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MATERIALS PERFORMANCE IN THE ATMOSPHERIC FLUIDIZED-BED
COGENERATION AIR [TEATER EXPERIMENT

by

K. Natesan, W, Podolski, D. Y. Wang, F, G. Teals,
W. Gerritsen, A. Stewart, and K. Robinson

ABSTRACT

The Atmospheric Fluidized-Bed Cogencration Air Heater Experiment (ACAHE) sponsored
by the U.S. Depanment of Energy (DOE) was initiated to assess the performance ~f various heat-
cxchanger materials to be used in fluidized-bed combustion air heater systems. Westinghouse
tlectric Corporation, through subcontracts with Babcock & Wilcox, Foster Wheeler, and ABB
Combustion Engineering Systems, prepared specifications and hardware for the ACAHE tests.
Argonne National Laboratory contracted with Rockwell Iniemnational io conduct tests in the DOE
atmospheric fluidized-bed combustion facility. This report presents an overview of the project, a
description of the facility and the test hardware, the test operaling conditions, a summary of the
operation, and the results of analyzing specimens from several uncooled and cooled probes exposed
in the faciiity. Extensive microstructural analyses of the base alloys, claddings, coatings, and
weldments were performed on specimens exposed in several probes for different lengths of time.
Alloy penetration data were determined for several of the materials as a function of specimen
orientation and the exposure location in the combustor. Finally, the data were compared with
carlicr laboratory test data, and the long-term performance of candidate materials for air-heater
applications was assessed.

SUMMARY

The Atmospheric Fluidized-Bed Cogeneration Experiment (ACAHE) is part of a research program
{unded by the U.S. Department of Energy (DOE) to advance the utilization of fluidized-bed combustion
(FBC) technologies. It is a follow-up to the Generic Studies of Advanced Fluid-Bed Air Heater
Technology and is intended to provide the data base required to commercialize the technology. The
project comprises several tasks coordinated between lwo major contractors, namely, Argonne National
Laboratory (ANL) and Westinghouse Electric Corp. During the course of the study, concems were
cxpressed cver attempting to design and build, with commercial warranties, facilities based on the four
concepts developed in the Generic Studies project without benefit of previous testing in FBC uniis, The
ACAHE was conducted to asscss the performance of various heat-exchanger maierials at full commercial
scale and thereby increase confidence in the resultant designs of FBC air-heater systems.

The ACAHE was conducted by ANL through a subcontract with Rockwell International (RI). The
Energy Technology Engincering Center (ETEC) within the Rocketdyne Division of Rl reactivated a
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1.8-m x 1.8-m advanced fMuidized-bed combustion (AFBC) unit at an Rl site in El Scgundo, CA. The
Westinghouse team, consisting of Babcock & Wilcox (B& W), Foster Wheeler (FW), and ABB
Combustion Engineenng Systems (ABB/CE), providcd test specimens which ETEC instalicd. The

testing at RI required 45 morths, beginning in December 1985. A total of 1958 h of coal-fired testing was
accumulated.

Test Hardware

Nine types of test anticles were exposed to the fluidized-bed environment: (1) previously exposcd
304H platens, (2) platens fabricated from new serpentine sections, (3) platens fabricated from existing
return bends and new straight sections, (4) cooled ring specimens, (5) a 304H platen section replaced afier
1000-h exposure, (6) uncooled tab specimens, (7) uncooled ring specimens, (8) new platen clamps, and
(9) uncooled U-bend tubes. The first five types of test article were used to evaluate candidate heat-
exchanger tube materials and butt weldments, while the rest were used 10 cvaluate hanger materials and
weldments. More than 60 alloys were exposed during the 1958 h of testing. Test anicles were visually
inspected at regular intervals and removed for further cxamination.

Thirtcen air-cooled specimen probes were installed in various test ports through the combustor
casing to iest the erosion and corrosion properties of candidate tube materials. Twelve of the probes were
in the ltuidized bed, and one was located in the convection section, just below the convection section heat
exchanger. A valve was installed on each probe to control the flow of cooling air to maintain a particular
temperaiure profile along the probe.

The probes were built up using interlocking rings of various alloys, stacked along the probe body.
Each ring was hand lapped to cach of the adjacent rings (o minimize the leakage of cooling air, Lo
maintain the desired probe temperature profile, and to reduce the possibility of oxygen addition to the bed.
Each probe had between 20 and 30 specimen rings and four pairs of thermocouple rings.

Two types of uncooled specimen probes were exposed during AFBC testing: (1) individual 1abs of
material welded to a central bar of 304H, and (2) specimens that were similar 10 the cooled ring
specimens, but were housed in probes that did not have provisions for cooling air and had only two
thermocouples. The final Lype of test article was an uncooled "U-bend” of tubing. Two of these were
placed in ports just above the in-bed heat exchanger.

Test Operation

Illinois No. 6 coal (-4.0 mesh) was used during the experiment. Pfizer high-calcium grit
(-8 x 20 mesh), a local limestone, was used for sulfur control. The {luidized bed operated at a tcmperature
of 871°C, a fluidizing velocity of 1.5 m/s, a working fluid outlet temperature of 816°C, and a flue gas
oxygen content of 4%. Samples of solids from the bed and gas stream discharge ports were collected
every shift for analysis. All separations were in compliance with approved EPA methods.

Results from Materials Analysis

Argonne conducted detailed microstructural analyses on specimens exposed in uncooled and
cooled probes from ANL, B&W, and FW during thc ACAHE. In addition, penetration depths were
mcasured for several of the matcrials as a function ol specimen orientation, exposure location in the
combustor, and time of exposurc. These results, together with those reported carlicr from a laboratory 1esi
program in support of ACAHE, were used 10 determine the role of key variables that contribute to
accelerated corrosion of matcrials and to assess the long-time matcerials pertormance of candidate
matcrials for air-heater applicahons. Based on the information, a number of conclusions can be drawn:
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Auslenitic stainless steels such as Types 304, 310, and 330 and alloys (e.g., HR 3C, FW 4C,
and 8XX) cxhibited low depths of penetration after cxposure in the ACAHE, as well as an
carlicr laboratory test under gas cycling conditions and a morc severe laboratory test under
low oxygen partial pressure (pO,). '

Alloys such as HS 188, HS556, HK 40, and 800H exhibited catastrophic corrosion from
cxposure Lo a sustained low-pO, condition and surface deposits of bed material, based on an
carlier 3000-h laboratory test. Even though the test is more severe than what the materials
will be subjected 10 in a typically well run FBC system, tic dala nevertheless suggest the
susceptibility of these materials to accelerated corrosion.

Alloys such as HH, HP 50, 253 MA, XM 19, Sanicro 33, HS 556, and HS 188 were found
susceptible to unacceptable corrosion when in contact with the bed material.

Among the weldments, filler metals 25-35R, 21-33, and 308 exhibited superior corrosion
rcsistance. Filier metals such as Nicro 82, 188, and 25-35 showed acceptable corrosion
resis{ance.

Among the coated specimens, aluminized coatings performed poorly. In general, this is
because of the difficulty in achieving a crack-free coating rather than exposure to an FBC
enviionment. If cracks were present initially, accelerated oxidation occurred, which
considerably diminished the coaling integrity.

Among the cladding alloys, Type 310 stainless stecl on Type 304 stainless steel or on Alloy
800H cxhibited superior performance.

The results from analyzing specimens in the uncooled probes indicate that the presence of
bed material deposil on specimen surfaces leads to significant, and sometimes catastrophic,
corrosion degradation of materials at a temperature of ~843°C (1550°F). On the other hand,
the same alloys exhibit acceptable corrosion rates in the range of 0.05 to 0.25 mm/yr (2 to
10 mil/yr} when the surfaces were devoid of bed malerial deposits. (These rates are
extrapolated from the 1980-h data based on parabolic kinetics.) In this regard, component
material surfaces exposed to a corrosive-erosive environment perform superior to those
exposed to corrosive environment alone. The acceptable performance of even Alloy 800 (an
alloy that has been shown 10 undergo substantial corrosion during exposure in other FBC
facilities) indicates that the combustion aimosphere in the present test was much more
benign than in the other systems and that the operating conditions/procedures, if duplicated
in a commercial sysiem, can result in enhanced reliability of the larger system.

The corrosion rates {or several materials (tesled in this program) were in the range of 0.25 to
0.4 mm/yr (10 to 16 mils/yr) for temperatures in the range of 775 to 871°C (1425 10
1600°F). Considering that air tubes are 5 10 6 mm in wall thickness, these rates will lead 10
a thickness loss of 0.8 to 1.25 mm after 10 years of service in the FBC environment, even
with built-in abnormal conditions. This report does not address how adequate the
mechanical propertics of materials were at clevated temperatures, which is also important in
materials sclection. However, based on this study, corrosion resistant materials can be
applied as a cladding onto a structurally acceptable alloy (i.c., onc with sufficient strength at
high temperatures) io achieve adequalte corrosion resistance and mechanical properties for
the air-heater tubes.



1. INTRODUCTION

In 1980 Rocketdyne, a division of Rockwcll International, designed, laoricated, and tested an
atmospheric fluidized-bed combustor (AFBC) for research on closed-cycle gas turbine cogencration
systems. This coal-fired facility measures 1.8 m x 1.8 m. Test configurations and procedures were
developed for extended corrosion/erosion testing, and approximately 1000 h of actual testing was
conducted under DOE sponsorship.!

In 1985 ANL and Westinghouse Electric Corp. proposed additional materials research in this
facility. The project, known as the Atmospheric Fluidized-Bed Cogeneration Air Heater Experiment
(ACAHE), is part of a research program funded by DOE to advance the utilization of fluidized-bed
combustion technologics. It is a follow-up to the Generic Studies of Advanced Fluid-Bed Air Heater
Technology? and is intended 1o provide the data base required to commercialize the technology.

Four different air-heater cogeneration concepts were studied in the Generic Studies project: (1) a
fan- or turbine-exhaust-blown, bubbling AFBC, (2) a fan- or turbine-e¢xhaust-blown, circulating AFBC
with a separate fluidized-bed heat exchanger, (3) a fan- or turbine-exhaust-blown coal pyrolyzer operated
in series with an AFBC (the pyrolysis gas is combusted to raise the turbine inlet temperature), and (4) a
bubbling AFBC or coal pyrolyzer/AFBC that is pressurized 10 3 to 5 atm by part of the exhaust from a
high-pressure turbine, while the remaining exhaust is expanded through a low-pressure turbine, During
the course of the study, it was decided that the four concepts should be tesied in an FBC unit before
altempting (o incorporaic them into a commercial facility. The ACAHE was conducted to test various
heat-exchanger materials at full commercial scale for betier resultant designs of FBC air-heater systems.

Before the testing at Rockwell, ANL assessed the information in the literature concerning high-
temperature materials performance in FBC environments® and conducted bench-scale corrosion studies in
simulated FBC environments.*

Rockwell’s contribution was to reactivaie the AFBC facility, to improve its operability
characteristics, to fabricate and install test specimens, to report the test data, and to decommission the
facility. The test specimens were provided by three Westinghouse subcontractors: Babcock & Wilcox
(B&W), Foster Wheeler (FW), and ABB/Combustion Engineering Systems (ABB/CE). The original
project scope :nvolved three test phases: 1000 h of coal firing, 50 h of coal/water slurry testing, and
1000 h of natural gas-fired testing. The slurry test and the gas-fired simulaticn of a circulating fluidized-
bed (CFB) boiler were delcted because an adequate simulation of a CFB could not be accomplished in the
existing Facility. Coal firing was then extended to 2000 h. The project required 45 months, beginning in
Dcceember 1985, A total of 1958 h of coal-fired testing was accuraulated.

The Energy Technology and Engineering Center (ETEC) within Rocketdyne provided engincering
designs, fabrication, and project management; and Rockwell Intemational’s North American Aviation
Operations Division (NAAQO) provided the test crews and facility support. The AFBC facility is located
at the NAAO Thermodynamics Laboratory at Ei Scgundo, CA (Fig. I-1).

This report contains @ summary of the testing at ETEC and the results obtained from the ANL
examination of uncooled and cooled specimens exposed for different lengths of time at several locations
in the combustor. A comparison of the results of analyses by ANL und the three Westinghouse
subcontractors is presented. Details of analyses of other materials specimens are contained in final reports
by the Westinghouse team.
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Fig. I-1. Aerial View of NAAO Thermodynamics Laboratory (El Segundo, CA)

II. DESCRIPTION OF THE FACILITY

The 1.8-m x 1.8-m AFBC (Fig. 1I-1) is an experimental facility to study the technology of metallic
heat exchangers. While much work is being done on fluidized-bed combustors for steam-boiler
applications, this facility is oriented toward heat-exchanger development with significantly higher metal
temperatures than steam-cooled heat exchangers.

The system supports research on hardware and equipment of a size approaching minimum

demonstration dimensions. The experimental unit was designed to provide operating data over a wide
range of conditions, as summarized in Table II-1.

Table II-1. Range of Test Capability

Superficial Velocity, m/s 061024
Working-Fluid Qutlet Temperature, “C 788 to 843
Excess Air, % 20t0 50
Ca/S Molar Ratio 2t04
Asth Recycle C 10 3 times

coal flow rate




Fig. II-1. Atmospheric Fluidized-Bed Combustion Facility

A simplified schematic is shown in Fig. 1I-2, which illustrates the kcy components. The working
fluid, air, is supplied from the facility compressor and preheater (not shown) to the top of the combustor
tower. The air is heated first in the convection bank; it then flows through the in-bed heat exchanger and,
upon leaving the combustor, is discharged to the atmosphere at a temperature of 816°C. Fluidizing air is
provided by a forced draft blower and passes through a preheater to exchange heat between the flue gas
and uidizing air. Flue gas leaving the combustor passes through a cyclone separator, the preheater,
baghouse, and induced draft fan. The cyclone removes most of the solid particulate, which then can be
either disposed of or ecycled back into the combustor. The baghouse provides a final cleanup of the flue
gases, 50 the gases discharged are cleaner than the Federal Air Pollution Standards require, The induced
draft fan maintains a balanced drafi in the frecboard (zone above the fluidized bed) section of the
combustor. The solids feed systems are coal, limesione, and fly ash reinjection. Spent solid materials are
removed at the bed drain at the combustor bottom.

The experimental unit was designed to address the technical issues related to long-life design for an
air-heater application, particularly erosion and corrosion of heater tube materials. The facility and
hardware were designed with a great degree of flexibility and range, and the unit can operatz for an
extended duration. The nominal design parameters are presented in Table [1-2. The potential exists for
adding turbo machinery to the system.

During the carlier test programs, Rocketdyne identified a number of problems that could be
corrected 1o improve operability of the facility. These problems were presented in a Rocketdyne-
published Facility Status Rc:porl.S The ETEC reviewed the Rocketdyne recommendations and elected to
implement some, delete some, and make modifications 10 simplifv facility operation or 1o meet
requirements.
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Fig. 11-2. Schematic of AFBC Unit

Table 0-2. AFBC Nominal Design Parameters

Superficial Velocity, m/s 1.8
Combustion
Coal Flow Raie, kg/h 636
Air Flow Rate, kg/h 7082
Excess Air, % 25
Bed Temperature, "C 899
Working Fluid (Air)
Inlet Temperature, "C 232
Exit Temperature, "C 843
Flow Rate, kg/h 18,432

Heat Release, Mi/h 6354




During opcration of the combustor, the coal feeding sysiem had been identified as a prime area to
improve. The feeders were volumctric, and the feed rates had to be inferred from the measured
revolutions per minute of the screw and an estimate of coal bulk density. Direct-reading mass-flow
meters were needed to obtain the mass flow instantancously and to permit closer control of the coal feed
rales 1o the individual coal ports.

A new mass-Ilow control system was selected to replace the existing volumetric screw fecders.
The new system consisted of four weigh belis with four individual mass-flow controlicrs and a single
master controller. Similar units had been used at Rockwell’s Combustion Test Facility for feeding
various solids, including coarsely milled coal and finely ground coal. The new system allowed coal feed
to cach quadrant of the combustor air distribution platc to be controlled with precision. The individual
controllers are slaved to the master controller to control the total feed rate to the burner. Control of total
combuslor stoichiometry and simultaneous control of the individual quadrant stoichiometries can be
changed casily by the facility operator.

The limestone feed system 1o the combusior was changed from a vibrating tray feeder to a weigh-
belt leeder, similar to the one above for coal. One of the two Rockwell-owned units at the Combustion
Test Facility was loaned to NAAOQ for use on the limestone feed system. Accurale values of
instantancous limestone feed rate and total limestonce were continuously available to the operators with
the new weigh-belt feed system.

Minor modifications to the limestone loading sysicm were made to facilitate its operation. The
horizontal run of the solids-conveying air line was increased 10 accelerate the solids 1o a sufficient
velocity so that they would now drop out and plug the vertical line.

During the carlicr Rocketdyne testing, each quadrant in the fluidized bed was fitted with a different
coal-leed port configuration. For this experiment, all ports were identical to provide a more uniform
environment in the combustor. The feed-port configuration is shown in Fig. H-3.
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The ash recycle rotary valve was replaced by a new valve with a floating seal. The exisling valve
had a rigidly mounted seal, which caused the rotor to bind due to fluctuations of higher temperatures the
valve expenienced during operation.  Also, the vent piping was removed. The ash-injection conveying
system was modinied, and the line diameter was reduced [rom three to two inches for more reliable
product transport,

The baghouse bags were replaced with i4-ounce Nomex bags that had been heat-treated. They
have a "singed” surface which released the fly ash filter cake much more easily. The baghouse pulser:
were operated on a timed cycle rather than a manual one, which allowed a large pressure differential to
build up. No baghouse problems were observed during operation.

Data acquisition was signilicantly improved by instailing a dedicaied system in the AFBC control
room. The computer controlled the various displays and recording devices according to input from the
opcraor. A modem was provided sc that the system could be accessed remotely for modifying programs
or troubleshooling [rom ETEC offices 40 miles away. The system had 336 channels. In addition, there
wer: [ive pulse-counter inputs which measured the [iequency of the weigh-belt coal and limestone
feeders. Dala were recorded on disk for temporary siorage and recall, and permanent data were recorded
on magnetic tape.

HI. TEST HARDWARE

In [utdized-bed air-heater applications, heat-exchanger materials must withstand metal
temperatures considerably higher than are typical with stcam-raising applications. Nine types of test
articles were exposed in the fluidized-bed environment: (1) previously exposed 304H platens, (2) platens
fabricsled from new serpentine scclions, (3) platens fabricated using existing rcium bends and new
straight scclions, (4) cooled ring specimens, (5) a 304H platen section replaced afier 1000 h of exposure,
(6) uncooled tab specimens, (7) uncooled ring specimens, (8) ncw platen clamps, and (9) uncooled
U-bend tubes. The first five types of test articles were used to evaluate candidate heat-exchanger tube
materials and butt weldments, while the remairing test-article types were used 10 evaluvate hanger
matcrials and weldments. More than 60 alloys were cxposed during the 1958 h of testing. Test articles
were inspected visually at regular intervals and removed and evalnated.

The in-bed heat exchanger, shown in Fig, I11-1, comprised 24 platens. A typical platen is shown in
Fig. HI-2. Air {rom the inlet header is camried by a downcomer 10 the first (lowest) tube. After ten passes
through the system, the air exits to the outlet header. The original tube bundle was fabricated from 2-in.
(50.8-mm) 304H tubing. The [irst four rows of tubes had 0.180-in. (4.6-mm) thick walls, while the final
six tTows had a wall thickness of 0.260 in. (6.6-mm). A transition picce through the combustor casing
from the tube bundle 1o the inlet and outlet headers had a 0.50-in. (12.7-mm) wall thickness. The
transition picces provided venical support for the wbe bundle. Several types of clamps were used to tic
the tube bundle together while allowing for thermal expansion. Diagrams of various types of hangers are
shown in Fig. [11-3.

The existing tube bundic was modified with two types of new tube specimens. The first type
conststed ol straight-tube sections of various alloys with 3-in. (8-cm) stubs of 304H welded o each end
g, 111-4). The 304 stubs allowed the bundle fabricator Lo make only 304-10-304 welds. Existing return
pends were used for the tive platens that were modified «vith the straight scctions in order 10 utilize
existing hangers where possible.



10

In-Bed Heat Exchanger

Fig. I1I-1,

Typical Platen

Fig. 1I-2.
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The second type of heat-cxchanger test specimen consisted of replacement platens of new maierial,
including return bends. Seven platens were modified in this way. Hangers cut from the original platens
were reused on the new platens, with the exception of 17 clamps, which were replaced with new hangers
of a diffcrent design (Fig. I11-5).

Afier these changes were madc, all welds were liquid-penetrant inspected, and selected welds were
radiographed. The wbe bundle was hydrostatically tesied afier its fabrication (0 cnsure its inlegrity.
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A final modificaiion to the tube bundle was made after approximately 1000 h of testing, Six
sections of tubing, three from the uppermost row of platens and three irom the lowermost rows, were 10
be replaced, but because of the ditficulty in making satisfactory welds with the iimited space available,

only two actually were replaced.

Twenty thermocouples were installed on the extenior wall of in-bed heat-exchanger tubes. These
thermocouples were destroyed alicr only a few hours of operation, as expected, but some useful data on
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metal lemperature were obiained.

Thirteen air-cooled specimen probes (Fig. I11-6) were installed in various test ports through the
combustor casing to test the erosion and corrosion properties of tube materials. Twelve of the probes
were in the fluidized bed (as shown in Fig. 11I-7) and one was located just below the convection-section
heat exchanger. A valve was installed on each probe to control the flow of cooling air to maintain a
particular lemperature profile along the probe. There were five thermocouples installed to monitor

temperatures, four localed along the probe, and one at the coolant outlet.

PROBE

Air-Cooled Specimen Probe

Fig. I11-6.
OUTLET RN
MANIFOLD N
\. R
'\'s) HN
W N
INLET ! ~.
MANIFOLD o I'NODE
: :\\ PONTS
% GPLCS

POATS H
G PLCS

PRODE
PORTS
15 PLCS

XY,

LOOKING WEST

?H.I‘.MLF._ 9.

