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MATERIALS PERFORMANCE IN THE ATMOSPHERIC FLUIDIZED-BED
COGENERATION AIR HEATER EXPERIMENT ‘

by

K. Natcsan, W. Podolski, D. Y, Wang, F. G. Teats,
W. Gerritsen, A. Stewart, and K. Robinson

ABSTRACT"

The Atmospheric Fluidized-Bed Cogencration Air Heater Experiment (ACAHE) sponsored
by the U.S. Department of Encrgy (DOE) was initiated to assess the performance of various heat-
exchanger materials to be used in fluidized-bed combustion air heater systems, Westinghouse
iilectric Corporation, through subcontracts with Babcock & Wilcox, Foster Wheeler, and ABB
Combustion Engincering Systems, prepared specifications and hardware for the ACAHE tests.
Argonne National Laboratory contracted with Rockwell International to condncet 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 operating conditions, a summary of the
operation, and the results of analyzing specimens from several uncooled and cooled probes exposed
in the facility, 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 penctration 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 Cogencration Experiment (ACAHE) is part of a rescarch program
funded by the U.S, Department of Energy (DOE) o advance the utilization of fluidized-bed combustion
(FBC) technologies, It is a follow-up to the Generic Studics 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 two major contractors, namely, Argonne National
Laboratory (ANL) and Westinghouse Electric Corp. During the course of the study, concerns were:
expressed over allempting to design and build, with commercial warrantics, facilitics based on the four
concepts developed in the Generie Studics project without benefit of previous testing in FBC units. The
ACAHE was conducted 1o assess the performance of various heat-exchanger materials at full commercial
scale and thercby 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 ‘fechnology Engineering Center (ETEC) within the Rocketdyne Division of RI reactivated a



1.8-m x 1.8-m advanced fluidized-bed combustion (AFBC) unit at an R1 site in El Scgundo, CA. The
Westinghouse team, consisting of Babcock & Wilcox (B&W), Foster Wheeler' (FW), and ABB
Combustion Enginecring Systems (ABB/CE), provided test specimens which ETEC installed, The

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

Test Hardware

Nine types of test articles were exposed (o the fluidized-bed environment: (1) previously exposed
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 after
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 to evalnate hanger materials and
weldments, More than 60 alloys were exposed duting the 1958 h of testing. Test articles were visually
inspected at regular intervals and removed for further cxamination.

Thirteen air-cooled specimen probes were installed in various test ports through the combustor
casing 1o test the erosion and corrosion properties of candidate tube materials. Twelve of the probes were -
in the fNuidized 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
temperature 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 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 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 tabs of
material welded to a central bar of 304H, and (2) specimens that were similar to the cooled ring
specimens, but were housed in probes that did not have provisions for cooling air and had only iwo
thermocouples. The final type of test article was an w xcooled "U-bend"” of tubing. Two of these were
placed in ports just above the in-bed heal exchanger.

© Test Operatiou

llinois 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 fluidized bed operated at a temperature
of 871°C, a fluidizing velocity of 1.5 m/s, a working (luid 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 the ACAHE, In addition, penctration depths were
measured for several of the materials as a function of specimen orientation, exposure location in the
combuslor, and time of exposurce. These results, together with those reported earlier from a laboratory test
program in support of ACAHE, were uscd to determine the role of key variables that contribute to
accelerated corrosion of materials and 1o assess the long-time materials performance of candidate
malerials for air-heater applications, Based on the information, a number of conclusions can be drawn:



o

Austenitic stainiess steels such as Types 304, 310, and 330 and alloys (¢.g., HR 3C, FW 4C,
and 8XX) exhibited low depths of penetration after exposure in the ACAHE, as well as an
carlicr laboratory test under gas cycling conditions and a more severe laboratory test under

low oxygen partial pressure (pO,).

Alloys such as HS 188, H8556, HK 40, and 80CH exhibited catastrophic corrosion from
exposure 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 to in a typically well run FBC system, the 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 cxhibited superior corrosion
resistance. Filler metals such as Nicro 82, 188, and 25-35 showed acceptable corrosion
resistance,

Among the coated specimens, aluminized coatings performed poorly, In general, this is
beeause of the difficulty in achieving a crack-free coating rather than exposure 0 an FBC
environment, If cracks were present initially, accelerated oxidation occurred, which
considerably diminished the coating 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 deposit 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 1o 0.25 mm/yr (2 to
10 mil/yr) when the surfaces were devoid of bed material deposits. (These rates are
extrapolated from the 1980-h data bascd on parabolic kinetics.) In this regard, component
material surfaces exposed to a corrosive-crosive environment perform superior to those
exposcd 1o corrosive environment alone. The aceeptable performance of even Alloy 800 (an
alloy that has been shown 10 undergo substantial corrosion during exposure 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, if duplicated
in a commercial system, can result in cnhanced reliability of the larger system,

