter Evaluation

1. The 360" degree upstream cylindrical splitter was eliminated
from consideration due to significant powder storage in the
bottom of the splitter drum.

2. The 135" degree splitter configuration with a contoured
splitter plate effectively minimized powder storage within the
splitter drum.

3. The flow conditioning sections located upstream of the
splitter drum were observed to uniformly distribute incoming
powder prior to entering the splitter.

4. The majority of the powder was observed to flow along the

11-1

C-160



outer wall of the splitter, however a small recirculation zone
was observed just above each of the splitter outlets.

5. Some temporary powder storage was observed in the connecting
ducts for flow velocities below approximately 40 ft/s.

6. A number of different powder injection methods were
investigated in order to assess the sensitivity of the
splitter to inlet powder distributions. In all cases, the
actual powder split stayed between 45 and 55%, even in the
extreme case in which the powder was purposely biased to the
left and right wall of the inlet duct.

7. For a given inlet powder distribution, the powder split was
found to be very repeatable, with a relative standard
deviation of 1.3%.

8. The powder split is primarily controlled by the positioning of
the cyclone inlet dampers. The position of the splitter plate
was found to play only a secondary role for splitter plate
positions in the range of 40-60%.

9. For a given mass flow rate, cyclone pressure drop was observed
to increase as one or both of the dampers were closed.

10. The splitter pressure drop was measured to be small relative
to the cyclone pressure drop (-10%).

11. The total cyclone blowdown was found to be independent of
cyclone flow split over the range of interest. This indicates
that the coal flow split can be controlled independent of the
total carrier flow rate.

e

12. The pressures at the bottom of each cyclone were found to be
equal throughout the flow split control range. Thus, as the
coal split is varied, the individual carrier flows will
automatically adjust to preserve this pressure balance. In
other words as the coal to one line is increased, the
corresponding blowdown air flow will decrease in order to
maintain a constant pressure drop between the cyclones and the
coal injectors. The opposite effect will occur in the other
line.

13. Overall cyclone efficiency for the twin cyclone system was
found to be essentially constant over the required flow split
range.

14. Two different methods of measuring cyclone air flow split were
investigated: (1) inferring the split from direct measurement
of cyclone inlet velocity and (2) inferring the split from
cyclone pressure drop and damper position. Very good
agreement was found between the two methods.
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15. Very good agreement was also found between inferred cyclone
air splits and actual cyclone powder splits. This result
confirmed that the powder splits according to the air split
and that the powder split can be measured indirectly on-line
thorough measurement of the individual cyclone pnessure drops
and damper position.

16. If possible, the CTS and Healy cyclones should be calibrated
at the nominal solids-to-gas ratio, due to the dependence of
cyclone pressure drop on powder loading. However, based on
the results of cold flow testing, the level of powder addition
was observed to have only a secondary effect on the calculated
air split curves. Thus, if powder calibration is not
possible, then a correction can be added to account for the
effects of powder addition based on cold flow test data.

11.3 Eductor Evaluation

1. The eductor performance is sensitive to the alignment of the
motive fluid injector. If the injector is misaligned or
extends into the throat section, eductor pressure boost can be
decreased by as much as 50%.

2. Once the injector was properly located, good agreement was
obtained between measured and calculated eductor performance.

3. Eductor performance decreased sllghtly when the eductor was
relocated form 3.3 to 9.0 diameter downstream of the cyclone
blowdown leg.

4. The addition of powder did not change the basic performance of
the eductor, with measured pressure boost remaining
approximately 10-15% below calculations which is the same as
that observed during alr-only testing.

5. In general, the flow of air and powder through the eductor was
observed to be steady at the nominal eductor conditions. A
swirl pattern was observed both upstream and downstream of the
eductor, however, the presence of swlrl does not appear to
significantly affect eductor performance.

6. The presence of the eductor also did not appear to adversely
affect the operation of either the splitter or the cyclones.

11.4 Slagging Combustor Splitter and Transport Line Evaluation

i. A cobra-type splitter with a horizontal transition section is
susceptible to solids accumulation. Vertical orientation of
the transition section is preferred however this is not
possible within the space constraints of the Healy plant.

2. A vertical cone-like splitter is recommended for the Healy
DCFS as it eliminates the need for a horizontal transition
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section. A similar cone splitter was successfully operated
during Healy coal tests at the Cleveland facility.

3. The vertical cone splitter configuration delivers a greater
proportion of the total coal to injectors located opposite the
coal-fired precombustor. This may be desirable to promote
better mixing of the coal and air in the head end of the
combustor.

11-4

C-163



I