=
iy h

7

.c-

P—

® g

LD
EVEL

Ry

——

It :

e PHODE
';_'l PORTS

15 PLCS
|

2SS LYV A A

LOOKING NORTH

Fig. I1I-7. Probe Port Locations in the Fluidized Bed
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The probes were built from interlocking rings of various alloys that were stacked along the probe
body (Fig. I11-8). Each ring was hand lapped to its adjacent rings to minimize the leakage of cooling air,
to maintain the desired probe temperature profile, and to reduce the possibility of oxygen addition to the
bed. Each ring was carefully washed, rinsed, and weighed (to the nearest 0.1 m) prior to assembly/onto

the probe body. Figure III-9 shows typical cooled-ring specimens. Each probe had between 20 azd 30
specimen rings and four pairs of thermocouple rings.

s

e ok P

[P [

Fig. [1I-8. Components of the Air-Cooled Probe

Fig. III-S. Typical Ring Specimens

Two types of uncooled specimen probes were exposed during AFBC testing. These probes were
designed to test candidate hanger mater.als. The first type of probe was the uncooled tab probe, in which
individual tabs of material were welded to a central bar of 2-in. (5-cm) 304H. Tabs of each material were
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welded at the 12, 3, 6, and 9 o’clock positions. In addition, five uncooled tab probes were installed.
Figure 11I-1) shows a typical uncooled tab probe.

Fig. [1I-i0. Typical Uncooled Tab Fiobe

The: second type of uncooled probe was the uncooted ring probe of which there were three
(Fig. III-11). The specimens in these probes were similar to the cooled ring specimens, but the probes did
not have provisions for cooling air and had only two thermocouples.

Fig. lll-11. Uncooled Ring Probe

The last type of test article was an uncooled U-bend of 2-in, (5-cm) OD wubing. Two of these were
placed in ports just above the in-bed heat exchanger. Figure I1I-12 shows one of these specimens.

~

(__

z .' : ‘\

Fig. I11-12. Uncooled U-Bend Probe
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IV. TEST PLAN

The test duration was planned to be 2000 h, divided in 250-h test segments. Each scgment was
characterized by a gradual startup to steady-state test conditions, a 250-h hold at test condition, and a
gradual shutdown to ambient temperature. Between segments, mainienance and necessary repairs would
be performed on the facility and the test specimens would be inspecied. The stcady-state operating
conditions are shown in Table [V-1.

Table IV-1. Sicady-State Operating Conditions

Fluidized-Bed Temperature, "C 871 £ 14
Fluidized-Bed Height, m 24 +.15-0
Superficial Velocity, mys 15 £0.1
Freeboard Pressure, kPa -101.2 £ 101.2
Working Fiuid Outlet Temperature, "C 816 + 14
Gxygen in Flue Gas, % 4 £05

Instrumentation was provided in the facility to mcasure temperatures of the test article and ..
identity the environment 10 which the test articles were exposed. All instruments were calibrated (0 meet
the specified accuracies. Mcasurements were recorded on (1) disk at a rate of one sample per 10 s for on-
line data retrieval and plots and (2) magnetic tape at a rate of one sample per 120 s for permanent storage
and data manipulation.

The coal used for this experiment was Illinois No. 6 screened to ~4 mesh. Analytical results for

coal samples taken before testing are shown in Table IV-2. The sorbent used for sulfur capture was Pfizer
high-calcium grit (limestone) (>98% CaCO,) screened through a -8 x 20 mesh.

Table IV-2. Results from Ullimaie Analysis of Coal*

Component Percent
Carbon 60.87
Hydrogen 4.18
Nitrogen 1.1l
Chiorine 0.1
Sulfur 334
Ash 8.86
Oxygen 8.17
Moisture 13.97

*One of four samples taken belore testing.

Periodic solids sampling was required during test operations. Each shift one-liter sampies were
tuken from the coal, limestone, bughouse fly-ash, and spent-bed 1natcnial. These samples were
periodically analyzed for adherence to feed stock and combustion-product requircments.
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The South Coast Air Quality Management District (SCAQMD) requires power-plant operation in
compliance with approved EPA methods. The SCAQMD issued an operating permit for coal-fired testing
up 0 1200 h per year, while continuously monitoring emission concentrations of NO,, SG,, CO,, 0,, CO,
and unburned hydrocarbons. The SO, emission was limited to 276 ppm at 3% O, on a dry basis. Over
the course of the program, this limit was easily met. The permit conditions also required daily
calibrations of the fluc-gas instrumentation system.

The possibility of in-bed heat-exchanger tube leaks was of particular concern because tube leaks
can cause severe dumage to adjacent tubes. Therefore, EYEC conducted leak tests at 8-h intervals by
injccting helium into the working fluid and then sampling the stack effluent for the presence of helium.

During the test segments, oxygen concentrations in the bed were determined using a diagnostic
probe which measused partial pressure at various locations within the bed. The probe could penctrate
through several ports in the combustor casing via an isolation valve.

To comply with the instrument accuracy requirements, all instruments alfecting the key parameicrs
(pressure, pressure differential, and flows) were calibrated between test segments. Additionally,
calibrations on the data-acquisition system were performed. No significant shilts in calibration were
observed during the course of the test program.

V. TEST OPERATION

All operations were conducted in accordance with a detailed Test Procedure written by Rockwell.
The Test Procedure was the controlling document spect{ying the order in which cach subsystem was (o be
brought on-line. Each subsysiem (c.g., plant air, nitrogen purge, burner ignition, and coal-feed system)
had its own detailed procedure, which defined proper valve linc-up, flow rales, lemperatures, elc., 10
ensure proper and safe system operation. These procedures worked well, and throughout almost 2000 h
ol testing, no time was lost due to improper setup of plant conditions.

During the initial checkout of the facility, the combustor was preheated in small increments to
allow the newly installed refractory to cure. Once curing was completed, the preheat stage commenced.
During the carlier Rocketdyne test program, a major problem was the fouling of the convection-section
tubc bundle with ash deposit. It was determined that moisture generated by the nawural gas burners used
in the initial heating of the combustor was condensing on the convection-scction tubes, and ash material
ws then adhering 1o the wubes. To avoid this preblem, the procedure for initiat heating of the unit called
for preheating the combustor with the working fluid. The working fluid was heated by the compressor
gas-fired preheater. The forced draft and the induced drall fans were used to distribute the heat through
the combustor. Heat-up rates were controlled 1o less than 55.6°C/h (131°F/h) by adjusting the working-
tluid fow rates and the firing rate of the compressor heater, This procedure worked well, and no fouling
ol the convection bank heat exchanger was observed throughout the test program.

Once the unit reached a temperature of approximately 150°C, 1135 kg of bed material was loaded
into the combustor, and two natural gas-fircd bumers were starind 10 bring the combustor temperature 1o
approximately 482°C (Fig. V-1). The first of these bumers, rated at 5295 MJ/h (5 x 10 Btu/h), was
located in the combustion air duct downsiream of the air preheater and upstream ol the windbox. The
second burner, rated at 2648 M/, fired into the bed directly below tiie in-bed heal exchanger. Firing
rates and working-{luid flows were adjusted to maintain a temperature rise of 55°C/h.
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Fig. V-1. Combustor Preheat Stage (two measurcments)

At a temperature of 482°C, coal feed into the combustor was initiated at approximately 22.7 kg/h
for each of the four coal-feed nozzles. Combustion was verified by observing a rise in flue gas CO, and a
decrease in O,. At this point, the gas bumers were shut down, and the heat-up rate was controlled by
adjusting coal feed and working-fluid flow rates (o a final bed temperature of 871°C (Fig. V-2).

As the target temperature of 871°C was approached, the forced draft fan was adjusted to obtain a
superficial velocity of approximately 1.5 m/s, and the induced draft fan was sl 1o maintain a freeboard
pressure of -101.2 kPa. The coal-feed rate was set to obtain an excess oxygen concentration of 4.0%,
while working-fluid flow was adjusted to maintain a bed temperature of 871°C. The bed was then
brought to its final height of 2.4 m by the addition of lime~ione.

Another activity during start-up concetned the cooled specimen probes. Each probe had a specified
lemperature set point that was maintained by adjusting its cooling air. After the first 1000 h of operation
(after segment A-6), the probes were checked for leaks prior to initiating preheat because some of the
cooled probes exhibited gaps between the specimens al ambient temperature.

Once the operating conditions had been established, operators adjusted coal feed, combustion air
flow, and working-fluid flow to mainiain these conditions. When an adequate supply of recycle ash had
been accumulated, the ash recycle system was stanicd. The bed was drained about once an hour to
maintain the proper bed height (Fig. V-3). During steady-state operation, solid feeds (coal and limestone)
and waste streams (fly ash, spent bed material, and recycle ash) were sampled once every 8 h.
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Fig. V-2. Continued Heat-Up Using Coal (three measurements)

Fig. V-3. Bed Drain Operation

A helium leak check of the tube bundlc was carricd out every 8 h using a mass spectrometer,
Helivm was injected into the working fluid at various lgeations, and the flue gas was sainpled for traces of
helium. No leakage was ever noted.



Data collection and retrieval was a key activily during steady-stale operation. Numerous data plots
and printouts were made at 8- and 25-h intervals (Appendix A). In addition, special data packages werc
taken to document plant conditions for periods of special interest, such as during pO, probing.

The fluc-gas analysis system was calibrated ¢very 24 h during stcady-state operation. In addition,
afler leaks were discovered in the sample line, a portable O, meter was used to verify flue-gas oxygen
concentrations. This portable meter was used every 8 h.

Two Lypes of upset conditions were anticipated during the operation of the unit. The first type
would require setting the plant back (o a lower temperature at a controlled rate, while the second would
mandatc emergency slumping ol the bed. Both types of situations occurred several times during the
course ol testing.

An example of the {irst 1ype involved a large compressor at the Thermodynamics Laboratory,
whose services the AFBC shared. Scveral times during the test period, competing tests required large
volumes of air (usually for short periods of time). When this condition existed, working-fluid flow and
codl feed would be reduced at a rate such that the temperature decrease would be limited o 55°C/h, 102
setback temperature of 704°C. Once the competing test was finished, coal-feed and working-fluid flow
would be increased to return 1o £71°C at a rate of 55" C/h,

The sccond type of upset condition required an immediate plant shutdown and slumping of the bed.
This type was typically caused by the failure of some major plant component or loss of incoming power
and occurred several times during test operations. When this situation occurred, coal feed was
immcdiaiely stopped. Flue-gas readings were moniiored for a rise in O, concentration and a decrease in
CO; concentration Lo ensure that all carbon was burned from the bed. The working-fluid flow was
stopped, to limit the loss of bed temperature, and the forced-draft and induced-draft fans were shut off o
slump the bed. If it was determined that the problem could be resolved in a few hours, working fluid was
trickled in (if possible) to maintain the icmperature of the in-bed heat-exchanger outlet headers. If the
shutdown appeared 10 require long duration, the working-fluid flow shut off to limit heat loss from the
bed.

1( the problem was corrected and if the bed was siill above 482°C, the induced-draft and forced-
drali fans were restarted, and coal-feed and working-fluid flows were re-established. Working-fluid and
coal-feed [low were set to limit the temperature rise of the coolest part of the system (usually the outlet
headers) to 55°C/h.

Al the conclusion of a test run, the unit was shut down by cssentially reversing the startup
procedure. Coal feed was reduced and working-fluid flow adjusted to initiate a temperature decrcase of
55°C/h. A1482°C coal feed was stopped, and the duct and in-bed bumers were lit and adjusted o
continue the temperature decreasc. At about 200°C the bed was drained, the burners were shut off, and
combustion-air and working-fluid flows were terminated. All supporting systems were shut down to
complete the test run,

VL. TEST SUMMARY

Ten Lest scgments were initated. Their history is summarized in Table VI-1. Checkout and
lacility shakedown were initiated in February 1988, but were aborted when the vorking-fluid compressor
lailed. Facility problems during this interval were minor, related primarily 1o data acquisition change
requests and forced draft fan controller changes. Many project objectives were accomplished, including
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Table VI-1. ACAHE Test Summary

Test Starling Hours in
Segment Date Test Envelope Comments
Checkout 02-08-88 0 Fucility checkoul. Approached test envelope, halted due
to compressor failure.
A-l 03-03-88 17 Halted due to coal plugging.
A2 03-30-88 242 Compleied test segment. Approximately 70%
availability due to intermittent coal plugging.
A-3 05-09-88 252 Better than 99% availability. No significant problems.
A-4 06-01-88 0 Halied due to prcheater air duct failure.
A-5 06-11-88 444 Shuidown due Lo ash recycle line failure.
A-H (8-22-38 0 Halied due to north wall refractory failure,
A-T 09-06-88 27 Measured and calculated oxygen difference.
A-B 09-24-88 300 Failure of limestone weigh-belt
feeder.
A-9 11-29-88 346 ID fan bearing & compressor oil pump failure.
A-10 07-22-89 330 Slumped once to avoid August power

demand changes. No facility problems.

satisfaclory opcration of all subsystems during preheat, startup, solids injection, steady-state operation,
and shutdown. The operation confirmed adequacy of procedures and compliance with permits.
Additionally, it provided an opportunity for trairing of personnel.

The planned test duration for the first set of test specimens was 1000 h, to be performed in four
250-h test segments. The first test segment began in March, but it was halted after 18 h because wet coal
clogged the feed systems. The coal inventory was removed and dried to a moisture content of
approximaltely 10%.

Two hours into the next lest period, the bed-drain line failed, requiring an immediate shutdown for
repaiis. This was the first of many corrosion failurcs of sensitized stainless steels and carbon sieels
because of the lack of preservalion and the presence of salt air from the ocran nearby. The test was
restarted and the first 250-h segment completed, However, the coal-system plugged intermittently (due to
wel coal), yielding approximaiely a 70% availability (sce Fig. VI-1).

The coul feeding systems were modified to improve their tolerance 1o moisture. Figure VI-2 shows
the tapered downcomer that replaced a system of bell reducers. The coniveying air was replumbed to yield
a more even air distribution (o the four conveying systems. In addition, coal was dried 1o approximately
10 1 11% moisture for the remainder of the test program. These changes completely eliminated the wet-
coal feed problem.
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Fig. VI-2. Coal Feeding and Conveying System
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The combustor was inspected after Test segment A-3, and no anomalies were noted (Fig. VI-3).
One of the ABB/CE probes was found to be approximately 1-in. (25.4-mm) short, causing the first
specimen Lo be inside the refractory (Fig. VI-4). The extemnal thermocouples which had been installed on
the tube bundle were gone (Fig, VI-5). This was not unexpected, however, they lasted long enough to
provide some external tube temperatures.

Fig. VI-3. View of Combustor below Tube Bundle

Fig. VI-4. View of Combustor above Tube Bundle and CE Probe
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Fig. VI-5. View of Top of Tube Bundle

During this first test segment, 14 pO, probings were performed in three ports. A fourth port
(BTPWC) was found to be blocked by a misaligned gasket. Probing was found (o be very time
consuming due (o the size of the probe and the congested area (Fig. VI-6). A platform was instalied on
the west side to provide better access.

M=

Fig. VI-6. West Side of the Combustor

The next test segment was initidqwed in early May and completed 250 h of operation virtually trouble
free. Excluding startup and shutdown time, the 250 h was accumulated in less than 255 h of clapsed time,
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achieving beiter than 99% availability. (Availability compares the number of hours of operation to the
number of hours between startup and shutdown.) See Fig. VI-7.
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Fig. VI-7. Daia Plot for Bed Temperature for Test A-3

Following this segment, the combustor was inspected, and again, no anomalies were observed.
Probcs BBTED, an unceoled 1ab probe located in the northeast quadrant below the bed, and BMLWB, a
cooled ring probe located in the middle of the bed on the west side, were removed as planned and retumed
to B&W. The lauer probe was substituted for probe BMUWB, located one ievel higher in the middle of
ihe bed, because it had more operable thermocouples.

During preheat for the next test segment, the combustion air duct failed downstream of the in-line
duct heater and caused the test 1o be aborted. The failure occurred when the system was at about 340°C,
The previously installed carbon-sicel ducting was found to have wall-material wastage from normal use.
Aboul 2 m of duct required replacement. It was replaced with stainless steel 10 provide higher strength at
the elevated emperature that can occur in the immediate vicinity of the duct burner,

The carlier schedule delays, associated costs, and unanticipated peak summertime power
surcharges were factors leading 1o a duration of 500 h for the next test segment, During this run a minor
interruption oceurred when a substation cireuit breaker Lailed, An ash-reeycle transfer line failure caused
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the test to be stopped at about 450 h. A reference junction failure caused some temperature measurement
oscillations, but did not otherwise impair operation.

On June 26, 1988, the control thermocouple on the ANL-supplied cooled probe (BMLEC) began to
indicate a rise in temperature. This probe was already supplied with full air flow at the maximv n
available supply pressure to "run as cool as possible." ETEC atiempted to reduce the temperature by
supplementing the cooling with high-pressure nitrogen. Although this reduced the iemperature, nitrogen
consumption was deemed excessive, and it was decided to retum to air cooling only and accept the higher
lemperature operation,

Upon removal of this probe, a leak was discovered in the probe (Fig. VI-8) that severed a dummy
probe located directly above it (Fig. V1-9), Extensive ¢xaminations of the tube bundle indicated that no
damage to the platens had occurred.

: 1 M i, 7,

Fig. VI-8. ANL Cooled Specimen Probe BMLEC

Fig. VI-9. Dummy Probe BMUEC



27

Other facility-related problems that occurred during the course of the testing included fatlures of
instruments, auxiliary equipment, combustor casing penetration sleeves, and feed lines, some duc to the
erosiveness of the materials handled.

A key failure occurred in the flue-gas monitoring system. Air that ieaked in through a deflective
sample line was interpreted to increase the oxygen content in the bed. Over the course of the test
operation, the leakage of air into the detector slowly increased. It was not detected, and the operators
gradually adjusted coal feed to maintain a constant oxygen concentration. This resulted in an
environment that was much more "severe” than specified, meaning that the oxygen concentration was
lower than intended and thus there was more potential for corrosion. Calculation of in-bed oxygen
concentration based on air-to-coal ratio shows oxygen concentrations as low as approximately 2%.

The flue-gas measurement system was repaired. Besides the measured oxygen concentration, an
independent calcu'lated measurement was displayed based on air-to-fuel ratio. Any discrepancy between
the two would alert the control room operators to possible problems with the plant on-line data. Oxygen
concentration was also checked using a porable deteclor ard indicator on a daily basis.

Al this point, four cooled specimen probes, one of which is shown in Fig. VI-10, including the
leaking probe described above, were removed and returned to their respective suppliers. In addition, the
U-bend test articles and one uncooled tab probe (Fig. VI-11} were removed and returned to B&W,

Fig. VI-11. Uncooled Probe BBTEB (B&W) at 1000 h
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During startup for A-6, an operator observed discoloration of the combustor casing, which led to
the discovery of a hot spoi on the combustor wall just above the in-bed burner. Removal of the in-bed
burner revealed severe erosion in the refractory near the bumer. It was postulated that operating the
bumer with a slumped bed may have caused the flame to erode the wall over time. The damage was
repaircd, and the startup procedure was modified to delay operating the burner until the bed was fluidized
with a reduced-bed inventory.

Upon resumption of testing, the measured and calculated oxygen concentration parameters failed to
agree, and testing was stopped until this problem could be resoclved. To this end, ETEC injected helium
into the flowing gas stream and measured the dilution downstream using a gas chromatograph. This
technique confirmed the absence of leakage and identified some flow-stream measurement errors. The
crrors were correcled, resulting in good subsequent agreement between the calculated and measured
OXygen concentration,

Testing resumed in October, Two test runs (A-£ and -9) were completed before the end of 1988 for
a total ol 646 h, bringing the cumulative: total to 1628 h. Test A-8 was terminated after 300 h, when the
limesione feeder failed.

Inspection of the combustion chamber after cooldown revealed some possible erosion on the
ABB/CE probe in the convection zone. The probe was removed and, following inspection, reinstalled.

Test A-9 was initiated on November 29 and, following failures of the induced draft fan bearing and
the working-iluid compressor oil pump, was terminated on December 24 afier accumulating 346 h.

After the holidays, the tube bundle and other specimens within the combusior were inspected. The
cooled specimen probes were removed, inspected, photographed, and then reinstalled. No significant
anomalics were observed.

Further testing was delayed for approximately six months due (0 a series of compressor problems.,
The compressor finally became operational in July 1989, allowing completion of the final test segment on
August 7, 1989. Total test time accumulated then was 1958 h.

VII. DISCUSSION OF KEY TEST DATA
Since the objective of the cxperiment was Lo identify suitable materials for fluidized-bed
applications, key parameters 1o be controlled within specified limits were identified. These parameters
and the specified limits are shown in Table 1V-1, and discussed below. An interpretation of the data

follows.

A, Fluidized-Bed Temperaturc

Bed temperature was controlled very closely during the entire test period. Initially the temperature
was maintained by adjusting the working-fluid flow using a trim valve in the working-fluid supply line.
This required constant vigilance and adjustment. As operators gainea 2xperience with the plant’s
operation, they found that temperature control could be achieved much more casily by adjusting the
reeyele ash flow.

The Muidized-bed 1emperature was compated by averaging three bed temperatures, 1t was noted
during testing that one or more ol the temperatures would gradually decrcase. This was traced 1o the
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bending of the thermocouples due 1o the impact of the bed miaterial. As the tip of the thermocouple
approached the wbe bundle, its output would approach the temperature of the tube. When this was noted,
corrections to the data reduction were made to replace the suspect indication or 1o change the algorithm
for data reduction.

B. Fluidized-Bed Height

1he bed height averaged about 2.5 m for the est period. Figure VIE-1 shows the oscillations
obscrved during operation, which resulted from bubbles erupting at the bed surface. The operators used a
performance printout {Fig. VII-2) which gave the average readings over a 30-min period 0 determine bed
height before draining. Mo corrections were made Lo this parameter for the final data package.

=

Fluidized Bed Height, in.

| : i !

T T T T T
0 2 L] § 8 1o e 1y

Elapsed Time, days

Fig. VII-1. Oscillations of Fluidized-Bed Height



30

AF B L Test Facllity

From: 7201709 at 0 03 0O Perrormance Printout Page 1 of 3
Toe 1 9/ :/78% at &1 01 0 252-TP~0001, TEST A-10 Time 01 7137
Ave, of 200 .Samplas Pata B/ 1/69
Toy Ho. SEO# Oescription Value Unite Tsg Ho. SEQN Description Valua Unitys
Fluldized Bedt Yorking Fluid
crOTO! 407 Avg. Oed Temp. 1598, F CUFFI1 417 Alr Flow = East t3840. 1b/he
Fop12 &?70 Freeboard Press, =.6 in H20 CUFF2t 418 Alr Flou - Wast 13138, Ib/hr
CFhY oI 407 Superficial Yel. 5,1 fps WFTI5 220 East Bed Bank Tanmp. Out 1438, F
CFDHOI 406 Ded Height 100. in WFT25 227 (West bad Bank Tenp., Out 1497, F
C5C 464 Sulfur Capture 93.5 4 WFT14 219 East bed Pank Temp., In 623, F
WFT24 226 \West Bed Bank Temp, In 805, F
So0lid Feed: UFPId 52 East Dad Dank Praesz. In 38, Psig
_ UFp24 S7 West Ded Bank Prags. In 36, Psig
CCFFS2T 41 Total Coal Flow 1185, lb/hr
LSWo2 S Total Limestone Flow 334, lb/hr Flus Cas)
CARFO3 427 Ash Fecycle Flow 1742,6 1lb/hr
Conbustlon Alr: CFGF o) 412 Total Flue Jax Flow 13355, 1b.*he
FCTOM 63 Flue Gas Temp. 702, F
conB 10 Comb. Flue Gas Analysis -4
cADD4 250 Windbox Prass, .88. in H20 CcCoO ? CU Flue Gas Analysis 6?. PPH
cnTos 71 Windbox Temp. 570, F co2 B8 C02 Flue Gasg Analysis 13.1 #
ARTOZ 66 Ash.Recycle Temp. 2?5, F 502 14 502 Flue Gas Analysis 186. PPN
CNRF 02 424 nNsh Recycle Alr Flow 866, 1b/hre HOx i1 HNOx Flue Gas Analysis 214, PPH
CCFFOIT 428 Coal Feed nlr Flow 2098. lb/hr 028 13 02 Flue Gas Analysis 4.1 %
CLSFO2 433 Limestone Feed Air Flow 261, 1b/hr cozB 4068 Flue Gas Excess Air 35.7 4
CCAF Q! 410 Combustion Alr Flow 8835, 1b/hr CCACOIT 41% Tot. Comb Rirs/Coal Ratio 1¢.4
CCaF0IT 409 Taotal Alr Flow 12259. lb/hr C=-02+C02 470 Oxygen + CO2 17.2 2
UK~FLUE 15 Soot Blow, Flue Gag Cal, 68 HV

Heat Balanca:

COIN 4dd  Heat Input J465. Dtus/sec
CCOMBEFF 441 Haat Bal., Comb. Ef¢, gd.7 X

Fig. VII-2. AFBC Performance Printout

C. Superficial Velocity

Superficial velocity is based on the sum of the air flows entenng the bed and the generation of the
gas produced by the buming coal flowing through the cross-sectiorial area. Between tests A-7 and A-8, as
the result of an investigation of a discrepancy between measured and calculated oxygen concentration in
the ped, it was discovered that the venturi in the combustion air supply was actually reading 5.4% lower
than indicated. The one installed a1 the beginning of the program had a range of 0-22.4 kPa (0-90 in.
waler), while its replacement had a range of 0-4 kPa (0-16 in. water). Both transducers recorded data for
the remainder of the test program, although the lower-range unit was used f{or the calculation of
combustion air flow. The transducers tracked consistently and no changes were observed.

D. Working-Fluid Outlet Temperature

These temperatures were conirolled very closely, and no significant problems were observed
during the test program.

E. Flue-Gas Oxygen Concentration

The most significant technical problem involved the failure of the flue-gas monitoring systen,
Oxygen was to be controlled ai a concentration of 4.0 + 0.5%. Review of the data by ETEC after the
1000-h testing period revealed an inconsistency between the air-to-fuel ratio and the measured oxygen
concentration. The problem was traced to a leaking flue-gas sample line.
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Over the course of the 1est operation, the leakage of air into the line slowly increased. It was not
recognized as a leak and the operators gradually adjusted coal feed to maintain a constant oxygen
concentration. Calculations of the in-bed oxygen concentration based on the air-to-coal ratio showed
oxygen concentrations lower than specified.

Repairs to the flue-gas system were made, verified, and accepted. In addition to the measured
oxygen concentration, an independent calculated parameter was displaved. It was decided that for future
testing, conlinuous comparisons of calculated and measured parameters would be made. Testing was not
resumed until agreement between the two was achieved.

Satisfactory operation of every element of the air- and coal-flow systems had to be confirmed. To
this end, ETEC injected a known quantity of helium into a {lowing gas strcam, and measured its dilution
downstream of the injection point using a gas chromatograph. This not only provided a verification of the
flow-system calibrations, but also enabled determination of whether there was in-lcakage or oul-leakage.

The use of this technique revealed air-flow measurement errors, most notably an approximately
5.4% crror in the discharge cocfficient of the combustion air venturi and a much ' gher-than-esiimated
flow in the limestore-conveying air sysiem. When all the corrections werce incorporated, testing was
reswined and reasonable agreement in oxygen concentrations was achieved (calculated 3.9% vs. measured
4.1% average for the remainder of the program).

The data tapes {or the entire test were corrected using the new cocfficicnts. In-bed oxygen was
computed from the calculated parameter based on the air-to-coal rativ. This had been the only option for
the carly part of the test program wirzre the sampic line was leaking. We have great confidence in this
parameler, since the coal leed and air {lows into the bed were well characlerized and continued to agree
well for the latter part of the test period.

An alternative method for computing the oxygen in the bed would be to perform a mass balance
around the freeboard (arca above the bed). This method was proposed, but it could not be done when the
sample line was suspected to be leaking. Also, it is unreliable (after the replacement of the sample line)
duc o uncertainties in the limestone-conveying air measurement. During the helium-dilution tests, the
orifice used 10 determine limestone-conveying air {low had not been installed. This resulted in 4 tnuch
higher than anticipated air flow ratc. Based on the results of the heiium-dilution tests, an algorithm was
developed for computing the flow rate.

The ETEC recommendcd that the calculated value based on the air-to-coal ratio for the in-hed
oxygen concentration be used [or the entire 2000 h of testing, as opposed Lo a mass balance around the
frecboard.

VIII. OXYGEN PROBE MEASUREMENTS
To examine the corrosive polential at given locations within the finidized bed, a special probe was

uscd to obtain iz sim measurements of fluctuating oxygen concentration. A schematic of the probe is
shown in Fig. VIH-1.



32

COOLING
AIR
INLET

POROUS
CERAMIC

3 / FILTER
E— ——0) N A .

=)
RN
N o)
ZN
Q
)

3

sstoa_.f_-————
LEADS + Hp—m—m——
e )
T.C. LEADS l
THERMOCOUPLE
COOLING
AIR
OUTLET

Fig. VIII-1. Schematic of pO, Probe

The sensor was placed inside a porous ceramic filter to protect it from damage due to impact by
hot-bed particles and also 1o prevent plugging of the sensor pores. To accomplish the measurement, some
ol the bed gases are drawn into the filter cavity so that the gases come in contact with the scnsor surface.
The sensor is a platinum/zirconia (Y,0, stabilized)/ptatinum galvanic cell designed for high-temperature
operation. The sensor used in this experiment was manufactured by Robernt Bosch Gmbh (Germany) for
usc as an automobile exhaust-gas oxygen sensor.

The relationship beiween cell voltage and partial pressure of oxygen is based on the Nemst
equation, which, upon substitution of the proper constants and vmits, reduces to

p0O, =0.209 exp (-83610 » V/T)
where pO, = partial pressure of oxygen in atmospheres
V = cell voltage in volts
T = cell temperature in degrees Rankine

The p0, of the fluidized bed was measured as ofien as schedule would permit. Over 100 pO,
probings were carried out during the nearly 2000 h of testing. This measurement required that the probe
be inserted through an isolation valve and inserted into the fluidized bed, and that data be taken for one
minute. The probe would then be moved 7 cm farther into the bed and measurement again taken for onc
minute. This process was repeated until the probe was inserted 0.8 m inte the bed. Two ports (locations
BMUED and BBTED) on the cast side of the combustor and three ports (locations BTPWC, BMUWC,
and BBTWC) on the west side of the combustor werc used for probing. Figures VII-2 and -3 show
Tocations of the oxygen probes on the east and west sides of the combustor. Also shown in the figures are
the locations of the uncooled and cooled probes exposcd by ANL, B&W, FW, and ABB/CE,
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Extensive corrosion information developed carlier in laboratory tests under a variety ol simulated
FBC environments indicated that high-chromium alloys exhibit acceptable corrosion rates when pO, in
the environment is 10°® atm or higher.>® The corresponding sulfur panial pressures (pS,) in such
environments would be less than 102 atm (in the temperature range of 800 to 900°C), ana the
intergranuiar penetration of sulfur in the substraie alloy is also minimal. When the pO, values fall be'ow
10'® atm, the pS, values increase, dictated by the CaO/CaSO,-phase stability line.3® As a result, the
oxygen-cell measurement data were compiled on the basis of 10"# atm as the value separating oxidation
and oxidation/sulfidation regions for the chromia- and alumina-forming materials.” Figures VIII-4
through -8 show the cell data plotted as a percent of total time that the local environment had a pO,
exceeding 108 atm, for sensor port locations BMUED, BMUWC, BBTWC, BBTED, and BTPWC,
respectively. The figures show the data obtained from both the east and west walls of the combustor and
at three different radial distances from the inseriion walls of the combustor, namely, between 3 and 12 in.,
12 and 24 in., and 25 amd 33 in.

OXYGEN PROBING WITH PO2 SENSOR PROBE PORT BMUFD
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Fig. VIII-4. Oxygen Probe Results from Port BMUED

"Other values of oxygen partial pressure were used by ETEC in the initial processing of the pO, data;
namely, oxidizing for pO, > 10 atm and reducing for pO, < 10°'? atm.
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The data in Figs. V1II-4 through -7 vary substantially with exposure time and distance from the
wall. The data indicate that the pO, values were above 10°# atm at port BMUED for an exposure pe:iod
between ~300 and 500 h for only 25-50% of the time. Further, the data show that the bed essentially
operated under reducing conditions for the second 500 h of exposure of the corrosion probes, the time
period of June 16-30, 1988 (which spans the second 500 h of exposure of corrosion probes). However,
laboratory corrosion test results obtained under gas conditions cycled between oxidizing and reducing
showed that exposure for as long as 100 h to a sustained low pO, is needed to initiate sulfidation attack of
high-Cr alloys in an SO,-containing combustion environment.® The flue-gas sample line developed a leak
during the second 500 h of testing, which was interpreted as an insufficient fuel fecd rate. During this
period, the coal-feed rate was increased to reduce the flue-gas oxygen concentration,; this, in effect,
decreased the in-bed oxygen concentration, leading to operation under reducing conditions. It can be seen
that the oxygen concentrations near the combustor walls were generally lower than in the center of the
bed.

IX. CORROSION MECHANISMS

Intcractions between materials and the environment in FBCs indicate that structural atloys develop
predominantly oxide scales when exposed at elevated temperatures 10 O,-SO, gas mixtures of combustion
atmospheres.® Figure IX-1 is a schematic of corrosion scale development and morphological changes that
occur in Cr,04-forming alloys. The high-Cr alloys develop porous oxide scales (Fig. IX-1a), and some
sulfides are also observed in the inner portiors of the scale (near the scalefsubstrate interface). The
sulfides are formed by reactions between subsirate eicments and sulfur that is released when chromium
rcacts with SO, to form external oxide scale. The porosity of the scale enables SO, gas molecules to
permeate to the scalefsubstrate interface (Fig. IX-1b), leading 10 further oxidation/sulfidation. The
released sulfur is transported along the grain boundaries in the metal, lcading to internal sulfidation of the
alloy (Fig. EX-1¢).

Gas Gas

(2} (<)
Porous Oxide + Sulflde Oxide + Sulflde

Sulfide

Sulfids
Oxide + Sulfide Stringers

Shllde 9.b. Sulfides

SuMide

Fig. IX-1. Schematic of Corrosion Scale Development

Exiensive corrosion information has also been developed on a variety of structural alloys that were
coated with reagent grade CaSQ, and/or CaSO,-CaO mixtures (which make up the spent bed material in
FBC systems); however, il is conceivable that in certain locations within the bed, such as coal feedport
repions and sections of bed not contacted by combustion air due to fouling/deposit formation, the local
gas chemistry may lead to deposits that may contain CaS and/or CaO-Ca$S mixture.” To examme the
eflect ol such changes in deposit chemistry on corrosion of heat-exchanger maierials, tests have been
conducted at 840°C with Incoloy 800 and Type 310 stainless sieel that were coated with CaO/CaS,
CaS/CaS0y, CaO/CaSQy, and CaO/CaSfCaSO, mixtures. Further, 3000-h laboratory corrosion tests were
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conducted with several candidate heat-exchanger materials in the presence of reagent grade CaSO, with
gas chemistries that simulate the highest sulfur pressure and lowest oxygen pressure (in the vicinity of the
Ca0-CaS-CaS0, triple point of the phasc stability diagram). In addition, spent-bed materials from two
large FBC fucilities, the TVA-20MW pilot plant in Paducah, KY, and the IEA/Grimethorpe PEBC [acility
in the UK, were used as deposits in laboratory corrosion experiments to evaluate the roles of deposit
chemistry and gas chemistry in the corrosion performance of structural alloys.”

The results trom these studies have clearly cstablished that the presence of CaSO, deposit alone
can lead to intergranular sulfidation of high-chromium alloys, even though the extemnal scales are
predominantly oxides. The resuits aiso showed that low oxygen pressure in the exposure environment can
increase the corrosion of bare alloys, as well as those coated with CaSO, and CaO, at temperatures above
600°C. The gas cycling (oxidizing/sulfidizing) experiment showed that sulfidation can be triggered even
in Type 310 stainless steel with a cycle time of 100 h; no sulfidation was noted with a 10-h cycle time.
Because the fraction of time spent under low pO, conditions was the same in both 100- and 10-h cycle
time tests, it was concluded that a sustained exposure (>10 h) to a low pO, atmosphere is required for
initiation of sulfidation attack of the material. Furthermore, variations in relative time periods for high
and low pO, during an exposure cycle had almost no effect on the corrosion of alloys coated with either
CaS0, or Ca0, if the virgin specimens were exposed 10 a high pO, (similar to flue-gas oxygen pressure)
atmosphere at the start of the first cycle.

Generally, acceptable lifctimes for high-Cr alloys exposed to these environments are determined by
the magnitude of the depth of intemal sulfidation, which is largely determined by the alloy chemistry,
temperature, and SO, content of the gas phase.>” The alumina-forming alloys, in general, are much more
resistant to corrosion in these environments, but their scales are susceptible Lo spallation. When this
occurs, the exposed alloy surface is depleted in aluminum; as a result, reformation of protective oxide
scale is impeded, and accelerated sulfidation of the base metal ensues.

X. CORROSION TEST RESULTS

Several alloy specimens that were exposed in the uncooled condition in the Rocketdyne AFBC by
ANL, B&W, and FW were analyzed at ANL. These specimens were obtained from the probes BMUED
(uncooled probe from ANL); BBTED, BBTEB, BBTWB (uncooled probes from B&W); BBTEC
(uncooled probe from FW), and BBTEA (cooled probe from FW). The specimens in the uncooled probes
were in flat or coupon form. All the samples in the B&W and FW probes were cut sections of rings and
were welded at an angle onto a support rod. The samples obtained from FW included those at 3, 6, 9, and
12 o’clock positions. In the ANL probe, the weldment specimens were welded at an angle (similar to
B&W and FW specimens) onto the suppon rod, while the base-metal spccimens were welded so that onc
side completely contacted the support rod. Figures X-1 through -4 show schematics of probe orientations
and specimen surfaces from different probes analyzed at ANL. Table X-1 lists the chemical composition
ol alloys, weldments, and claddings that were tested in the present program. In addition, some of the
specimens were chromized or aluminized prior 10 exposure in the AFBC facility.

The specimens exposed in ANL and B&W probes were analyzed on both outside (bed side) and
inside (support-rod side) surfaces. Since the specimens were welded at an angic to the support rod (sce
Figs. X-1 and -2), the inside surfaces were exposed 10 a deposit of bed material which collected between
the specimen and the support rod. The outside surfaces were exposed to moving-bed particles in the
dynamic bed environment and exhibited very litile, if any, deposit material on them, In the specimens in
the FW probe, the 12 o'clock position (identified as location "A") probably simulates a region with bed
deposit.
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Table X-1. Chemical Composition (wt%) of Alloys Exposed in Rocketdyne AFBC

Material C Cr Ni Mn Si S Mo Al Fe Other

34 0.08 18.3 8.10 1.5 0.27 0.018 0.27 --- Bal.? -

800 0.08 201 31.7 1.0 0.24 0.006 0.30 0.39 Bal. Ti 0.31,Cu 0.78
330 0.05 18.6 35.1 1.2 0.92 0.006 0.18 --- Bal. Nb 0.12

310 0.07 25.0 18.7 1.2 0.64 0.006 Bal.

347 0.06 18.9 10.8 1.5 0.58 0.014 - - Bal. Nb + Ta 0.57
333 0.06 250 46,2 1.6 0.88 0.002 3.34 Bal. W3l1,Cu Q.16
188 0.08 234 233 0.7 0.40 0.60 0.22 1.40 Co35.7,W 146
556 0.10 22,0 20,0 1.5 04 --- 3.00 ——- Bal. Co20, W25
253MA 0.10 26.7 109 0.3 1.80 Bal. Ce 0.03

HK40 0.40 28.0 200 2.0 2.00 0.50 Bal. Cu.5

HH 0.32 24.6 11.8 0.4 1.99 0.017 0.19 -—- Bal. ---

HP 50 0.45 24.3 340 0.7 1.73 0.008 0.14 Bal.

XM 19 0.02 21.2 12.5 5.1 0.39 0.004 2.22 -- Bal. Nb0.2,V 0.2
Sanicro 33 0.07 221 303 4.5 0.13 0.003 --- --- Bal. Nb 0.9, Ce 0.08
8XX - 202 325 3 Bal. -

Fw 4C 0.05 19.5 20.0 4.9 2.60 - - 1.40 Bal. ———

HR 3C 0.06 24.8 20 1.2 0.40 - - - Bal. Nb{048,N 0.25
Ess 1250 .11 154 10.0 80 0.59 0.014 0.90 - Bal. Nb (.26, V 0.94
30 CrA 0.06 292 499 0.2 0.29 0.001 1.89 Bal. Ti 0.17

HR2M 0.02 220 14.0 3.0 ——— -—- 1.5 - Bal. Nb (.19

HkowW 0.07 228 41.9 1.1 0.18 0.002 - —— Bal. Nb0.17, W 547
25/20/3Zr 0.02 243 19.8 0.1 - --- --- - Bal. Zr3.14
25/20/3Nb 0.02 24.0 20.0 0.1 0.3 Bal. Nb 3.28

Nicro 82° 0.0Z 18.7 Bal. 3.9 0.30 0.003 0.68 0.30 2.74 Nb/Ta2 .0, Ti0.1
21/33° 0.19 222 332 1.6 0.35 0.004 - -—- Bal. Nb/Ta 2.49
25/35° 0.41 25.4 34.8 1.9 0.91 0.006 0.3 Bal, N0.08

25/35RP 0.42 263 353 1.8 1.06 0.05 - --- Bal. Nb 1.35

30/50° 0.51 28.8 47.6 2.2 1.56 0.009 Bal. W 461
50/50Nb® 0.06 50.0 480 1.0 0.60 0.015 0.80 Nb 1.7

*Bal. = balance.

PFilier metal in weldments.

It
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A, ANL Probe Specimen

The base-metal specimens in the ANL probe were exposed in the FBC environment for 1980 h.
Two sets of specimens were cxposed: onc set facing the distributor plate and the other facing the wop of
the bed. Since the base-metal specimens in the ANL probe were welded in contact with the support rod,
only the outside surfaces of these specimens were analyzed. In the case of weldment specimens, thic top
sel of specimens was removed after 1000-h exposure, and a new sel of specimens was welded onto the
support rod and exposed for the last 980 h. The bottom set of weldment specimens was exposed 10 the
bed environment for the entire 1930 h, Both the inside (support-rod side) and outside surfaces of
weldment specimens were analyzed.

1. Filler Materials

Chromium provides superior corrosion resistance 10 materials used in high-temperature,
multi-oxidant environments, such as coal gasification and fluidized-bed combustors.®? Because of their
high chromium content, several commercial filler matcrials, including Marathon specialty alloys and
other cobalt- and iron-base alloys, were selected for evaluation in the AFBC cnvironment. The results of
the post-cxposure analyses were used to quantify the relationship between alloy composition and
corrosion performance. The detailed microstructural information is presented in Appendix B for three
sets of specimens exposed for the first 100 h, 1ast 980 h, and the entire 1980 n.

a, Marathon 21/33

Marathon 21/33, containing 22.2 wit% Cr and 33 wi% Ni, exhibited good corrosion
performance in the FBC cnvironment. The specimens developed a predominantly Cr,04 scale that was 2
to 10 gm in thickness. The oxide layer was continuous and unifortn, A few intemnal precipitates,
primarily MnS, NbS, and Cr, S/Cr,0;, were observed in the substrate. The depth of internal
oxidation/sulfidation was limited to 70 gm for the surface. The specimen surface was covercd with a
~2-3 um layer of bed-deposit maierial.

b. Marathon 25/35

Marathon 25/35, containing 25 wi% Cr and 35 wi% Ni, exhibited a uniform layer of
Cr,0, scale, and the extent of internal attack was blocked largely by the oxide scale. Localized
penetration of oxygen and sulfur was observed extending ~40 ym into the substrate. Large discrete
particles of Si0, formed along the oxide/substratc interface. In addition, a SiO, phase was present along
the intemal Cr, 0, phase in the substraie alloy. A few MnS particles, 1-gm dia, were identified ~50 gm
from the surface. Very linte CaSO, deposit was observed on both the inside and outside surfaces of the
specimens.

C. Marathon 25/35R

Marathon 25/35R, containing 1.35 wi% Nb and 35 wi% Ni, is a Nb-modificd version
of Marathon 25/35. The corrosion performance of this alloy is rated among the best of all the filler
matcrials exposed in the ETEC facility. The weldment surface was covered with a continuous 3-5 ym
thick Cr,0; film ihat blocked further penetration of oxygen or sulfur into the substrate material. Internal
oxidation of chromium in the substraie was not obscrved. Scveral isolated MnS particles were scattered
in the substrate matrix, but taese were inclusions in the weldment and had not developed during exposure
1o FBC atmosphere.
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d. Marathon 30/50

Marathon 30/50, containing 20 wi% Cr and 48 wi% Ni, expenenced localized internal
oxidation and sulfidation. The samples were covered with a 5-pm CaSO, deposit. A layer of Cr,0,
(without any Fe) scales 5-10 ym thick formed between the sulfute deposit and the substrate alloy. As in
Marathon 25/35, massive amounts of 8i0, were observed beneath the Cr, 0,4 layer and along grain
boundarics in the substrate. Afier 1000 h of exposure, the $i0, phase formed a near-continuous film
between the Cr,0; and the subsirate. The grain boundaries provided fast diffusion paths for oxygen to
form additional SiQ, farther into the substrate material. Scattered Cr,O4 phasc and MnS particles of
submicron size forn.ed in the substrate.

c. Marathon 50/50Nb

Marathon 50/50Nb, which contuains 50 wt% Cr, 48 wt% Ni, and 1.75 wt% Nb,
developed external scales that comprised a mixture of oxides and sulfides containing iren, calcium, and
chromium. A continuous, 10-um thick layer of Cr,0, scale formed betwcen the cxtemal scale and the
substrate. Intemal penetration by oxidation and sulfidation of chromium exceeded 150-gm deep. X-ray
analysis indicated that Cr,04 and Cr,S were the primary corrosion products.

f. Nicro 82

Nicro 82 is a nickel-base filler metal containing 15.7 wi% Cr. The surface of the
weldment was covered with a thick layer of CaSO,. The 5-10 gm thick layer of oxide scales blocked
most of the intemal penetration of oxygen and suifur that occurred in other filler materials. This oxide
layer consisted of predominanily Cr,0, phase. A large amount of MnO was also detected in this layer.
The high nickel content (72 wi%) did not impair the corrosion resistance of Nicro 82, as it did in other
high-Ni alloys such a: Marathon 30/50 and Marathor: 50/50Nb. However, some localized breakdown of
the scale resulted in in‘ernal oxidation of the alloy. Scme of the intemnal attacks were clearly associated
with CaSO, deposition. Depth of penetration of internal attack ranged between 20 and 70 gm.

£ Haynes 188 Filler Metal

Cobalt-based Hauyncs 188 expericuced linde corrosion in the FBC atmosphere. A thin
layer of Cr,04 scale formed on the sample surface. Internal sulfidation, primarily Cr, S, occurred within
50 pm of the surface. Sulfide phases were observed along the grain boundary at ~25-70 gm from the
surface. A few SiO, particles were obscrved along the Cr,O,/alloy interface.

h, RA 333 Filler Melal

The RA 333 weld specimen, containing 25 wt% Cr and 46 wt% Ni, exhibited a
deposit layer of CaSQ, alter exposure in FBC environment, The surface scale on the alloy comprised a
mixture of iron oxide and calcium oxide. Below this layer was a layer of Cr,05, about 5-10 pm thick.
Finaily, along the interface between the Cr,04 and the substrate ailoy, scattered SiO, particles were
identified. Both Cr,O4 and SiO, extended farther into the substrate along grain boundarics, Cr,S was
observed in the substrate matrix in the form of scaticred particles of submicron size. The filler metal was
highty susceptibk: 10 accelerated corrosion in the presence of bed material.

Figure X-5 shows the filler metal penetration data obtained from the weldment
specimens exposed for different times in ANL probe BMUEB. The data clearly show that a number of
filler metals with acceptable corrosion rates in the range of 0.1 10 0.2 mm/yr can be selected {rom the
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tested materials. The results also show that the filler metal selected for application in FBC atmosphere
should be impervious 1o not only the gas aimosphere but also the bed-deposilt maierial. On that basis,
filler metals 25-35R, 25-35, and 188 alloys are the most desirable.
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Fig. X-5. Filler Metal Penetration Data from ANL Probe BMUEB

2. Basc Metal Alloys

The base metal specimens in the ANL probe were all exposed for 1980 h. Detailed
miscrostructural o -alvation ol various base-metal atloys was conducied, and the SEM photographs of the
cross sections of differeat alloys are given in Appendix B. The specimens on the top of the support rod
(identified as "Top Specimens”) would have had some accumulation of bed maiterial on them, while thosc
on the bottom of the support rod would have been exposed 10 particle/gas impingement and essentially
would have had no accumulation of bed material. Figure X-6 shows the alloy penetration data for all the
base-metal specimens exposed in ANL probe BMUEB. The penetration rates for the alloys ranged
between 10 and 160 pm (which translates to 0.02 - 0.34 mm/yr, based on parabolic kinetics) after 1980-h
cxposure. Alloys such as Type 310 stainless steel, HS 188, and HR 3C exhibited better corrosion
resistance than the others. The intemal penctration in most of these alloys was predominantly duc to
oxidation attack, and virtually no sulfur was detected.
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B. B& W Probe Specimens

The specimens exposed in the uncooled probes of B&W were flal. The probes identified as
BBTED, BBTEB, and BBTWB were exposed for 500, 1000, and 1980 h at diflerent locations in the
combustor (sce Figs. VIII-2 and -3). Cross sections of specimens from these probes were examined using
SEM cquipped with an energy dispersive X-ray analyzer and an electron microprobe. The purpose of
these analyses was 1o identify the morphological features of corrosion product phases in the scale layers
and 10 determine the thickness of scales and depths of intergranular penetration, if any, of the substrate
material. The specimens obtained by ANL were exposed at the 9 o'clock position on the B&W probes.
Four different surfaces (see Fig. X-2), namely, outside (bed side), inside (support-rod side), leading edge,
and trailing cdge, were examined on the specimens exposed for 500 and 1000 h. The leading-edge
surface was exposed to the coal/air-flow direction while the trailing cdge was exposed by the flow. Only
the inside and outside surfaces of the specimens were analyzed for the BBTWB probe exposed for 1980 h.
Detailed miscrostructural evalaation of various specimens from the three B& W probes is given in
Appendices C, DB, and E.

Figures X-7 10 -9 show the penetration depth data for dilferent surfaces on alloys exposed in B&W
probes for 500, 1000, and 1980 h. In general, the data show that the penetration was much less on the
outer surfaces of the alloy specimens when compared with those on the inside surfaces, which were
exposed to deposits of bed materiat. This is cspecially true for the specimens exposed for 1980 h. The
penetration on the outer surfaces for all the alloys was in a range of 3-110 ym. The penetration depths for
the Ieading- and trailing-cdge surfaces were essentially in the same range. On the other hand, penetrations
on the inside surfaces of all the specimens (except Types 304 and 310 stainless steel) ranged between 630
and 3000 pm (which translates o 1.3 and 6.3 mm/yr, based on parabolic kinctics). The inside surfaces of
stainless steels exhibited a maximum of 90 pm (equivalent to 0.02 mm/yr).
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Figures X-10 10 -12 show the effect of exposure time in the range of 500 to 1980 h on the alloy
penctration depth for the outside, inside, leading edge, and trailing edge, respectively. The data for the
outside, leading-, and trailing-edge surfaces do not show any trend with an increase in expcsure time;
however, the penetration depths for these surfaces are fairly small, and any variation in the penetration
data with exposure time can be considered to be within the scatter of the data. Further, the lack of trend
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may also be due to the fact that the probes were exposed in different locaiions within the combustor, and
the local chernistry around the probes/specimens could have been different. Also, during the second
500 h of the run, the combustor environment was maintained in a much more reducing condition (due to
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pressure tap maltunction), which also would have contribuied to the lack of trend in the data. On the
other hand, the effect of exposure time on the penetration of inside (in contact with bed-deposit material)
surfaces of alloy specimens is dramatic and exemplifies the susceptibility of several alloys to deposit-
induced corrosion. Most of the high-Cr alloys (except Types 304 and 310 stainless steel and 8XX)
cxhibited penctrations in the range of 700 to 1000 um (1.5 o 2.0 mm/yr, based on parabolic kinetics)
after 1$80-h exposure. The alloys such as HP 50 and S~nicro 33 exhibited catastrophic corrosion after
1980-h exposure.

C. FW Uncooled Probe Specimens

The specimens obtained from FW were exposed for 1980 h in the uncooled probe BBTEC. These
specimens were exposed in the combustor at the same elevation (distance from the air distributor plate) as
the specimens in the B& W probes BBTED, BBTEB, and BBTWB. The specimens were in the form of
cut sections of rings and were auached to the support rod at 12, 3, 6, and 9 o’clock positions (identified as
locations A, B, C, and D in Fig. X-3). The specimens in location C in the underside of the bed are
exposed to cnvironments similar to outside surfaces of specimens in B&W probe BBTWB and the bottom
row of specimens in ANL probe BMUEB. Microstructural details on various specimens in the FW probe
are presented in Appendix F.

Figure X-13 shows the penctration depth data for alloys and coatings exposcd in the FW probe
BBTEC for 1980 h. The results indicaie that the coated specimens exhibited less corrosion resistance
than the corresponding base metals. The penetration in all of the samples was dominated by oxidation
and very liule, if any, suliur was detected. Figure X-14 shows a comparison of data for alloys (exposed
under similar conditions) common to the probes exposed by the three organizations. The penetration rates
for the alloys ranged between 5 and 10 gm (0.01- and 0.21-mm/yr, based on parabolic kinetics) after
1980-h exposure to the FBC environment. Figure X-15 shows a comparison of penetration data for
common alloys exposed in location A of FW probe and the top row of specimens in the ANL probe.
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The specimens obtained from B&W probes were exposed in the 9 o’clock position, and data from thesc
could not be included in this comparison. The similarity of penetration depths in Fig. X-15 indicates that
the probe exposure elevation {18.3 in. (46.5 cm) for FW probe vs. 50.7 in. (129 cm) for ANL probe] had
negligible effect on the corrosion process.

D. FW Cooled Probe Specimens

Specimens from one FW cooled probe, identified as BBTEA, were analyzed. The exposure
temperatures ranged between 774 and 843°C (1425 and 1550°F) for the specimens in this probe. The
specimens were exposed for 1980 h at an clevation of 18.3 in. (46.5 cm) from the air distributor plate (sec
Fig. X-17). Among the spccimens, the uncoated specimens were exposed at the lower end of the
temperature range, while the coated specimens experienced higher temperatures. The clad and weldment
specimens were exposed in the middle of the temperature range.  Details on the microstructural analyses
of these specimens are presented in Appendix G. Figure X-16 shows the alloy perctration depth data for
the alloys, claddings, coatings, and weldments exposed in BBTEA probe. The higher penetration depth
for some of the chromized and aluminized specimens is due to internal penetration of coating layer,
primarily via oxidation mode, and no sulfur being present. The data also show that a number of alloys,
claddings, and wcldments performed with adequate corrosion resistance for 1980 h.
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XI. COMPARISON WITH EARLIER TEST DATA

Recently, a faboratory test program was conducted (o evaluate the corrosion behavior of several
metallic alloys, coatings, ¢laddings, and weldments in support of the atmospheric fluidized-bed air heater
experiment.? The program involved six tests, five of which were conducted at a metal temperature of
871°C (1600°F), while the last one was performed at a metal temperature of 635°C (1175°F). Three of
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the 1ests were conducted under simulated bubbling-bed conditions, while in others circulating fluid-bed
conditions were maintained. Rcagent grade CaSO, and ash from a circulating fluid-bed system were used
as the deposit materials to simulate the bubbling- and circulating-fluid beds, respectively, in the laboratory
test program.

Two of the bubbling-bcd simulation tests were of 3000-h (Test A2) and 2000-h (Test C) durations,
and the data from these tests are relevant for comparison with in-bed test data. In Test A2, the specimens
were exposed in a sustained manner for 3000 h at a temperature of 871°C in a low-pO, eavironment,
simulating the worst possible combustion environment anticipated in FBC systems. The oxygen and
sulfur partial pressures during the exposure were maintained at 3 x 1012 and ~107 atm, respectively, at a
gas temperature of 900°C. The gas environment in Test C was cycled between a high-pO, mixture (pO,
~1073 atm) and a low-pQO, mixture (pO, ~3 x 10"** atm) every 100 h. The pS, values corresponding o the
high- and low-pO, gas mixtures were ~1028 and 107 am, respectively.

Figure XI-1 shows the corrosion rates calculated for several candidate alloys exposed in Tests A2
and C, as well as in the ETEC AFBC tests. The data included in this figure incorporate information
developed at ANL from all the specimens (from ANL, B&W, and FW probes) analyzed. The ETEC tcst
data in this figure are differentiated as 10 whether or not the specimens were covered with the bed
material. The data show that some of the alloys (such as 800H, HK 40, HS 188, and HS 556) arc
susceptible 10 catastrophic corrosion when subjected to a sustained low-pO, and relatively high-pS,
environment (dictated by the boundary between CaQO and CaSO, phases). The next worst environment
from the materials corrosion point of view is one in which bed deposit material is present. Of the alloys
cxposed to a bed deposit in the ETEC exposure, HP 50 and Sanicro 33 exhibited 4- to 6-mm/yr corrosion,
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while 253 MA, HS 556, HS 188, XM 19, and HK 40 cxhibited ~2 mm/yr corrosion rate. It should be
noted that FBC systems will probably not experience a sustained low-pO, atmosphere for thousands of
hours; the materials corrosion data obtained in Test A2 may be overly pessimistic, and selection of
matcrials based on this test data will be highly conservative.

Figure XI-2 shows the results plotted without the data from Test A2. The gas-cycling data showed
that the alloys, in general, can tolerate the oxidizing/reducing environments as long as the alloys are
cxposed to oxidizing condition in the startup cycle. Only Alloy HS 188 exhibited high corrosion, which
manifested as internal oxidation of the alloy. The results also show that a number of structural alloys
(such as Types 304 and 310 stainless steel, HR 3C, FW 4C, 8XX, and 330) and some of the chromized
coatings performed well under all the environmental conditions used in different tests. The corrosion
rates for these materials were in the range of 0.25 to 0.4 mm/yr {0.25 to 4 mm/yr) for temperatures in the
range of 775 1o 871°C (1425 to 1600°F). In the case of air tubes with 5 10 6 mm wall thickness, the above
corrosion rates will lead to a thickness loss ol 0.8 to 1.25 mm after 10 years of scrvice in the FBC
cnvironment. Since abnormat conditions (e.g., the low-pO, condition during the second 500 h of the
present west at ETEC) are anticipated during the operation of an FBC system, the material selected for the
air lubes should possess adequate corrosion resistance, even under the perceived abnormal conditions.
Another aspect of importance in materials selection, which this report does not address, is the adequacy of
mechanical properties of materials at elevated temperatures. However, bascd on this study, corrosion
resistant materials can be appliced as a cladding onto structurally acceptable alloy (e.g., Type 310 stainless
steek clad on Type 304 stainless steel, Alloy 800, or HR 3C) to achieve adequate corrosion resistance and
other mechanical properties for the air-heater tubes.
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XII. CONCLUSIONS

Detailed microstructural analyses were conducied at ANL on specimens exposed in uncooled and
cooled probes by ANL, B&W, and FW during the A" AHE. In addition, information was developed on
penetration depths for several of the materials as a lunction of specimen oricntation, exposure locaiion in
the combustor, and time of exposure. These results, logether with those reported earlier from a laboratory
test program in support of ACAHE, arc used to determine the role of key variables that contribute 10
accelerated corrosion of raaterials and assess the long-lime performance of candidate materials for air-
heater applications. Based on the information, a number of conclusions can be drawn:

1.

Austenitic stainless steels such as Types 304, 310, and 330 and alloys such as HR 3C,

FW 4C, and 8XX exhibited low depths of penetration after exposure in the AFBC facility, as
well as a laboratory test under gas-cycling conditions and a more severe laboraiory test
under low-pQ, conditions.

Alloys such as HS 188, HS556, HK 40, and 800H exhibited catastrophic corrosion in the
presence of sustained low-pO, condition and deposit material, based on a 3000-h laboratory
test. Even though the st is more severe than what the maierials will be subjected to in a
typical well-run FBC system, the data nevertticless suggest the susceptibility of iese
materials to accelerated corrosion.

Alloys such as HH, HP 50, 253 MA, XM 19, Sanicro 33, 1S 556, and HS 188 were found
susceplible 10 unacceptable corrosion when in contact with the bed material.

Among the weldments, filler metals 25-35R, 21-33, and 308 exhibiled superior corrosion
resistance. Filler melals Nicro 82, 188, and 25-35 showed acceptable corrosion resistance,

Among the coated specimens analyzcd at ANL, the performance of aluminized coatings was
poor. In general, this is more due to difficulty in the development of crack-free coating than
to exposure in the FBC environment. However, the cracked regions, if present inidally,
exhibited accelerated oxidaton and the coating integrity declined.

Among the cladding alloys, Type 310 stainless steel on Type 304 stainless sicel or Alloy
800H cxhibited superior performance.

The results obtained from an analysis of the specimens in the uncooled probes indicate that
the presence of bed-material deposit on the specimen surfaces leads to significant,
sometimes calastrophic, corrosion of materials at a temperature of ~845°C, On the other
hand, the same alloys e¢xhibit acceptable corrosion raies, in the range 0of 0.05 to 0.25 mm/yr
(extrapolated from the 1980 h data bascd on parabolic kinetics), when tiie surfaces are
devoid of bed-material deposits. In this regard, component matcriai surfaces exposed to a
corrosive-erosive environment perform superior 10 those exposed (o a corrosive environment
alone. The acceprable pesformance of even Alloy 800 (an alloy that has been shown to
undergo substantial corrosion afler exposures in other FBC facilitics) indicates that the
combustion atmosphere in the present test was much more benign than in the other systems,
and that the operating conditions/procedures, il duplicated in a commercial system, can
result in enhanced reliability of the larger system.

The corrosion rates for several materials tested in this program were in the range of 0.25 10
0.4 mm/yr (10 to 16 mils/yr) for temperatures in the range of 775 10 871°C (1425 to
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1600°F). In the casc of air tubes with 5 to 6 mm wall thickness, the above corrosion rates
will lead o a thickness loss of 0.8 to 1.25 mm after 10 years of service in the FBC
environment, even with a period of abnormal conditions, as experienced in this test.
Another aspect of importance in materials selection, which this report does not address, is
the adequacy of mechanical properties of materials at elevated temperatures. However,
based on this study, corrosion resistant materials can be applicd as a cladding onto
structurally acceptable alloys (¢.g., Type 310 stainless steel clad on Type 304 stainiess steel,
Alloy 800, or HR 3C) 10 achieve adequate corrosion resistance and mechanical propertics
for the air-heater tubes.
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APPENDIX A.

SAMPLE DATA PACKAGE



From: 7/31/89 at 0: ©
To 1+ &8/ 1/8% at 0: ©
Avg. of 288 Samples

Tag Ho. SEQ# Description

AFBC

Test Facility

Performance Printout

252-TP-0001%,

Yalue Units

TEST A—-10

Tag Ho. SEQ# Description

Page 1§ of 3
Time 0: 7137
Date d/ 1/8%

Value Units

Fluidized &ed:

CFBTOY 405

FBP12 270
CFBYOI 407
CFBHO1 406
CSC 454
Solid Feed:

CCFF92T 411
LSwo2 5

CARF 03 427

Avg. Bed Temp.
Freeboard Press,
Superficial WYel.
Bed Height
Sulfur Capture

Total Ceoal Flow
Total Limestone Flow
Ash Recycle Flow

Combustion Air:

CAPD4 25¢
CATO06 71
ARTD2 &6

CARF 02 434
CCFFO1T 428
CLSF 02 433
CCAFO! 410
CECRFOIT 409

Windbox Press.,

Windbox Temp,

Ash Recycle Temp.

Ash Recycle Air Flow
Coal Feed Air Flow
Limestone Feed Air Flow
Combustion Air Flow
Total Air Flow

1598. F
~-,6 in H20
3.1 fps
100, in
92.5 Z
1185, 1b/hr
334, lb/hr

1742.6 1lb/hr

.88, in H20

370, F

2?5. F

866. lb/hr
2098, lb/hr

261. 1lb/hr
8855. 1b/hr
12289, lb/hr

Working Fluid

CWFF1t1 417
CWFF21 413
WFTIS 220

WFT2S 22?7
BFT14 219
WFT24 226
WFP14 Sz
WKFF24 857
Flue Cast

CFGF 0! 412
FGT 01 83
COonB 10
co 7
coz 8
502 14
HOx (R
023 13
coze 408

CCACOIT 419
C-02+502 470
UK-FLUE 15

Heat Balance

CUIH 444
CCOMBEFF 441

Air Flow - East

Rir Flouw - West

East Bed Bbank Temp. Out
West Bad Bank Temp. Out
East EBed Bank Temp. In

West Bed Pank Temp. In

East Bed Bank Press. In
West Bed Bank Fress. In

Total Flue Gas Flow

Flue Gas Temp,

Comb, Flue Gas Analysis
CO Flue Gas Analysis

cu2 Flue Gas Analysis
502 Flue Gas Analysis
NOx Flue Gas Analyceis

02 Flue GCas Analysis
Flue Las Excess Air

Tot. CTomb Air/Coal Ratio
Oxygen + CO2

Soot Blow, Flue Gas Cal.

Heat Input
Heat Bal. Comb. Eff,

{5840, lb/hr
15138, 1b/hr
1498, F
1497, F
.823, F
806, F
38, Psig
38, Psig
132535, lb/hr
702, F
N - 4
67. PPM
13.1 %
f86. PPH
zi14. PPM
4. %
35.7
10.4
t7.2 %
66 MY

3455, Btu/sec
84,7 ¥

8¢



From:
To H 8/

7731789 at 0
1789 at 0

Avg. of z88 Samples

T/C Location

2=~inch
13-inch
2d—-inch
34—-inch
Coonlant

2=inch
13-inch
24-inch
34-inch
Coolant

2-inch
13-inch
2494-inch
3d4-inch
Coolant

CTip)

{Wall>
Out

tTip

t{Wally
Jut

(Tip)

(Wall>
Out

0:
0:

0
0

BMLED

9953,
1129,
926 .
9759,
V42,

BMUWD

e o e o e
i224.
4325,
-133,
677,

AFBC

Test Facility

Cooled Probe Temperature Profiles

BBTEE

252-TP-0001,

BBTUWA

1531,
1480,
1413,
1232,

7940,

BHLWB

1075.
612,
243,
726 .
640.

BMLWC

BTPUWE

100€.,
614,
7253.
1065,
763,

BTPSR

3571,
1432,
1027.
=496,

773,

TEST A-10

BBTUWE BMLEC

BHUUB

CBTuwR

1291,
1215.,
9999,
ol e N

579,

6%



AFEBC Test Facility

From: 7/31+/8% at 0: 0: 0 Fluidized Bed Tamperature Profile Page
To : 8/ 1/89 at 0: 0: O 252-TP=-0001, TEST A-{0 Time
Avyg. of 283 3amplas Cate

Tuba Bundle:

T/C Location Flaten 2 Platen 4 Platen S Platen ¢ Platen @ Platen 10 Platen |1 Platen 12

Qutle 1454, 1427, 1468, 1469. 1437, 1467 .

Platen 14 Platen !6 Platen (7 Platen 16 Platen 20 Platen 2! Platen 22 Platen 24

Qutlet 1467 . 1497, 1492, 1462, 1309, 1466.
Mulidized Bed: Working Fluid:
T/C Elev, Bed Temp. T/C Location, Alr Teap
S5.?-inch 1575, Bed Bank Outlat-E 1498.
27.7=inch 1602, Bed Bank Qutlet-V 1497,
51,7=-inch 1597, Bed Danlkk Inlet-E 823.
75 .4=inch 13547, Bed Bank Inlet-U a0e6.
103.1~-inch 1544,

229.3-1nch 1469,

1 of ¢
0;: 8: 9
as 17569



Test Facility ahea

rrom: 7o31,3% at 0 0 O Statistical Printout Only Page 1
T 87 1789 at 0 0: 0 PERFORMAHCE FPRINTOUT Time Vil6:26
Avg. of 2135 Sanples Oate 8/ /99
SEA# Tag Ho. Dezcription Units Mean 3td. Dev Minimum HMaximum
406 CFBHO FLUIDIZED BED HEIGHY IHCHES 1060.00 13.57 73.06 141,15
413 CCAcot IN-BED COMB AIR TO COAL RATIO RATIO 10,15 .10 2.86 1o, 47
470 C—02+C02 OXYLEN PLUS CARBON DIOXIDE PERCENRT 17.16 1,52 .02 20,54
83 FGTOI FLUE GAS 3Y¥5TEM-CYCLONE IHLET TEMP BES F V02,28 10,08 €80.22 723,05
84 F5TOZ FLUE GuE SYSTEM~C'YCLONE OUTLET TEMP DES F 699.92 .19 66%. 05 707 .65
274 FGPOI FLUJE GAS SYSTEM-CYCLOHME INLET PRESSURE IN U.G, -.96 . 73 -3.02 1,60
275 FGPoz FLUE GAS SYSTEM-CYCLOME OUTLET PRESSURE IH W.G. -3.26 .20 -3.82 -2.53
35 FGTO3 FLUE GRS SY¥STEM-HIR HEATER OUTLET TEMP DES F 396.81 S.00 331.53 410.20
27s FGPO3 FLUE GAS SYSTEM~AIR HEATER OUTLET PR IN U.G. -5.94 1,23 -7.66 =-3.34
69 CATO3 COMEB AIR-AIR HEATER OUTLET TEMPERATURE DEG F 601.352 8.00 583.59 619.03
248 CaPO2 COMB ATR-AIR HEATER IN PRESSURE IH W.G. 1.43 .43 -.20 2.62
243 CHPU3 COMB AIR-AIN HEATER 0OUT PRESSURE IH W.G. 20.99 1.65 36.74 95,98
68 CATO1 COME AIR-YENTURI U/S TEMPERATURE DEG F 177.92 3.74 1€9.6¢& 1835.19
246 CADO1 COMB AIR-VEHNTURI DELTA PRESSURE IN W.G. 4,82 24 4.17 5.45
247 CaPM COME AIR-¥EHTURI U/S5 PRESSURE IN W.G. 89.36 1.44 85,384 93. 00
49 UFD11 AIR WORKING FLUID-ORIFICE OELTA PR EAST IN W.G, V6.23 3.10 64.23 79.80
S50 WFD21 AIR WORKING FLUID-ORIFICE DELTA PR WEST IN W.G. 63.37 3.83 S7.91 v4.42
313 WFPI11 AIK WORKING FLUID-GRIFICE U/% PR EAST PSIG 271.28 1.03 263.69 273.4%5
54 WFP21 AIR WORKING FLUID ORIFICE U/3 PR UWEST PSIG 270.91 1.07 263.30 273.5¢6
251 CFP12 COAL SYSTEM-EDUCTOR UP-STREAM PRESS #1 PSIG 29.77 0,00 29.77 e9.77
253 CFP22 COAL SYSTEM=EDUCTOR UP-STREAM PRESS #2 PSIG 36.44 0.00 36.44 36,494
257 CFP32 coal 3SYSTEM-EDUCTOR UP-3TREAM PRESS #3 P31G 23.59 0,00 29,59 29,53
259 CFP42 COAL SYSTEM-EDUCTOR UP-STREAM PRESS #4 PSIG, 31.17 .08 31.17 31.17
2432 ARPOZ ASH RECYCLE SYSTEM-INJECTION PRESSURE PSIG 62.63 .32 6t.30 63.52
51 WFP12 AIR WORKING FLUID-CONY BAHK IN PR EAST PSIG 43.10 1.06 39.26 44.75
79 WFPI3 AIR WORKING FLULID CONV BAHK OUT PR ERST PSIG 39.35 1.12 36.26 41,74
217 WFT12 AIR WORKING FLUID-COHY BAHK IH TEMP EAST DEG F 364.56 1.53 360.385 363,95
213 WFT13 AIR WORKING FLUID-CONY BHK OUT TEMP EAST DES F 842.11 6.62 ade.61 860.73
53 WFpP22 AIR WORKING FLUID~-COHY BANK IN PR WEST PSIG 40.27 }.38 35.55 42,11
56 WFP23 AR WORKIHG FLUID-CONY BAMK OUT PR WEST P3IG 36.79 t.30 32.62 33,59
222 WF122 AIR WORKING FLUID=-TONY BANK 1IN TEMP WESRT DEG F 362.33 2.30 356.35 367.15
e25 WFTZ3 AIR WORKING FLUID-CONY BHK OUT TEMP WEST DES F 830.03 3.43 809.95 853.17
406 CFBHO1 FLUIDIZED BED HEIGHT INCHES 100.00 13.57 ?3.06 141,15
413 CCnCOY IN-BED COMB HRIR TO CODAL RATIG RaTIO 10.15 .10 3.96 10.47
470 C-02+002 UKXYGEM PLUS CARBON DIOQXIDE PERCENT 17.16 1.52 02 20.68
83 FGT0o1 FLUE GAS SYSTEM-CYCLONE INLET TEMP DEG F v02.23 10,08 £80.22 723,05
34 FGTO2 FLUE GaAaS SYSTEM-CYCLOHE OUTLET TEMP DES F 533,92 9.18 663,05 707,65
274 FGPO1 FLUE GAS 3YSTEM-CYCLOUNE IHLET PRESSURE IN UW.G. -.96 .78 -3.02 1.68
2?3 FGPO2 FLUE GAS SYSTEM~-CYCLOHE OUTLET PRESSURE IN W.G. -3.2¢6 .20 -3.32 -2.53

19



Test Facility 252

From: ?72/31/89 at 0: 0: 0 Statistical Printout Oniy Page 2
To : 8/ 1/89 at 0: 0: 0 PERFORMARCE PRINTOUT Time 0:16:3%
Avg. of 289 Samplas Date 3/ t/0%
SEQ# Tag HNo. Description Units Mean Std. Dev Minimum Maximum
83 FGT03 FLUE GAS SYSTEM-AIR HEATER QUTLET TEMNFP DE: F 396.81 S.00 381.53 410.20
276 FGPO3 FLUE GAS S5YSTEM-AIR HEATER OUTLET PR IN V.G, -5.94 1.23 =-7.66 -3.34
69 CATO3 COMB AIR-AIR HEATER OUTLET TENMPERATURE CEG F 601,52 B8.00 583.59 619,09
243 CAPo2 COME AIR-AIR HEATER IN PRESSURE IN W.G, 1.43 43 -, 20 2.62
249 CAPO3 COME AIR-AIR HEATER QUT PRESSURE IH W.G. 90.99 1.65 8¢ .74 95,938
68 CAaTot COMB AIR-VEHTURI U/3 TEMPERATURE DEG F 177.382 3.74 169.66 185.19
24€ CAD O COME AIR-YENTURI DELTA FRESSURE I8 U.G. 4,32 .24 4,17 5.45
2497 CAPO1 COMB AIR-YENTURI U/5 PRESSURE IN W.G. 89,36 1.44 85.04 93.00
49 WFbH11 AIR WORKIHNG FLUID-ORIFICE DELTA FR EAST IN W.G. 76.28 3.10 64.23 79.80
S0 WFD2!1 AIR WORKING FLUIDB-ORIFICE DELTA PR WEST IH W.G. 69.97 3.89 57,91 74,42
313 WFP1Y AlR WORKIHG FLUID-ORIFICE U/S PR EAST PSIG 271 .28 1.03 263 .59 273.45%5
54 WFP2Y AIR WORKING FLUID ORIFICE U/S PR WEST PsSiG 270.91 1.0? 263,30 2?73.56
251 CFpP12 COAL SYSTEM~EDUCTOR UP-STREAM PRESS %1 PSIG 29.77 0,00 29,77 29.77
253 CFP22 COAL SYSTEM-EDUCTOR UP~STREAM PRESS #2 PSIG 36.44 0,00 J6.44 35,44
257 CFp32 COAL SYSTEM-EDUCTOR UP-3TREAM PRESS #3 PSIG 29.59 0.00 29.59 29.59
259 CFP42 COAL SYSTEM-EDUCTOR UP-STREAM PRESS #4 P8IG 2117 . 03 31.17 31.17
243 ARPO2 ASH RECYCLE SYSTEM-INJECTION PRESSURE PSIG 62.63 32 61.30 63.52
51 WFP12 AIR WORKIHG FLUID-COHY BANK IN PR EAST PSIG 432,10 1.06 39.26 44 .73
79 WFP13 BIR WORKING FLUID COHY BANK CQUT PR EAST PSIG 32,35 1.12 36.26 41,74
217 WFT!12 AIR WORKIHG FLUID-CONY BANK IN TEMP EARST DE: F 364,56 1.53 360.85 368.95
213 WFT13 AIR WORKING FLUID~-CONY BHK OUT TEMP EAST DES F a42.11 6,62 828 .61 860,78
35 WFpP22 AIR WORKIHG FLUID-CORY BAKK IH PR WEST PSIG 40.27 1,38 35.55 42.11
S6 WFP23 AIR WORKING FLUID-CONV BAKK OUT PR WEST P31IG, 36.793 1.30 32.62 38.59
222 WFT22 HIR WORKING FLUID-CONY BAHK IN TEMP WEST DEG F 362.38 2.80 356.39 36?.15
225 WFT23 AIR WORKING FLUID-CONY BHK OUT TEMP WEST DEG F 830.03 8.43 809.35 3453.17¢



Test Facility 252

Yrom:  VA/3LSED al U w0 Statistical Frintout Only Page |
To 1 3/ 1739 at  G: ©U: O TEST ARTICLE AND RELATED FACILITY DATA TO AID Time 0:20: 0
rnvg. of 209 3xmples TEST OPERATIONS (TARFD) Date &/ /09
SEa# Tag Ho. Description Units Mean Std. Dev Minimumn Maximum
33 FGTO! FLUE GAS SYSTEM-CYCLOHE INLET TEMNP DEG F voz.28 10,08 €Bo.22 723.05
84 FGTO02 FLUE GAS SYS3TEM-CYCLONE OQUTLET TEMP DES F 689,92 9.18 €£67.05 707.65
274 FGPO1 FLUE GAS SYSTEM-CYCLONE IHLET PRESSURE IN W.G. -.96 73 =3.02 1.63
275 FGbO2 FLUE Gas5 SYSTEM-CYCLONE OUTLET PRESSURE IH W.G, -3.26 20 -3.382 -2.53
85 FGTO3 FLUE GAS SYSTEM-nTR HEATER OUTLET TENP DES F 376,01 S5.00 381.53 4t0.20
270 FLGPO3 FLUE GA% SYSTEMN-AIR HEATER OUTLET PR IN W.G. -35.,%94 1,23 -7.686 -3.34
63 CATO3 COMB AIR-AlR HEATER QUTLET TEMPERARTURE DES F 601.52 8.00 583.59 619%.09
248 CchrPoOZz COME AIR-AIR HEATER IH PRESSURE IN W.G. .43 .43 -.20 2.62
249 CAPO3 COMB AIR-AIR HEATER OUT PRESSURE IN W.G. P0.39 1.65 a6 .74 9S.38
68 CATOI COMB AIR-YENTURI U/S TEMPERATURE DEG F 177.82 3.74 163,66 195,19
9 CADCIA AUX COMB AIR-VEHTURI DELTA PRESSURE IH W.C. 4.60 R 4,30 4,39
S50 WFD21 AlR WORKIHG FLUID-ORIFICE DELTA PR WEST IN W.G. 69.37 3.83 57.91 74,42
43 WFD11 AIR WORKIHG FLUID~ORIFICE DELTA PR ERST IN UW.G. 76,28 3.10 64.23 73.80
16 CAPOIA AUX COME AIR-VENTURI U/S PR IN W.C. 31,05 2.49% 83.61 107,23
210 CFPOt COAL SYSTEM-AIR SUPPLY PRESSURE PSIG 96.34 42 94.69 97.59
243 ARFO2 A3H RECYCLE 3YSTEM-INJECTION PRESSURE PSIG 62.63 .32 61.30 63.5z2
313 WFP11 AIR WORKIHNG FLUID-ORIFICE UfS PR EAST PSIG 271.28 1.03 263.69 2V3.45
S4 WFP2t AIR WORKING FLUID ORIFICE U/S PR WEST P3I& 270.91 1.0?7 262.30 273.56
217 UFTi12 AIR WORKIHG FLUID-CONY BANK IN TEMP EAST DEG F 364.56 1.53 260.85 363.95
222 WFT22 AIR WORKIHG FLUID-LOHY BAHK IH TEMP WEST DEG F 362.38 2.30 356.38 3567.15
218 WFT13 AIR WORKIHG FLUID-ZONY BHK QUT TEMP EAST DES F g42. 11 6.62 828,61 860.73
225 WFT23 AIR WORKIHG FLUID-CONY BNK OUT TEMP WEST DEG F 330.03 3.43 809.95 8953.17
51 WFP12 RIR WORKING FLUID-LONV BANK IN PR EAST PS1G, 43.10 1.06 39.26 44.75
55 WFP22 AIR WORKING FLUID-COHY BANK 1IH PR WEST PSIG 40.27 1.38 35.55 42,11
v WFP13 AIR WORKING FLUID CONY BANK OUT PR EAST PSIG 33.95 1.12 36.2¢6 41.74
56 WFP23 AIR WORKING FLUID-CONY BARK QUT PR WEST P3IG 36.79 1.320 32.62 33,543
480 CFGO2 FLUE GAS 02 CALC FROM aA/F RATIO PERCENT 4.03 17 3.31 4,54
431 CROZFG RATIO OF 02 TO CALC FG 02 RATID 1.01 .29 .02 5.27
83 FGTOH FLUE GAZ SYSTEM-CYCLONE INLET TEMP DEG F vo02.28 10.08 630.22 723,05
B84 FGTO2 FLUE GAS SYSTEM-CYCLOHE OUTLET TENP DE& F 683,32 9.18 £69.05 707.65
274 FGPO1 FLUE GAS SYSTEM-CYCLOMWE IHLET PRESSURE IN W.G. -.96 .78 -3.02 1.68
275 FQPO2 FLUE GAS SYSTEM-CYCLOHE OUTLET PRESSURE IN W.G. -3.2¢6 .20 -3.82 -2.53
85 FGTO3 FLUE GAS SYSTEM-AIR HEATER OQUTLET TEMF DEL F 336.81 9.00 331.93 410.20
276 FGPO3 FLUE GAS 3Y¥STEM-AIR HEATER OUTLET PR IN W.G, -5.594 1.23 -7.66 -3.34
69 CATO03 COME AIR-ARIR HEATER OQUTLET TEMPERATURE DE: F 601.52 8.00 583.59 613,09
248 CnPO2 COME RIR-AIR HEATER IH PRESSURE IH W.G, 1.43 43 -.20 2.62
242 CAP03 COMB AIR-AIR HEATER OUT PRESSURE IH W.G. 90.99 1.65 86.74 95.98
68 CATU1 COME AIR~-YENTURI U/5 TEMFERATURE DEG F 177.82 3.74 169.66 135.13
9 CADDIA RUX COMB AIR-VENTURI DELTA PRESSURE IN W.C. 4.60 .11 4,30 4.83

£9



Test Facility 232

From: 7731789 at 0: 0: 0 Statistical Printout Only Page &
Ta H 8/ 1/89 at 0: 0: © TEST ARTICLE AHD RELATED FACILITY DATA TO RID Time 0:20:.0
avg. of 289 Samples TEST OPERATIONS (TARFD? Date &/ 1/8%
SEQH# Tag Ho. Description Units Mean Std. Dev Minimum Maximum
50 WFD21 AIR WORKING FLUID-ORIFICE DELTA PR WEST IN W.G. 69,97 3.32 27.91 74 42
43 WFD1{ AIR WORKING FLUIN-ORIFICE DELTA PR EAST IN W.G, 76.28 3.10 64,23 79.80
16 CaPOiA AUX COMB AIR-YENTURI U/S PR IN W.C. 91,05 2.49 33.61 107.23
310 CFPOY CoaL SYSTEM=-aIR SUPFLY PRESSURE PSIG 96,34 L2 94 .69 97.5%
243 ARPOZ ASH RECYCLE SYSTEM-INJECTION PRESSURE PSIG 62.63 .32 61.30 63,52
313 WEP1) AIR WORKING FLUID-URIFICE U/S PR ERST PSIG 271.20 1.03 263.6% 273.45
54 WFP21 AIR WORKING FLUID URIFICE U/S PR WEST PSIG 270,91 1.07 263.30 273.56
217 WFT12 AIR WORKIHNG FLUID-ZOHY BaHK IH TEMP EAST DEG F 364 .56 1,53 360.35 368.95
222 WFT22 4IR WORKING FLUID-CONY BAHK IN TEMP WEST DEG F 362.33 2.80 356.35 367.15
218 WFT13 AIR WORKING FLUID~-CONY BNK OUT TEMP EAST DE:G F 842,141 6,62 820.61 860.73
225 WFT23 AIR WORKIHG FLUID-CONY BHK OUT TEMP WEST DES F 830.03 8,43 809,95 853.17
31 WFP12 AIR WORKING FLUIG-CONY BaNK IN PR EAST PSIG 43.10 1.06 35.26 44 .73
35 WFP22 Alk WOKKING FLUID-CONY BAHWK IN PR WEST PSIG 40,27 1.38 35.95 42.11
79 WFP13 AIR WORKING FLUID CONRY BANK OUT PR ERST PSIG 39.935 1.12 36.26 41,74
36 WFP23 AIR WORKING FLUID-CONVY BANK OUT PR WEST PSIG 36.79 1.30 32.62 38.5%
480 CFGOo2 FLUE GA% 02 CALC FROM AZF RATIO PERCENT 4,03 A7 3.51 4,54

431 CROFG RATIO GF 02 TO ChalC FG 02 RATIO 1.0t 29 .02 5,27



Test Facilit: 2E2

e — ——?vafwgﬁjgt*—oﬁ"ij'ﬁ“n Parameter Frintout Fage 10
To QQja} 1pgaﬁqgl 01 G:la i KEY PARAMETER LIST WAl (PAGE 19) Time 0:28:49
- L Date &7 1763
Y TAS RETEID Lo Lites - A SV
BL wuhiGED w!luUUT HOTEETo01 WFT14 WET1S WFT24 WFT25 CFBVO1 02B CCHCOoLT
SEW SEQ# 219 SEQH 220 SEQ# 226 SEa# 227 SEQHP 407 SEGH 13 SEQK 419
MI/DY/YR HR:MN:iSC M3 DEG F DEG F DEG F DEG F DEG F FT/SEC PERCENT  RATIO
7731,89 U; 2:14.290  1596.55  B25.914  1499.03 809,348 1499, 03 S5.0396%  3.976a4 10,3372
7317299 0: 7:14.700 1555.26  524.371 14968.15 805.250 1496.39 S.10517 3.55519  10.33793
/31769 0:12:14.370  1595.96 827,762  1495.51  809.948  1496,3% S5.16340 3.97684  10.5406
7731789 0:17:14.610  1595,.9% 825,219  1494,.64  A09.949  1495.51 5.16630  4,00727 10.5300
7/31/89 0:22:14.250¢ 1596.35 825.219  1495.51  809.099 1496.39 S.16251  3.83553  10.5333
7/31/89  0:27:14.290 1597.14  £23.523  1435.51 209,099  1497.27 S.12362  4.10872  10.431%

7’31789 0|32:14.250 1595.66 824,371 1494, 64 80%.9093 1435.51¢ S.15703 3.70292 10,5029
?/31/789 0:37:.14,270 1597.%4 B25.219 1495.51% 809.099% 1493,51 S. 14241 4.04785 10.4953
77317689 0:42:14,250 1595.96 822.675 1495.51 808.250 1455,51 S5.11361 4.06314 10,4503
?/31/89  0:47114.640 15%5. 3¢ 822.675 1497 .27 808.250 1497 .27 5.11722 4.0275%6 10,450&
7731789 0:52:114.260 1594.77 821.827 1494 .64 805.703 1493.76 5.09024 4, 098353 10.3827
731789 0:57.:14,610 1593.,29 824,371 1497 .27 806,552 1423.76 S.10348 4.,23046 10.4433

vA31/789 1 2:14,250 1585. 07 822.675 1495, 51 80s5.552 1495.51 S.16478 4.03358 10.5529
?/31/89 1t 7:14,400 1595.66 622.673 1437 .27 805.703 1453.76 S. 14425 4,.21047 10.5364
v/31/99 0 Y 12:014,290 1595.9¢6 8921.827 1495. 51 805.703 1492.83 9.1233¢ 4.39148 10,4564
7A31/89  1:17:14.290 1585.¢6 820.130 1494 .64 865.703 1493.76 S. 06356 4.00727 10.3933
7731789 1:22:14.290 1595.96 820.130 1494 .64 g05.703 1495, 51 9. 09306 4.22032 10.444%
?/31/78%  1:27114.290 15396.25 822.675 1497 ,27 805.703 1493.76 5.116463 4,57539 10.4824
7731789 1:32:14.880 1535.9¢ 82¢.130 1497 .27 604.854 1495.851 S.11444 4.118867 10.4440
7/31/78% 1:37:14.290 1336.85 821.827 1495.51 auv.401 1457.27 5.1178) 4,2304¢6 10,4505
7731755 1'4"14.=9U 15995.656 819,282 1435, 51 6905.203 1495.51% 5.03689 3.98698 10.405%
?/31/89 1:147:114.,290 15393.03 819.282 1497.27 807.401 1494, 64 S.15282 4.11837 10.5074
7/31/89 52:14.620 1597.74 820.979 1427.27 806.552 1434.64 S.10763 3.31452 10.3301
?7/31/789 1:357:14,290 599.%2 819.282 1439, 03 807.401 1496 ,39 9.1222¢0 3,.97604 10.5032
7731739 21 2:14.,.299 1597.14 819.z282 1497.27 a04.854 1437.,27 5.10398 3.96569 10,4559
77317839 2: ?7:14,290 1532.,03 820,979 14395.51 805.703 1495.51 5.,14005 4.00727 10,4796
7731783 22112:14.290 1595, 9¢ B819.282 1497,27 &04.854 1495.51 S.09131 3.9865% 10.4463
7731789 2:17:14.540 1597.44 820.979 1495, 51 803.1S5 1495.51 5.11085 3.92611 10.4524
/31789 2.22:14.290 1595.96 a19.282 1497.27 805.703 1496,.39 S.t1410 4.14939) 10.4447
7731789 :2?:14.290 1536.85 819.282 1495,51 804.854 1437.27 S.08624 4,07829 16.4136

7731789 2:32:14,29¢ 1599.52 820,979 1496.39 805.7¢03 1495.51 S.10159 3.385510 10.4356
7/31/39 2:37:14,380 1593.63 820,979 1498.15 g8u5.703 1499, 03 S, 05492 3.95655 19.3935
/31733 2:42:14.650 1596.55 816.737 1437.27 803.155 1496 ,39 5.06794 3.93625 10,3487
7731789 2:47:14,2390 1597.14 818.434 14398.15 803.155 1436.39 S5.10531 4.00727 i0.3985
7731789 2:52:14,310 1596.55 818.434 1496.39% 804,854 1496.3% 9.07613 4,02736 10,3717
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Test Facility

252

From: 7/31./8% at Parazmeter Printout Pages 11
To 1 8/ l/Sd at ~ KEY PARAMETER LIST WAT <PAGE 13) Time 29
.- :,'.c Date ®/ |
- .“! ‘I‘"
- S . WFT14 WETIS WFT24 WFT2S CEBY U1 028 CCACO1T
e t! 405 | SEQ# 219 SEG# 220 SEQF 226 SEQ# 227 SEQH 407 SEQH 13 SEQN 419
ND/DBETBHRHGBN Brﬂnéi“‘ VReRE-F— DEG F DEG F OEG F UEG F FT/3EC PERCENT  RATIO
7/31/789  2:57:14,480 15983.03 820.979 1496, 39 o05.703 1456 ,39 S.10756 3.,32611 10.4591%
7731783 3: 2:14.510 1597.74 620.130 1496.39 ©05.703  1495.3% S.11703  3.83481  10.4146
?2/31/6% 31 7:14.630 1595.33  820.979 1498.15 B04.854  1495.51 5,06544  3.91597 10,3652
?7/31/39 3:12:14,640 1601.00 818.434 1496 .39 605.703 1498.15 S, 07089 3.8246¢€ 10.3612
7731789 3:17:14,530 £99 .81 820,130 1499, 03 805.703 1499,03 5.12130 3.60437 10.4308
7731789 3:22:14.,52) 1597.74 820,979 1499, 03 805,703 1496 .39 5.08943 4,0835843 10.3729
7’31789 3:27:114,530 15989 ,22 820.979 1499, 03 8065.703 1498.15 5.10830 3,72321 10,4153
7/31/89 3:32:14.,520 1600,70 g2y.827 1499.03 8606.552 1497.27 S. 14456 2.681452 0.4931
743189 3137:14,590 1602.19 621 .827 1498.15 805,703 1499, 03 S5.19244 3.686524 16,3706
7/31/G6% 3,142:114,560 160t.30 68z1.827 1499.91 845,703 1499, 03 5.12198 3.08246¢% 10.3985
?731/83 3:47V:14,55¢0 1603. 086 822.675 1500.78 806.552 1499.91 5.150895 3.78403 10.4902
2731789 3:52:14.290  1593.81 823,52 1499.03 ©05.250 1499.%1 S.14605 3.81452 10,4730
7731/89 3:57:14.530 1601.060 822.675 1499,03 806.552 1499,03 5.13%13 3,86524 10.4736
?7/31/89 4 2.14.290 1600.11  B823.523  1498,15 50%.099 1499,03 5,12225 4,05800 10.4399
?/731/8% 4 7:14.260 1599.52 825.21% 149%.03 805.09% 1498,15 5.19522 3,95655 10,5561
7/31/39 4112:14.290 ©39.8% 825,067 1499.91 810.797 1499.91 S.19951 3.68263 10,5306
77317685 4:17:14.540 1602.78 827.762 1501.66 810.797 1499.03 S5.,12328 3,65229 10.3889
7/31/7685 4:22:14.290 1601.289 625.914 1500.78 ©11.646 1501.66 5.11220 4,09353 10,3946
7731769 4127114 290 1600.70 826,067 1502.54 ©09.948 1499.91 5.13687 3.,91397 10,5000
7/31/589 4:32:14.290  1601.00 2. 262  1499.91 §10.7%7 1500.73 5.1292t 3,98698 10.4571
2/31,89 4:37:14.290 1599.61  B823.523 1499.03 805.099 1499,91 5,20426 3.83553  10.560S
7731739 d4:42:14,250 1599.81 g25.219 1560.79 80%.94¢ 1499, 91 5.21958 3.,98698 10.6253
7731739 4:47:14.520 1539.52 824.371  1499.02 809.09% 1496.3% S5.1572%  3,78408 10,4753
P38 4:52:14,.650 1598.,33 823.219 1499,03 a310.797 1S00.73 5.09820 3.66234 10,3772
/31 /89 4:57:14,580 1600.41 a25.2t19 1S500,78 a0, 099 1499.03 5.138595 3.,96669 10.4713
7731739 51 2:14.640 1601.89 3853.523 1499.91  905.348 1499,91 5.12303 3.60147 10.4325
7731739 5: 7:14.610 1602.19 825,219 1502.54 809.943 1S01.66 5.15178 3.96669 10.4563
7731785 5:12:14,390 1602.73 824,371 1501.56 810.797 1502.54 5.11654  3,93626 10,3702
72731799 S:17:14.620 1601.30 825.219 1502.54 ©10.797 1501.66 5.14337 3.81452 10,4723
/31,39 5:22:14.230 1599.52 24,371  1500.78 @08.250 1498,15 5,18037 3,86524 10.5181
7/31/89 5:27:14.500 1545.€3 825.219 1499.,03 809,942 1499,03 S5.16422 4,02756 10.4601
7731739 5:32:14.280 1593.63  824.371 1499.91 §02.948 1499,03 S.11231  3,95655 10,3969
27317689 5:37:14.510 1597.14  £823.523 1499,9t 009,092 1493,15 5.13570 3.83553 10,4473
7/731/89 Si142:14.250 1597 .74 822,675 1493,15 809. 053 1496 ,37 S.10735 4.02756 10.4373
7/31/535% S:47:14.640 1598.33  822.675 ° 1499,03 807.401  1498.15 5.14991  3.92611  10.4822
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e o e s T Test Facility 2852
From: -r:f$|fﬂ0‘ﬂt ARSI LTS Parametar Printout Page 12
To {&zui. h'%ﬁv Oips piYE KEY PARAMETER LIST WAT {PAGE 191 Time 0:2
r“;: T AT § Late &/
- BX l,lll\ﬂhEU ":.Ilﬂbl..i "Uj.“::E.ui WFT14 WFT13S WFT24 WFT2 CFBY O ozxB cCacot
‘ SEQ# 405 SEA# 219 SEQA# 220 SE9H# 226 SER# 227 SEQ# 407 SEQN 13 SEQW 41
MO/DY/YR HRIMH:5C. M3 DEG F DEG F DEG F LEG F DEG F FT/5EC PERCENT  RaTIO
7731759 S:52:14,530  1595.¢3 820,979 1436,15 806,552 14756.15  5.09264  3.57104 10.3527
7731289 S:57:14.,400 1602,19 822,675  1499.03  807.401 1498.15 5.1306&  3.78379 10,4291
7731269 61 2:14.260 1601.00 B822.675  1500.78 803,095  143%.03  S.12433  3.83481 10,3735
PL31/9 0 61 714,630 1E01,00 BRR.6PS 1500.79 @03.250 1499,03 5. 069343 71307 10.3557
7731769 6:12114,520  1598.92 822,675 1500.73  806.552 1496.39 5,11765  3.95655  10.4089
?7/31/8% €:117:14.,2%0  1599.63 821,827  1499.03 605.703  1499%,03 S5.01835 3.,30582 10,2181
7731789 6:22:14.2%0 1599,22  920.979  1499.03  B05.703  1496.39 S5.1501%  3.88553  10.4982
7731789 6:27:14,290 1599.23  822.675 1498.1S5 808.250  1496.15 5.17102 4.08843 10.5002
?/31/99 6:32:14,2%0 1598.63 924,371 1500.78 909.099 145%%,03 S5.10728 3.89568 10,3552
?/31/89 6:37114,290 559.81 624,371 1429.03 809.099 1499,03 5.14343  3.85510 10.4540
?/31/89 6:142:114.490 160).89 B22.675 1499,03 809.09% 1499.9%  5.18%66  4,08843 10,5900
7/31/89 e:4?.14.520 1601.89 B823.523 1500.78 80%.099 1499,03 5.12126  3.82466  10.3767
_ /31783 6:52:14, 1601.8% ©523.523  1499.91 805,250  1499.%1  5,17062 3.30437 10.4754
7731789 6157114, 640 1599.52 824,371 1501.66  H508.250 1499.03 S.t0616  3.74350 10.3208
7731489 7; 2:14.550 1600.70  &§23.523  1499.91 802,099 1499.91  5.17360  3.33626  10.43882
731789 Vi 7i14,290 1597.74 824,371 1500,.78 80%.09% 1499.03 S.14636 3.63191 10.4797
7/31/89 7i12:14,290 1598.92  822.675 1498.15  B80%.948  1493,15  5.15053  4.00727 10.5025
7731289 7:17:14.620 1597.74 821,827  1499.91  B806.552 1499.03 5.10136  3.37684  10.4012
?7/31/8% P122:14,550  1597.14 822,675  1498.15 309.09% 1496.33% 5.,10208 2.93626 10,3725
7/31/89 7:27:14.290 1593.52 821,827 1496.3% B06,552 1496.3% 5.13113  3.85510  10.4243
?/31/89 7:i32:14.580 1539.22  821.827 1500.78 808.250 1496,39 T5.05622 3,91597 10,2677
7/31/89 7?:37:14.630 1601.59 822,675 1500.73 809,099 1493.063 5.05269 3.73336 19,2562
7/31/8% 7:42:14.626  1603.57 823,523  1500.73  808.250  149%9%.03 S5.11172  3.62176 10,3600
/31789 7:47:14.290 1501.89 824,379 1501.66 B810.797  1499,03  5.13372 3.45944  {0.459%1
?7/31/89 7:52:14.290 1603.67 324,371 1502,54 310.797 1500.78 S.151S9  3.43988 10.5599
7/31/83 7:57:14.,290 1604.86 826,067 15062.54 809.948 1501.66  5.14725  3.35799  10.6623
7731289 3: 2:14,420  1593,03 825.219 1501.66 309.948 1499.91 5.10819 4.08843 10.5640
?7/31,3% 8: 7:14.290 1553.03  824.371 1498.15 310.797 14995.03 5.09803 4.07829 10.5436
7731789 8:12:144,290 1596.55  820.979 1493,15 806.552 1496.33 5,12312  4,20002  10.6083
7721789 8:17:14.490 1594.18 820.979 1495.39 805,703  1495.51  5.08131  4,20003 10.5154
?/31/89 $:22:14,2%0  15956.55 318,434  1496.3% 604,854 1497.27 5.06236  4.00727 10.4614
7731739 8:27:14.290  1597.44  818.434  1437.27 303,155 1494.64 S5.06742 3.32611 10.3651
7/31/89 3:32:14.290 1596.55 817.58¢  1496.39 803,155  1497.27  S5.09347 3.93626 10,4638
7/31,89 5:37:14.290 1597.14 617.586 1496.3% H04.854  1497.27 5.18324 21017 10.831%
7/31/89 3:42:14.510 1596.55 818,434  1497.27 803.155 1435.51 5.14172 .-.104 10.5370
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! - protnen TR Test Facility 252
; F"'Cﬁ“ "’/3{1'(8:!5,&'- RN ,0 b! Parameter Printout Fage 13
I !, 1/89 at 0: 0: 0 W KEY PARAMETER LIST UWAT (PAGE 19 Time ©0:29:37
| Tl .un e v e : i - Date 8/ 1/89
I BE CHANGED VIGOT RUTIGE |
: CFBTO1 WFT14 WFT1S WFTz4 WFT2S CFBVYGt 02B CCACO!T
SEQ# 405 SEGH4 219 SEOQH 220 SEQH 226 SEQH# 227 SEQH# 407 3EQ# 13 SEQH4 419
MO/DYZYR HR:MN:SC.M3 DEG F DEG F DEG F DEG F DEG F FT/5EC PERCENT RATIO
77317689 Gi47:14,290 1596.55 2 818,434 1496,39 804,854  1495.51 S, 12660  4,14330  10.5517
7/31/8% 3:52:14.6280 1593.63 8130.434 1436 .39 a04,854 14597 .,27 S.14512 3.91597 10.4644
?A31/89 8:57:14.400 1597.74 82¢.979 1497 .27 805.703 1494 .64 5.09592 4,02756 10.3560
773139 9: 2:14,640 1598.33 819,282 1496 .39 804 .6854 1496 .39 5.12724 4,07329 10,4233
7731789 3: 7:14,640 15%3.92 820,130 1496,39 a07.401 1495.51 S.068482 4,27104 10,3358
7A31/783  9:i2:14.5600 159%9.52 821.827 1500.78 B06,259) 1497 .27 9.13433 3.6880853 10,4315
7731739 $:17:14.640 15528.%2 820,130 1496.29 8065.703 1498.15 5.12097 4,08843  10.5308
7/31/83 3:22:14.630 1599.81 820.130 1499, 03 &04,854 1496 .39 S5.07778 4,352 10,4194
v/31/789 9:27:114.640 15928.03 819,232 1500.78 803.155 1496.39 5.1137% 4.,10872 10,4893

7731789 9:132:14.520 i598. 33 820.130 1499, 03 804.854 1496 ,39 S.07722 3.87539 10.4170
7731739 9:37:14.650 1597.74 818.434 14%¢ .39 804.004 1496 .3% S5.03408 3.9362¢ 10.3246

?/31/783 9:42:14.690 1597.14 518.434 1497 .27 805.703 1495.5!1 5.00063 3.75365 10,2531
?/31/99  3:47114,51 4 1597.44 8168.434 1496, 39 203.155 1497.27 5.10479 3.83533 10,4870
7731789 9:52:14.,640 201,99 819.282 1500.78 803.155 14398.15 S.06307 3.635278 10,38a0
7/31/89 9:57:14,.38¢0 1600.11 819.232 1499.91 B04.854 i493,03 S.07566 3.83481 10,4283
7731789 10 2:14.600 1600.11 819.282 1499, 91 804.854 1499, 03 5.09622 3.75365 1o.4601

F/3178%9 10: 7:14,620 1600.70 816.737 1439.03 803,133 1498,15 4,99289 3.76379 10,2273
7731785 10:12:14.600 1600.70 817.58¢ 1500.78 803.158 1500,78 S.086%4 3.72321 10.4229
/31789 10:17:14.640 1598.33 816,737 1499.03 auz2.306 1498,13 S5.03664 3.834861 10.3100
V31789 10:22:14.610 1533.62 817.958¢6 1499.03 802,306 149%.39 S5.02847 3.77394 10.2973

7731789 10:27114.520 1598.63 B16.737 1436,39 803.133 1497 .27 5.02773 3.63191 10.3166
7/731/39 10:32:14,430 1598.23 819.292 1498.15 gu3.155 1499, 03 5.00216 3.59133 10,2547
/231789 10:37:14.640 1600, 41 815.737 14%6.329 2304.004 1499, 03 5.04433 3,7333¢ 10.3505
?/31/739 10:42:14,.290 1993.33 g15.040 1499, 03 803.15% 14946.39 5.039387 3.61162 10,3442
/31789 10:47:14.600 1596.55 B815.839 1500.76 B60.607 1498.13 4,96996 3.54060 10.1711
2731739 10:152:14,650 1597.74 815, 040 1499, 03 798,058 1436.39 4,9%9020 3.77394 i0,2052
7731789 10,57:14.520 1596.25 813.343 1495.51 798.907 1496.39 4.,99967 3.57104 10.3122
/317083 11: 2,14,380 1586.25 315.889 1487 .27 798.058 1495.51 S.01720 3.60147 10,3542
f/31/89 11: 7:14.530 1537.14 814,122 1437 .27 v9?7.208 1494 .64 5.02305 3.69273 10,3694
7731793 11:12:14.610 S99.32 815.040 1496.39 798, 65 1496.39 S.00512 3.72321 10.3180
7/31/8% 11:17:14.640 15393.,63 815.8489 143%.,03 799.75¢7 1496.39 5.09515 3.63191 10.4708
7731739 11:22:14.600 155%3,63 816,737 1499, 03 793.907 1496 .33 S.02073 3.90582 10,3702
PA31/739 11:27:14.610 15957.14 B17.58% 1497 .27 793.052 1494, 64 S. 03729 3.85524 10,4155
7731/73% 11:32:14.560 1597.,74 813.343 1427 .27 798,058 1494 .54 5.00191 4,14930 10,3385

/31733 11:37:14.6490 1396,85% 815.040 1494, 04 guv.5607 1434 .64 4.98026 3.23626 10,3043

89



- . ;:;:i \ Test Facility 252

From:-T7?/31%8% at 0 O: 0, ' Parameter Printout Fage 14
To i -8B/ 1/8% At 01 0 pﬂﬁf _j KEY FPARANETER L1ST WAT <FAGE 13) Time 0:129:53
ge Uilatluy iaout pulluhk Late &/ 1/569
CFBTO1 UFT14 wFT13 WFT24 WFT25 CFBVYGI 0zp CCACOIT
SEQ# <405 SEGH 219 SEQH 220 SERR 226 SEQ# 227 SEQ# 407 SEQH 13 SEQH 419
MOADY/YF HR:MH ST, M3 DEG F DEGC F DEG F OEG F DEG F FT/3EC PERCEHT  RATID
7231789 11.42:14.290 S95.07 813,689 1497 .27 795,053 1493,7C S5.,03218  3.30532 16,3794
7/31/8% 11:47:14.620 1596.85 815,040 1494 ,64  797.206 1493,76 S.03854  3.98698 10,3935
?/31/89 11:52114.510 1595.36 816,737 1494.54 796,398 1495.51 5.03682  3,7029Z 10.3923
/31789 11157:114.510 1597 .44 815.8689 1497 .27 7983.907 1495, 91 5,.00113 3.642035 T0.3017
731709 12: 2:14.610 1595.03 817.586 1499.15 796,353 1495,51 5.00856 . 46959 10,3297
7/31,83 12; 7114,530 1597.74 515.88% 1497 .27 796,353 1493.76 5.01435  3,75365 10.3610
?/31/99 12112114.,600 1596 .25 515,040 1494 ,64  796.3539 1493.76 5.00501 3.938693 10,3377
7/31/89 12:17:14.500 1595.96  B14.192 1494 .64 795.506%9 1492.00 4.98757  3.81452 10.2953
7317689 12:22:14.610 1596.55 814.192 1494 .64 793,809 1492,.00 5.03279 3.78400 10.3775
7731789 12:27:314.,.620 1596.85 g811.0646 1492 ,88 793.80% 1493.76 S5.02501 3.67249 10.3714
7/31/89 12:32:114.520 1596.25 B814.192 1492.28  794.659 1491.,12 S5.01611 3.81452 10,3645
7/31/83 12:37114.540 1593.29 812.494 1493.76  794.659 1490,25 4.98059  3,84495 10,2952
7/31/39 12:142:14,480 1595.66 812.494 1494 ,64 792,109 1492.00 5.00707 3.47973 10,2964

7731789 12:47:14.650 1535.85 Bl11.646 434,64 ¥93.809 1491 .12 S.02187 3.83481 10.3859
7731789 12:52:14.610 1595.07 810,737 14%4.64 732,109 1439,37 5.02579 3.72321 10.4061

7731789 12:57:14.520 1524,77 811.646 1492 .88 732.109 1430.25 4,99619 3.87539 10.3535
77231789 13: 2:14.600 1594.138 812.494 1493.76 731.238 1488.49 4,99416 3.92c11 10,3330
7’31789 13: 7:14.620 1595.66 Bt1.646 1433.76 791.258 1491.,12 4,97354 3.383481 10.2835
7/31/689 13:12:14.640 1594.108 811.64¢ 1494 ,64 792.109 1491,12 S.00049 3.84495 10.3290
7731785 13:17:14,640 1596.25 812.494 1494 .64 794,659 1492.00 5.03961 3.7637V9 10.4044

7/31/89 13.122:14.,630 15948, 33 815.040 14927.27 732,959 1432,58 9.04176 3.62176 10.3943
?/31/89 13:127114,290 1599,352 813,342 1496.39 793.50% 1493.76 5. 04643 3.76379 10.3649
7731783 13:32:14.640 159%9.52 815.83% 1497 .27 794,659 1492,756 4,98164 3,73423 10¢.2697
7231789 13:137114.640 1598. 03 813.3243 1497 .27 793.80% 1462.83 5.01583 4.04765 10,3044
7A31/39 13:42:14.2590 1595, 36 814,132 1437 .27 7y2.109 1491.12 4,39565 3.87539 10.3233
P/31/89 13:47:14,290 1593.388 914,192 1492, 838 792,109 1491.12 4.,946753 3.39568 Y. 2?25
¢/31789 13:52:14.2990 1392.40 812,494 1493.76 791.258 1451.12 4.96644 3.684495 i0.2896
?7/31./39 13:57:14.9990 1553.29 812.494 1492 ,88 793.80%9 1491.12 S. 056363 3.98695 10.4743
72731739 14: 2:14.540 1592.40 514,132 1493.76 794.659 1433.49 5.,05412 3.75365 10.4359
7/31/89 14: ?:14.630 1595.07 813.343 1493.76 793.809 1439.37 5. 0435346 3.72321 10.4323
7731789 14:12:14.660 i592,99 8135.040 1493.76 735.509 1489,37 S.01382 3.85510 10.3330
7731789 14:17114,.600 1593.58 315.040 1493.76 735,509 1487.61 D.01444 4.03771 10.3775
7/Zi/789 14,22:14.640 1592.,10 815.040 149t.12 793.80¢% 1438,47 5.03465 4.00727 10.4114
7431789 14:27:14.600 1592.99 815.889 1423.7V6 793,052 1430,25 5.03374 3.78403 t0.4003
7/31769 14:32:14,290 1597.44 816.737 14%3.51 803.1585 1492 ,28 5.02652 3.82464 10,3943

69



“'“ q’“"'E{ :fﬁff;‘ l Test Facility 252

From: /31’39 ‘at s oy 0; 0 farameter Printout Page 15
To a7 1,69 at  0: G 0 - KEY PARAMETER L15ST WAT (PAGE 193 Time 0:30:
e weiniturl W““Ulﬂ I‘J-I"Jr Date 37 17046
CFETO1 UFT14 WFT1S UFT24 WFTZ2S CFBY O 0ozB CCACOIT
SEQ# 405 SCEQ# 219 SEGH 220 SEQH =26 SEQ#H 227 SEAQH 407 SEQH 13 SEQH 419
Ma/DYA/YR HR:MH:5C.MS DEG F DEGC F DEG F DEG F DEG F FT/SEC PERCEHNT RATIO
77°31/89 14:37:14.530 1601.30 518,434 1437 .27 806,552 1497 .27 9.03749 3.66234 10.35806
7731739 14:42:14,640 1603.97 921.827 1499,91 805.250 1499,03 . 122853 3.57104 10,4834
7/731/89 14:47:14.650 1603.38 sad . 371 1502.54 812.494 1499, 91 5.05787 3.5600% 10.3655
7/31789 14:52:14.,290 1603.ca3 826, 067 1501 .66 813.343 1501 .66 5.05008 3.57104 10.2954
7731793 14:57:14.660 160.13 829.457 15u4,30 815.889 1503.42 S.07641 3.489883 10.3456
7731789 15, 2:14.510 1604 .36 a3z2.000 i505.18 813.343 1503.42 5.02579 3.76379 10.3229
7731739 15: 7:14.,.630 1601.839 832,000 1503.42 809,948 1499,91 S.0te016 3.72321 10.3533
7’31739 15112:14,670 1600.70 832.000 1503.42 808.251) 1499,91 S5.04870 3.61162 10.3430
7/31/89 15:17114,640 1600.41 831.152 1502,.54 807.401 1499, 03 S.05204 3.959133 10.3606
7731789 15:22:14,900 1601.39 827 .762 1499 ,91 804,004 1499.,03 4.,97480 3.35799 jo,.1831%
?/31/89 15:27:14.48¢0 1598. 03 826,067 1495, 93 802.306 1495 .51 S5.05601 3.47973 10.3572
7731789 1S5:32:14.,.61¢0 1596, 84 804,371 1499, 03 201 .456 1496.39 $.02368 3.63191 10,3403

/31789 15:37:14,.380 1594.18 BR22.675 1495.51 798. 058 1493.76 S.01964 3.87539 10,3725
7731789 15:142:114,640 1591.,80 822.675 1494, 64 7396 .358 1451 .12 4.98737 3.99713 10.3180
7731789 15:47:114.640 1592.10 8z0.130 1492.882 796.358 1450,25 S.00416 3.91597 10.3415
7731739 15:52:114.620 1593.88 B817.536 1492, 88 793.809 1490.25 4.97532 4, 02756 10.323z2
7731789 15:57:14.,230 1592.190 813.343 1492.00 791.254 1488.49 4,97601 3.95655 19,3352
7731789 161 2:14.380 1531.80 811, 64¢ 1492 .88 790.408 1486.49 4,99483 4.18988 10,3699
731789 161 744,600 1589.73 812.494 1489.37 786.157 1487.61 4.,97829 4.44351 10.4047
?/31/789 16:12:14,5140 1597 .06 811.64¢ 1489.37 789.558 1486.74 4.96744 4,22032 10,3572
7431769 16:17:14,3990 1587 . 06 814.192 1489.,37 794 .659 1486.74 4.989140 4,86960 10,3727
731789 16:22:14,540 15858.84 816.737 1489.37 795.0358 1485.86 5.02351 4,34206 0.468%
7731789 16:27.14.540 1553.29 810.434 1493.7 805.703 1430.25 S5.00226 4.16959 0.3337?
v/31/8% 16:32:14.290 1595.,¢6 g21.827? 1492, 00 809.09% 1432,00 4,98162 4.51452

|

1

10,
?/31/85 16:37:14,550 1600.11 823,523 1437.27 811.646 1495.51 S.01778 4,29133 10.379%
7/31/89 16:42:14,290 1599.81 926, 067 1500.78 815.889 1498.15 S.04335 4.26090 10.4507
7/31/89 16:47:114.290 1596.85 827 .762 1498,15 817.3586 1496.,3% 5.0171% 4,4333¢ 10,3858
?/31/8% 16152:14.290 1998.,92 82v.762 1496, 39 817.586 1499,.32 5.079240 4,11887 10.5140
7731789 16:57:14.710 1597 .44 829.457 1500.78 B8168.434 1498.18 5.004%7 4.18988 10,3393
/31789 17 2:14.250 1601.59 B28.610 149%.91 8i18.434 1439, 03 4,9809! 4.04785 10.2832
2731769 171 ?114.620 1602.19 830.305 t501.66 821.827 1500.79 5.0303% 4,11887 10.3775
?/731/39 17112:014.61¢ 1601.00 832,000 1S61.66 820,130 1499, 91 S.01227 4.22032 10,2968
/31789 17:17:14.610 1603.37 831.152 1501.66 g20,138 t500,.78 S.02066 3.77394 10,3373
/317859 17:22114,640 1603.97 834 .542 1502.5 822.675 1501.66 S.05377 4,10872 1G.4009

7/31/8% 17:27:14,650  1605.45  83€.236  1506.06  523.523  1505.13  5,085%¢  3.74350  10.3937

Do

0L



e - l

AR "*“f“;'ﬂ?'if"iﬁhﬁi
R BT

T Gy, 0 . Test Facility 232
romi AT T a0 0 o Parametar Printout Fage 16
o

bo-w s

F ! s
T Yﬁ“QK:JRQﬂ:at.:u:.Oxhﬁ‘lhAY KEY PARAMETER LIST WAT {PAGE 19) Time 0:30:25
| BE GRANGED WWITHGUY HUTIGE bate 87 1703
CFBTO1 WFT14 WFT13 WFT24 WFT25 LFBYO! 02B CCARCO1T
SEQIE 405 SEQ# 219 SEa# 220 SEO8 226 SEQ# 227 SEGH 407 SEQH 13 SEQH 413
MOADY/YR HR:MH ST . NS DEG F 0EG F GEG F DEG F DEG F FT/SEC PERCENT RAT1O
7731789 17:32:14,400 1605.16 341.319 15066. v6 827 .762 1502,54 S, 09863 3.89568 10.4672
2731783 17:37:14.5%0 1601,30 539.625 1506, 06 624,371 1506,79 5,03593 4.05300 10.3464
/31739 17 142:114.,290 1601.30 838,778 1503 .42 g9z22.67% 1500.70 5.06847 3.93626 10,4104
7A31/89 17:47:14.530 1600.70 a37.931 1502.54 217,596 1499,91 5.00774 4,291323 10.2374

/31789 17:52:14.,700 1661,09 g37.931 1500.78 816.737 1501 .66 5.06454 3.97684 10.3695
731789 171537:14,.290 1600.790 837. 084 1502.54 819.282 1439 .91 S.08320 4,03771 10.3305
7/31/789 183: 2:14.2990 t6g2.19 841.319 1582.54 819,282 1439.91 S. 11454 4.,12901 10.4866

?/31/89 181 7:114,630 1596.53 837, 084 1501 .66 821 .827 1500.73 5.00163 3.78408 §10.2936
731789 18:12:14.530 1599.,22 a37.084 1501.66 Bt3,282 1499, 91 5.03865 3.92611 10.3833
731782 18117:114.510 1599.52 835, 3899 1499, 91 820.979 1499.91 S5.03824 4.,17974 10,3666
V31785 18:22:14.610 1359.81 835.389 1499.91 817.38¢ 1498.15 5.08285 4.27104 16,4705

7/31/8% 18:27:14,530 1598.,33 835.389 1499,03 817.5386 149¢.15 9.04179 4.3217? 10.398%
7731789 18:32:14.650 1593, 03 832.000 1498.15 815.889 1499.15 4,99297 4.53481 10,3665
/317853 18:37:14.519 1596 ,&%5 831.152 1459, 03 812.494 1457.27 5.01036 4.49423 10.38323
7731789 13:42:14.3440 1595, 96 823.457 1496.239 812.494 1437 .,27 S.00914 4,52467 10.3827

?/31/733 168:47:14,54¢( 1597 .44 827.762 1497.27 803,948 1438.15 4.99660 4.62e12 10.3077
7731785 18:52:14.51¢ 1398.23 826.067 1496.39 a2, 093 1497 .27 $.05912 4.46380 10.33%22
7/31/89 18:57:114.6140 1599.81 826,067 1439, 032 809.09% 1498.15 S.06725 4,22032 10,3362
7731789 19: 2:14,630 1599.22 825.219 1498, 03 809.948 1499.,03 5.04006 4.4%423 10,3654
/31789 19: 7114.620 1598.92 825.219 1492, 03 869.099 1499.03 S5.03250 4,27104 10,3789
/31789 19:12:14.,640 1597.74 826,067 1499, 03 B809.09% 1496.39 <4.98631) 4.3551¢0 10.2710
7731789 19:17:14.,580 1600.11 825.219 1499, 03 805.948 1499.951 4,.97902 4,26090 10.2313
7/31/785% 19:22:14,380 1598.33 826,067 1499, 91 810,797 1500.78 4.93326 4,3927% 10.2547
?/31/89 19:27:14.610 1599. 81 8z27.762 1499.91 808.2510 1499, 91 4,36172 1. 22032 10,1360
7/31/89 19:32:14.530 1602 .48 827.762 1499, 91 609, 09¢% 1499,03 S, 02954 4,23119 10.3274
7731789 19:37:14,250 1602.78 827.762 1301 .66 811.646 1501.66 9.03737 4.,39278 10.3373
7731789 19:42: 14,680 1599,52 827 .762 1499.91 810,797 1499.%1 5. 04631 4.,321°?7 10.3024

/31739 19:47:14,.620 1538.62 825.610 1499.91 812.494 1502.54 0.903412 4.69713 10,3993
V431789 19:52:14,560 1538,33 828,610 1428.15 812.494 1500.76 5.05z244 4.58554 10,3130
773173839 12:57:14.63¢ 1500.70 828.6140 1499, 03 813.343 1500.78 5.03790 4.5a8554 10.2609

7731789 20: 2:14.670 1600.70 829.610 1500.78 813.343 1500.78 5.06426 4,43336% 10.3380
?/31/89 20: 7:14.680 1601.00 829.457 1500.789 817.93¢& 1502.54 5.06296 4,25075 10,2805
/3177859 20:12:14.E€50 1602 .48 831,152 1500.73 815,889 1500,78 S.0v&83? 4.41307 10.351¢0
7/31/8% 20:17:14.710 1599.22 B831.152 1500.73 816.737 1495, 91 S.123951 4,.32191 10,4689

731789 20:22:14.,3640 1598.63 830.305 ~ 1501.6% 815.889 15006.78 5.06161 4,392738, 10.3445

IL



Test Facility

252

s .'1) :ﬁ 1™ 7N .n F13g " e /
Fram: ' 273135 at " 55, dlaQﬂhJ Parameter Printout Fage 17
Toyily 8/ LiGS at. o Y KEY PARAMETER .IST WAT (PAGE 13) Time 0:30:45
e B0 B0 A G Date 8/ 1709
BE LHN\’.[:[U \'il]HUlI] NOTICE
CEBT 01 WFT14 WFTIS WrT24 WFT295 CFBVO1 o028 CCRCONT
SEQ# 405 SEQ® 219 SEQ# 220 SEL# 226 SEQ# 227 SEQ¥ 407 SEQ# 13 SEAs 413
MO/DY/YR HR:MM:SC.M3 DEG F DEG F DEG F DEG F DEG F FT/35EC PERCEHNT RATIO
?A31/39 20:27:14.280 1535 .22 831,132 1500.78 815,040 1502, 34 £.031a97 4,.356525 10.2535s8
7/31/89 20:32:14.300 1598.63 830.305 1499 .91 813.342 1499, 03 3.04935 4,25119 10,2179
v/31/89 20:137:14,320 1599.22 831.152 1499, 91 815.a9% 1500.78 S.06E60 4,.29133 10,2597
7731789 20142:14.420 159% .22 8i2.847 1501.68 615.88v 1499 .91 S. 06388 4,34206 10.2673
/31785 20:47:14.290 1602.19 831.1352 1502.54 817.58¢ 1502,.34 5.07242 4,16959 10.2743
¥/731/89 20:52:14.61C 1603.67 A832.0847 1502.54 818,434 1503.42 S.11095 3.74350 10.261%9
?7/31/89 20:157:14.620 1602.70 834,542 1502.54 820.979V 1505.14 S5.10205 4,1188°7 10.2417
7431789 21 2:14,430 1601.89 B634.542 1501.66 g20.130 1501.,66 5.07721 4, 09358 10,1942
731739 21 7114.540 1600.70 835,234 1303.42 816.737 13502.54 5.02290 4.31162 1¢.070%
P/31/89 21112:14.,55¢ 1599.22 835,389 1499 .91 815,389 1499, 03 S5,07744 4. 02706 10.2131
7/31/89 21:17:14,290 1601.30 832.847 1501 .66 812,494 1501.66 5.05713 4,25075 10,2048
7731789 21:22:14.520 1601.00 830.305 1501.865 803.250 1439.,91 5, 02879 4,33191 10.1337
7731789 21:27:14.500 15%9.22 e828.5610 1500.796 804 .854 1499, 03 S.01740 4.31162 10,1393
?/31/789 21:32:14,630 1598.33 824,371 1499, 03 801,456 1496,372 5.01522 4,33191 10.11938
7731789 21:137:14,640 1596.85 820.979 1499.03 v38.907 1499,03 S.04428 4,32177 10,2253
?/31/89 21:142114.,.550 1599.52 819.262 1499, 03 796.358 1495.51% S.05048 4,62612 10,2188
/31789 21147:14.520 1598.63 822.675 1499.03 798,058 1499, 03 S.10817 4.40293 10.3523
/31789 21:32:14.610 1598.03 822,675 1498.15 798,058 1497.27 5.06308 4.41307 10.2617
7731789 21:57:14.520 1399.32 823.523 14959.03 799.757 1497.27 S5.048239 4,46380 10.1364
?/31/89 221 2:14.290 1559.52 826. 067 1500.73 801.456 1498.15 5,09136 4,44351 10.3094
7731789 227 7:14,290 1599.81 824.371 1459.03 798,907 1496.39 S.07384 4.,45365 10,2339
P/31/89 22:12:14.,290 153%6.55 822.675 1499.,03 799,757 1437.27 S.05824 4,35220 16,2627
/31789 22:17:114,290 1597.74 §24.371 1498.15 735,907 1496.39 S.080¢Ff0 4.558525% 10,3307
/31789 22:22:14,550 1598.£3 322.673 1496.39 ¥53.058 1496.39 S.05273 4,60383 10,2600
/31799 22:127:14.610 1598.€3 g21.827 1493, 03 ?98.0358 1497 .27 5.05755 4.49423 10.25%%
?/31/89 22:32:14.400 1595.22 822.675 1493.15 798,053 1496.39 3.09300 4,2304¢ 10.3028
?/31/89 22:37:14.610 1598.92 a822.675 1500.79 798.058 1456.39 S.06069 . 060366 10.2410
731789 22:42114.,560 1597.14 822.675 1498.153 7398.058 1495.51 S5.06951 20,7465 10.3139
7/31/789 22:47:14,530 15%9.22 821.827 1492,15 796,353 1496,39 S.06414 11159 10.,25%35¢
7431789 22:52114.,620 1539.22 B821.827 1497 .27 ?96.358 1496,3% S5.08532 9.92180 16,3373
?7/31/89 22:157:14,51 0 1587 .44 820,979 1498,13 793.909 1495, 51 5.062335 4.1391e6 10.2589
731739 23: 2:14.290 1598.63 820.979 1499, 03 797 .208 1496.39 S.083477 4,00727 10.20&0
?7/31/789 23: 7114.,.640 1598, 03 821.827 1439.03 7956.353 1497.27 5.06239 4,14339 10,3583
PA31/89 23112114 ,.540 1593.33 &21.827 1497,27 796.358 1496.33 S5.06423 4,4340% 10.2329%
7731739 23:17:14.620 1593.92 821,827 1500.73 796.358 1499, 03 S.05636 4.33191, 10,2069

45



Test Facility 252

From: 7/31/789 at 90: 0: 0 Parameter Frintout Page i8
Te :+ 87 1789 at 0: 0: ¢ KEY PARAMETER LIST WAT (PAGE 19) Time 0:31: 3
Date &/ 1/83
CFBTG1 WFT14 WFT1S WFT24 WFT2S5 CFBYO1 na2e ccacoT
SEQ# 405 SEQ# 213 SEQ# 220 SEQ# 226 SEQ4 22 SEGH 4907 JEGH 13 SEOQ#H 419
MO/DY/YR HR:MN;S5C.MN3 DEG F DEG F DEG F DEG F DEG F FT/SEC PERCENT RATIO
?/31/8% 23122:14,470 155%8.92 824 .371 1499.03 797,208 t495.51 $.00302 4,44351 (0.1008
?/31/789 23:27:14,4390 1597.14 824.371 1496.39 797.208 1495.51 5.00328 4.11837 10.1760
?/31/689 23:32:14.250 1597.74 821,827 1500.79 794,659 1494 .64 4.,97?761 4,53481 10.0851
7/31/89 23132:35.160 15598.62 620.130 1498.15 797.208 1497 ,27 5.00548 4,25075 10.163S
7/31/89 23:37:35.130 1598.63 820.979 1497 .27 797.208 1495, 31 S5.05361 4,39278 10.2800
7/731/89 23:;42:35.130 158%.66 820,979 1496,33 794,659 1437 .27 5.01507 4.453€85 10,1732
7/31/89 23147:35.130 1596.25 823,523 1495.51 737.208 1493.76 S5.003%46 4.342086 10.1855
7731789 23:32:35,130 1596.25 826,067 1487 ,27 795.50¢9 1¢93.76 5.0135¢% 4,33264 16,1309
7/31/89 23:57:135.130 1597 .44 8256, 067 1497 .27 736.358 1494 .64 S.03546 4.22032 10,3435

tL



AF DBC Test Facility
From: 7/31/89 at 01 01 O Test article And Ralated Facllity Data Page | of 4
To + &/ /89 al U1 0: @ 252-TP=-0001, TEST A-10 Time 01 8117
Avg. of 2A8 Sanplas Date O/ 1789
SEG# Tag He. Description Units Mean Std. Dav Minimum Maximum
66 ARTO2 s RECYCLE 3YSTEM-INJECTIGH TEMPERATURE DEg3 F 274.38 24,790 209.47 348 .24
470 C=-02+C02 OXTGEN PLUS CARBON DIOXIDE PERCENT 17.16 1.83 02 20.%68
2510 CaPRO4 coumiy AIR-WINDBOX PRESSURE IR W.G. 8r.o64 1.23 34.40 90.068
415 CARCO! ASH RELYCLE ~/ COAL ERATIO RATIQ 1.47 .20 [ D) ] 9.0z
427 CARFO3 AsSH RECYCLE FLOW LES/HR 1742.3% 1070.35 0.0C 10856.5¢
434 CARFORQ HSH RECYCLE CONVEYING AIR FLOW LBS/HR 866,056 3,93 ast .13 876,03
Y1 CATOA COMP HIR~WIHDBOX TESMPERATURE DEZ F 969,73 7.95 351 .40 86,19
46& CBBPF BED BURHMER PURGL AlR FLOU LBS/HR 20%.49 3,25 187.49 213.33
413 CCATC O 1H-BED COMB Alk T0 COAL RATIO RATIO 10,15 10 9.86 10,47
419 CCACOUIT TOTAL COMBUSTION AIR/COAL RATIO RATID 10,37 .10 10.07 10.69
403 CCAFQIT TOThl COMBUSTION AIR FLOW LBS/HR 12289.29 135.91 11949,90 12642.70
410 CCAFO! COMBUSTION AIR FLOW LBS/HR 8034 .54 125.98 8534.39 92198.17
465 CLCAS CALCIUM-TO SULFUR MOLAR RATIO RATIO 2.39 A 2.3?7 2.60
411 CCFF32T TOTRL COAL FLOW LES/HR 1134,57 9.93 1163.10 1203.,38
428 CCFFOIT TOTHL CORL CONVEYING AIR FLOUW LB3/HR 2098.43 16,44 2044.47 2126.63
429 CCFF12 COAL CUNVEYING AIR FLOW #1 LBS/HR 524 .61 4,101 S11.12 $31.66
441 GCOUMBEFF HEAT BALANCE COMBUSTION EFFICIEHCY PERCENT 04 .63 1.50 80.59 50.57
406 CFBHOI FLUIDIZED DBED HEIGHT 1NCHES 100,01 13.60 73.06 141.195
405 GFBTO1 RYERAGE BED TEMPERATURE DES F 1998.36 0.00 1387.06 1608.13
407 CFBYO! BUPERFICIAL. VELOCITY FT/SEC S.07 + 06 4,96 3.22
412 CFGFO0! TOTAL FLUE CAS FLOW LB3/HR 13355.,39 140.95 13006.03 13713.67
1 CFI2 #1 COAL SYSTEM COAL FEEDRATE LBS/HR 29%5.57 2.44 290.72 303.49
2 CFU22 #2 CORL SYSTEM CDOAL FEEDRATE LES/HR 29% .40 2.40 209.76 300,49
J CFW32 3 COonL SYSTEM COAL FEEDRATE LES/HR 296.9¢ 2.46 291.72 301,537
4 CFu42 #4 COAL SYSTEM COUAL FEEDRATE LEBS/HR 296 .69 2.%2 £90.56 301.47
414 CLSCO LIMESTONE ~ COAL RATIO RATIO .20 + 01 .26 30
433 CLSFo2 LIMESTOHESUINDOW&MISC PURGE FLOW LBS/HR 260.78 f.38 258.77 265.895
469 CHOX HOX=-CORRECZTED TO 3% OUMYGEH PPN 226.988 33,93 A1 451 .71
? CO FLUE GAS CO COHCEMTRAVIOH PPM 67.395 32,75 .66 552.30
8 Cd2 FLUE GAS COZ CONCEHWTRATION PERCENT 13.10 1.99 -, 07 13.94
409 co2g EXCESS AIR PERCENHT 335.67 230.38 23 3931.26
10 CoMB FLUE GRS COMB CONCCHTRATIOH PERCENT A2 .03 .00 .33
450 CQRAR ASH RECYCLE HEAT LOSS BTU/SEC 50,44 32.495 0.00 321,06
451 CACWAD COMBUSTIOH 1R WINWDBOX DUCT HEAT LOSS BTU/SEC 19,36 1.02 16,95 22.14
452 CQFLKE WORKIMZ FLUID BED BANK EAST HEAT FLUK B/FT2~-5SC 2.09 .09 1.96 z.t6
462 CGFLXW WCFRAING FLUID BED BANK WEST HEAT FLUX B/FT2-5C 2.05 .07 1.84 2.13
444 CQAIN I¥3TEM HEAT IHPUT ’ 8TU/SEC 3484 .09 30.69 3J421.38 3544.07
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AF B C Test Facility
From: 2431789 at Gy 0 0 Test aAarticle And Related Facilitw Data Page 2 of 4
To B/ 1789 at o 0: 0 252=-TP=0001, TEST wn=1v Time U: 8124
Avg. of Z38 Samples Data 8/ 1789
SEGH Tag Ho. Lescription Units Mean 5td. Dev MHinimum HMaximum
443 COGSTACK STACK EXHAUST HEAT LOSS BTU/SEC 266.69 S5.49 243,77 279.083
445 CUWFE WORKIHG FLUID EAST HEAT REMOVAL BTU/SEC 1246.08 23.79 1169.49 1270.61
446 CQUFUW WORKING FLUID WEST HEAT REMOVAL BTU/3EC 1187.49 32.23 1082.94 1227.53
460 COUWFBEE WORKING FLUID SED BANMK EAST HEAT REMOVAL BTU/5EC 765.79 18,01 716.22 792,05
461 COWFBEW WORKING FLUID BED BAMK WEST HEAT REMOVAL BTU/5EC 740.51% 24 .74 672.96 781.16
404 CSC SULFUR CAFTURE PERCENT 93.486 1,57 88.95 99.73
462 (302 S02~-CUORRECTED TO 3% OXYGEN PPM 200.66 606,68 12.954 834.59
416 CUWFFO1 TOTAL WORKING FLUID FLOW LBS/HR 30976. 04 610,13 29325.73 31562.06
417 CWFF1) AIR WORKING FLUID FLOW EAST LBS/HR 15640.41 308.70 14911.19 16212.29
418 CWFF21 AIR WORKING FLUID FLOW WEST LESAHR 15137.63 418,90 13020.24 13%611.76
442 C3Y¥SEFF OVYERALL BED BNK HEAT EXCH EFFICIENCY PERCENT 69.83 1.36 66,72 72.48
261 FBPO! FLUID BED~-BED PRESSURE (5.7") IN ¥,0G, 77.358 2.06 71,931 83.34
262 FBPOZ2 FLUID BED-BED PRESSURE <¢17.1%) IN W.G., 66, 04 3.28 35.46 74,38
263 FBPO3 FLUID BED-BED PRESSURE <(29.7") IN W.G, $55.80 3.91 45.74 66,39
264 FBPO4 FLUID BED~S8CED PRESSURE <41.7")> IN W.G. 45,59 4.45 20.49 56.75
265 FBPOS FLUILD BED-8ED PRESSURE (53.7") IN W.0G, 36.90 3.69 21.76 $1.04
26& FBPOG FLUID BED-BCDL PRESSURE (635.9%) IN W.G. 25.64 5.78 9.93 41.43
267 FBPO? FLUID BED-BED PRESSURE <?7.9%) IN U.G, 15.28 3.61 6.91 26,71
263 FBFoOB FLUID BED-BED PREGSURE <(90.t") IN W.G, 2.26 1.96 -1.33 12,21
269 FBP09 FLUID BED-BED PRESSURE ¢102".1) IN W.G. -. 05 4 -2.26 2.13
270 FaP12 FLUID BED~FREEBOARD PRESSURE <¢230.3") IN W.G. -.53 .14 -1.0? -.26
73 FBTO1 FLUID BED-DIED TEMPERATURE €¢3.7%) DEG F 1575 .28 3.15 1358.98 13584.69
74 FBTO2 FLUID BED-BED TEMPERATURE (27.7") DES F 1601.67 4,27 1590, 91 1611.40
7?5 FBTD3 FLUID BED-BED TEMPERATURE ¢51.7") DE:G F 1376.63 0.00 1383.81 1606.94
76 FBT04 FLUID BED-BEL TEMPERATURE (735.4") DE:G F 1596.77 1.67 1584.69 1606.0%
77 FBTOCS FLUID BED-L.OWER FREEBUARD TEMP ¢103.1") DEZ F 1544,35 4.67 1527.18 1558.05
78 FBTO06 FLUID BED-UPPER FREEBUARD TEMP (229.3") DE; F 1468.62 8.11 {1449.41 1493.76
83 FGTOH FLUE GAS SYSTEM=-LYCLONE IKRLET TEMF DE3 F 702.32 10.07 680,22 723,05
90 L3T01 LIMESTONE & BED MATERIAL LIHE TEMP DEG F 91.41 4,97 82.71 105.62
5 Lswo2 LIMESTOHE FEEDRATE LEBS/HR 333.69 12,23 309.00 364,67
37 MPTO03 MATERIAL PROBE-BBTEA COOLANT OUTLET TEMP DES F 788.20 3.78 777,63 796,36
190 MPTOSER MATERIAL PROBE-BBTEA SPECIMEN TEMP (2*) DEG F 867? .98 20,24 828,61 930.87
98 MPTU068 MATERIAL PROBE-3PECIMEN BBTEAR TEMP <C13%) DEG F 918.31 103.64 809.95 ti168.31
99 MPTUGL MATER1AL PROBE-SPECIMEN BBTER TEMP (2Z4%) DEZ F 1263.59 50,93 1155.57 1373.81
100 MPTO6GD MATERIAL PROBE-SPECIMEN BBTEA TEMP <(34") DEG F 889.15 20,02 819.28 935,94
102 MPTI13 MATERIAL PROBE-BBTEE COOLANT OUTLET TEMP DEZ F 789 .54 1.084 783.31 793,814
103 MPTI6A MATERIAL PROBE-BETEE SFPECIMEN TEMP (2") DES F 1530.91 2.27 1520.13 1340.41
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AFBLCL Test Facility
From: 7/731/89 at 0: 0: U Test Article And Related Facility Data Faga 3 of 4
To 8/ 1/89 at 0:; 0: O 252-TF-0001, TE3T A-190 Time 0: 8:36
fivg. of 288 Samples Cate 6/ 1769
SEQ# Tag Ho. Description Units Hean Std. Dev Hinimum HMax.mum
104 MPT16B MATERIAL PROBE-BETEE SPECIMEW TEMF <13") DE: F 1479.52 1.67 1466.953 1489.37
105 MPTI16C MATERIAL PROGE~BBTEE SPECIMEN TEMP (24" DE: F 1412.78 3.83 1460.49 1423.03
106 MPT16D MATERIAL PROBE-BDTEE SPECIMEH TEMP (34%) DEC F 1232.47 3.24 1218.57 1242.9593
103 MPT2S5 MATERIAL PROBE-BBTWA COOLANT QUTLET TEHMP DEG F 640.24 6,79 €26.86 651.85
109 MPT264 MATERIAL PROBLC-BBTWA SPECIMEN TEMP (2%) DE: F t075,.33 28,72 1028.90 1210.04
110 MPTzéB MATERIAL PROBE-BHBTWA SPECIMEH TEMP <13%) DEG F 612.14 29.43 S543.55 650.46
t13 MPTz6C MATERIAL PROBE-BBTWA SPECIMEN TEMP (24") DES F 948 .29 32.a% 707.36 978.29
114 MPTZ260D MATERIAL PROBE-BBTWA SPECIMEH TEMP <34") DE3 F 726.43 34.30 644,10 839.62
122 MPT48 MATERIAL PROBE-BMLED COOLANYT OQUTLET TCHP DEG F ?41.73 2,23 734.16 747.82
123 MPT46A MATERIAL PROBE-~BMLED 3PECIMER TEMP (2") DES F 9999.00 0.00 9999.00 9999.00
124 MPT468 MATERIAL PROBE-BMLED SPECIMEHN TEMP <13%) DEG F 1129.308 9.61 t109,87 1153.37
1235 MPT46C MATERIAL PROBE-BMLED SPECIMEHN TEMP <(24") DEG F 923.83 67 .65 772.354 10409,29
129 MPT46D MGTERIGL PROBRE~BHMLED SPECIMEN TEMP (34%) DEG F 97%59.23 1421.67 $92.60 999%.00
137 MPT6S MATERIAL PROBE-BMLUC COOLANT OUTLET TEMP DES F 763.17 2.60 754.65 769.99
138 NPT66RA MATERIAL PROBE~BMLWC SPECIMEN TEMP (2%) DEG F 1003.90 51.90 886.14 1138.63
133 MPTE&6B MATERIAL. PROBE-BMLWC SPECIMEN TENMP (13") DES F 614,13 242 .41 202.52 1062.63
140 MPTé6RC MATERIAL PROBE-BMLUWC SPECIFEM TEMP 24" DEG F 7232.68 3890.74 1606.94 9999,00
141 MPTESD MATER[AL. PROBE~BMLWC SPECIMENM TEMP (34") DES F 1064 .89 33.93 1020.46 1197,23
131 MPTBY MATER]AL PROBE-BMUUWL COOLANT OUTLET TEHP DEZ F 677.09 7.97 639.60 691.37
152 MPTB6A MATERIAL PROBE-BMUWD SPECIMNEN TEMP (2%) DEG F -7935.41 4117.80 -9999.00 473.30
1953 HMPTBED MATERIAL PROBE-BMUWDL SPECIMEN TENMNP (13%) DEG F 1223.60 17.91 1188.71 1254.50
154 MPTS6C MATERIAL PROSE-BMUWD SPECIMEN TEMP {24%) DEG F 4325.40 4292.54 430.72 9999.00
155 MPTH6D MATERIAL PROBE~BHUWD SPECIMEN TEMP (34") DFG F -133.36 42.66 -224.8% -53.16
164 MPTAS MATERIAL PROBE-BTPSA COOLANT OUTLET TENMP DES F 7rz.v2 3.39 ?62.32 781.90
165 MPTAGA MATERIAL PROSE-DTPSA SPECIMEH TEMP (2%) DES F 9571.20 1326.19 16685.84 9999.00
156 MPTR6B MATERIAL PTOBE-BTPSA SPECIMEN TEMP (13") DE: F 1432.195 7.66 1407.42 1450.19
167 MPTAGL MATERIAL PRUBE-BTPSA SPECIMEN TEMF (24") DEG F 1026.93 27.37 963.91 1079,50
168 MPTAGD MATERIAL FPROBE~BTPSA 3PECIMEN TEMP {34") DE3 F -496.15 3070.19 -9999.00 997,54
181 MPTDS MATERIAL PROBE-CBTUA COOLANT OUTLET TEMP DES F 579.99 6.04 566 .21 $9¢1.39
182 MPTD6RA MATERIAL PROBE~CBTWA SPECIMEN TEMP (2") DES F 1230.73 6.84 12725.92 .312.81
183 MPTDGEB MATERIAL PROBE-CBTWA SPECIMEN TEMP ¢13%) DES F 1215.01 7.72 1197.23 1235.67
134 MPTDG6C MATERIAL PROBE-CBTWA SPECIMEN TEMP <(24") DEQ F 9999.00 0.00 9999.00 9799,00
185 MPTD&D MATERIAL PROBE-COTWA SPECIMEN TEMP {34“) DE: F -9399.00 0,00 -9999,00 -9993.00
163 MPTESRA MATERIAL PROBE-BRTWL 3PECIMH TEMP {UWALL)Y DES F 6605.52 4334.31 243,90 33393,00
179 MPTEED MATERIAL PROBE-BBTWD SPECIiMEN TEMP (TIP) DEG F 1253.72 4.54 1248.52 1264.78
171 MPTFéA MATERIAL PROBE-BMHLWA SPECIMN TENF {UWaAlLL) DE: F 1653.06 101.83 1239.41 1361.41
172 MPTF6B HMATERIAL PROEBE~BMLWA SPECIMEH TEMP (TI1P) DEG F 1966.34 4.32 15355.44 1574,93
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AFBC Test Facility
From: ?¢/31/89 at 0: 0: 0 Test Article and kelated Facility Data Page 4 af 4
To &/ /89 at 0: G: O 252-TP~0001, 7TOST A-10 Time 0: 8:43
Avg. of 288 Samples DCate o/ 1793
SEW# Tag No. Description Unite Mean Std, Dev Minimum Maximum
173 NPTGOA MATERIAL PROBE-BTPHNC SPECIMH TEMP {Wall.) DEG F 1295.53 146.27 93c.56 1535.12
174 MPTLEB MATERIAL PROBE-BTPNC SPECIMH TEMP <TIP) DEG F 1567, 06 4.63 13556,32 1574.04
11 HOX FLUE Gfa: HOX COMCEHTRATICON PPM 214.26 34,45 .10 524.60
t2 02a FLUE GA% OXNYGEN COHCENTRATION PERCENT 3.4 1,11 -.56 13,75
13 028 FLUE GAS 02 COHNCERTRATION (GROS3S) PERCENT +.06 1,13 . 06 20.?5
14 302 FLUE GA3 502 COHCENTRATION PP 136,44 45.49 7.16 317.67
52 WFP14 AIR WORKING FLUID-BED BANK IN PR EAST P31G 37.91 .93 35.06 39.07
53 WFP1S AIR WORKING FLUID~-B8ED BAHK OUT PR EAST PSIG 9.96 +45 8.53 10.53
57 WFP24 AIR WORKIMG FLUID-BED BAHK IN PR UWEST P5SICG 37.95a 1.27 33.66 38.92
58 WFP2S AllR WORKIHG FLUIOD-8ED BAHK OUT PR WEST PSIG 9.29 .33 7.63 9.94
219 WFT14 AIR WORKIHNG FLUID-BED BAHK 1H TEMP EAST DEG F 8z2.67 6.24 810.80 841,32
220 WFT15 Al1R WORKING FLUID-BED SAHK OQUT TEMP EAST DEG F 1498.25 2.44 1409,37 1506.06
226 UWFT24 AIR WORKING FLUID-BED BANK IN TEMP WEST DEG F 803,56 7.?9 7a6.16 a627.76
227 WFT2S5 AIR WORKIKRG FLUID-HED BAHK OUT TEMP WEST DES F 1496.94 3.93 1483.86 1505.18
228 WFT26 AIR WORKING FLUIO=-OUTLET TUBE #2 DEG F 1454 .49 3.5t 1444,03 1463.96
229 WFTZ? AIR WORKING FLUID-GUTLET TUBE #4 DEG F 1477.11 3.02 1463.09 1404.93
230 WFT28 AIR WORKING FLUID-OUTLET TUBE #6 DEG F 1467 .89 5,34 1435.49 1477.09
231 WFT293 AIR WORKING FLUID-OUTLET TUBE #e8 DEG F 1469.47 3.34 1457.23 1477.97
232 WFT3V AIR WORKING FLUID-OUTLET TUBE #10 DEG F 1436.53 10.80 1403.95 1449,.27
233 WFT3t AIR WORKING FLUID-OUTLET TUBE #12 DEL F 1467 .49 S.77 1455.,49 1477.09
234 WYFT32 AIR WORKIMG FLUID-OUTLET TUBE #14 DEG F 1466.61 .77 1436.12 1479.72
235 WFT33 AIR WORKIHC FLUID-QUTLET TUBE #16é DES F 1496.53 4.08 1479.72 1503,.42
236 WFT34 AIR WORKING FLUIL~OUTLET TUBE #189 DEG F 1491.33 4.03 1480.60 15032.42
237 WFT35 AIR WORKING FLUID-QUTLET TUBE #20 DEG F 1461 .74 1£.335 1429.99 1477.97
212 WFT36 AIR WORKING FLUID-OUTLET TUBE #22 DE: F 1508.67 3.786 1499.03 11516.61
213 WFT3? AIR WORKING FLUID-OUTLET TUBE #24 DEZ F 1465.56 6.30 1451.05 1481.48
15 UK—-FLUE EVENT CHANHEL ~-S0O0T BLOW-FLUE GAS Cal MILYOLTS 67.73 220.34 t0.30 17350.00
480 CFGO2 FLUE GAS 02 CALC FrROM A/F RATIO PERCENT 4.03 17 3.51 4,54
481 CRO2FG RATIO OF 02 TO CALC FG 02 RATIO 1.01 .29 .02 S.a27
483 CINDDO2 IH BED 02 CALC FROM A/F RATIO PERCENT 3.66 .18 3.12 4,19
484 CROZ2INBD RATIO OF 02 TO CALC 1IN BED C2 RATIO 1.41 .33 .02 S5.61
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APPENDIX B.

MICROSTRUCTURES OF SPECIMENS FROM ANL PROBE BMUEB
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PRCRE ID: BMUEB

TYPE OF PROBE: Uncooled

EXPOSURE TIME: 1000 and 1980 h
ORGANIZATION: Argonne National Laboratory
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SEM Micrograph and X-ray Mapping of Alloy 800 Exposed for 1000 h
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SEM Micrograph and X-ray Mapping ol 800H/Nicro 82/800H
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SEM Micrograph and X-ray Mapping of 21-33 Weidment after 1080 h Exposurc
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SEM Micrograph and X-ray Muapping of 25-35 Weldment after 1000 h Exposure
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SEM Micrograph and X-ray Mapping of 25-35R Weldment after 1000 h Exposure
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SEM Micrograph and X-ray Mapping of 30-50 Weldment after 1000 h Exposure
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SEM Micrograph and X-ray Mapping of 50-50 Nb after 1000 h Exposure
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SEM Micrograph and X-ray Mapping of 188 Weldment afier 1000 h Exposure



130

ELEMENT:
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SEM Micrograph and X-ray Mapping of RA 333 Weldment afier 1000 h Exposure
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SEM Micrograph and X-ray Mapping of RA 333/188/RA 333
Weldment after 1000 h Exposure
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SEM Micrograph and X-ray Mapping of 188 Weldment alter 1000 h Exr usure
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SEM Micrographs of Cross Sections of 25-35 and 25-35R Weldments after the Last 980 h Exposure
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SEM Micrographs of Cross Sections of 30-50 and 50-50 Nb Weldments after the Last 980 h Exposure
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SEM Micrographs of Cross Sections of RA 333 and 188 Weldments after the Last 980 h Exposure
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SEM Photographs of Cross Sections of Alloy 800 and 304 SS after 1980 h Exposure
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SEM Photographs of Cross Sections of Alloys 310 and 330 after 1980 h Exposure
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SEM Photographs of Cross Sections of Alloys 253 MA and 8XX after 1980 h Exposure
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SEM Photographs of Cross Sections of Alloys Fe-25Cr-20Ni-3Nb and Fe-25Cr-20Ni-3Zr after 1980 h Exposure
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SEM Photographs of Cross Sections of Alloys 188 and FW 4C after 1980 h Exposure
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SEM Photographs of Cross Sections of Alloy HR 3C after 1980 h Exposuie
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SEM Photographs of Cross Sections of Nicro 82 and 21-33 Weldments after 1980 h Exposure

Sl



800H/25-35/800H 800H/25-35R/800H
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SEM Photographs of Cross Sections of 800H/188/800H and 188/188/188 Weldments after 1980 h Exposure
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APPENDIX C.

MICROSTRUCTURES OF SPECIMENS FROM B&W PROBE BBTED
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PROBE ID: BBTED

TYPE OF PROBE: Uncooled
EXPOSURE TIME: 500 h
ORGANIZATION: Babcock and Wilcox
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SEM Micrographs of 310-Clad 800H Alloy after S00 h Exposure Near the Bed Walls
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SEM Micrographs of 8XX-Clad 800H after 500 h Exposure

£91



Outside

Leading Edge
1599 |

RA 330

SEM Micrographs of RA 330 after 500 h Exposure

ol



1669

15KV

A% %
b b= - ')'_-- -.
< e
» Y Y.
“ T A
-"r <
1 d -} \t ’c'
ot . surela
.f

Le_aid

- ."-'-i-__' .'_f:* ‘

.
[ =

.‘-l .

ing Edge -

. — .
o, TR L. k>
- LY % =
F ke ¢
-

X300 108Fm WD3B

e PNy &
L:i e ."":-: g-' s \
- ""',. E‘ ,c_--_.-__,'p.. 5 Tz
R ”1. R s a“' % PN ‘
> e el o 8 Trailing Edge
A30% {8brw {608 . LN

HS 188
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SEM Micrographs of HS 556 after 500 h Exposure
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APPENDIX D.

MICROSTRUCTURES OF SPECIMENS FROM B& W PROBE BBTEB
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PROBE ID: BBTEB

TYPE OF PROBE: Uncooled
EXPOSURE TIME: 1000 h
ORGANIZATION: Babcock and Wilcox
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181



I: /-.‘ /] :

SEM Micrographs of HH after 1000 h Exposure

r

Z81



Outside

Inside

WD37 4N

2300 100Kn
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SEM Micrographs of HS 188 after 1000 h Exposure
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SEM Micrographs of HK 40 after 1000 h Exposure
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SEM Micrographs of Sanicro 33 after 1000 h Exposure
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APPENDIXE.

MICROSTRUCTURES OF SPECIMENS FROM B&W PROBE BBTWB
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PROBE ID: BBTWB

TYPE OF PROBE: Uncooled
EXPOSURE TIME: 1980 h
ORGANIZATION: Babcock and Wilcox
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SEM Micrographs of HH and HP 50 after 1980 h Exposure
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APPENDIXF.

MICROSTRUCTURES OF SPECIMENS FROM FW PROBE BBTEC
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PROBE ID:

TYPE OF PROBE:
EXPOSURE TIME:
ORGANIZATION:

BBTEC
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SEM Micrographs of 310 Stainless Steel after 1980 h Exposure
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SEM Micrographs of Alloy 800 after 1980 h Exposure
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SEM Micrographs of HH a. 2r 1980 h Exposure
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SEM Micrographs of HK 40 after 1980 h Exposure
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SEM Micrographs of Alloy 556 afier 1980 h Exposure
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SEM Micrographs of 253 MA after 1980 h Exposure
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SEM Micrographs of Chromized 253 MA after 1980 h Exposure
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APPENDIX G.

MICROSTRUCTURES OF SPECIMENS FROM FW PROBE BBTEA
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SEM Micrographs of 304 Stainless Steel after 1980 h Exposure
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SEM Micrographs of Alloy 800 after 1980 h Exposure
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SEM Micrographs of 556 after 1980 h Exposure



232

253 MA

SEM Micrographs of 253 MA after 1980 h Exposure
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