The corrosion rates for several materials (tested 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 1o
1600°F). Considering that air tubes are 5 10 6 mm in wall thickness, these rates will lead to
a thickness loss of 0.8 1o 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 selection, However, based on this study, corrosion resistant materials can be
applicd as a cladding onto a structurally acceptable alloy (i.e., one with sufficient strength at
high temperatures) 1o achicve adequate corrosion resistance and mechanical properties for
the air-heater tubes.



I. INTRODUCTION

In 1980 Rocketdyne, a division of Rockwell International, designed, fabricated, and tested an
atmospheric fiuidized-bed combustor (A¥BC) for research on closed-cycle gas turbine cogeneration
systems. This coal-fired facility measures 1.8 m x 1.8 ra. Test configurations and procedures werc
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. proposcd additional materials researcii 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 technologies. It is a follow-up to the Generic Studies of Advanced Fluid-Bed Air Heater
Tf:chnology2 and is intended o 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 turbing-exhaust-blown, bubbling AFBC, (2) a fan- or turbine-exhaust-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 te raise the turbinc inlet temperature), and (4) a
bubbling AFBC or coai pyrolyzer/AFBC that is pressurized to 3 1o 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 tested in an FBC unit before
attempting to incorporate them into « commercial facility. The ACAHE was conducted o test various
heat-exchaniger materials at full commercial scale for better resultant designs of FBC air-heater systems.

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

Rockwell’s contribution was to reactivate the AFBC facility, to improve its operability
charrateristics, to fabricate and install test specimens, to report the test data, and to decommission the
facilitv. The test specimens were provided by three Westinighouse subcontractors: Babcock & Wilcox
(B& W), Foster Wheeler (FW), and ABB/Combustion Engineering Systems (ABB/CE). The original
project scope involved three test phases: 1000 h or coal iiring, 50 h of coal/water slurry testing, and
1000 h of natural gas-fired testing. The slurry test and the gas-fired simulation of a circulating fuidized-
bed (CFB) boiler were deleted because an adequate simulation o a CFB could not be accomplished in the
existing facility. Coal firing was then extended to 2000 h, The project required 45 :nonths, beginning in
December 1985, A total of 1958 h of coal-fired testing was accumulaiced.

The Energy Technology and Engincering Cenier (ETEC) within Rocketdyne provided engineering
designs, fabrication, and project management; and Rockwell International's North American Aviation
Operations Division (NAAO) provided the test crews and facility support. The AFBC facility is located
at the NAAO Thermodynamics Laboratory at El Scgundo, CA (Fig. I-1).

This repoit contains a summary of the testing at ETEC and the results obtained from the ANL
examination ef uncooled and cooled specimens exposed for different fengths of time at several locations
in the combustor. A contparison of ihe results of analyses by ANL and 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. II-1) is ar experimental facility io study the technology of metallic
heat exchangers. While miuch work is being done on fluidized-bed combustors for steam-boiler
applications, this facility is oriented toward heat-exchanger development with significantly higher metal
iemperatures than steam-cooled heat cxchangers,

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

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

Table 1I-1. Range of Test Capability

Superficial Velocity, m/s 061024
Working-Fluid Outlet Temperature, "C 788 to 843
Excess Air, % 2010 50
Ca/S Molar Ratic 2t04
Ash Recycle Oto 3 times

coal flow rate

Wy



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

A simplified schematic is shown in Fig. II-2, which illustrates the key 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 atriosphere at a temperature of 816°C. Fluidizing air is
provided by a forced draft blower and passes through a preheater Lo exchange heat between the flue gas
and fluidizing 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 recycled back into the combustor. The hagnouse provides a final cleanup of the flue
gases, so the gases discharged are cleaner than the Federal Air Pollution Standards require. The induced
draft fan maintains a balanced draft in the freeboard (zone above the fluidized bed) section of the

combustor. The solids feed systems are coal, limestone, 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 operate for an

extended duration. The nominal design parameters are presented in Table {I-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 Lo improve operability of tne facility. These problems were presented in a Rocketdyne-
published Facility Status Report.> The ETEC reviewed the Rocketdyne recommendations and elected to
implement some, delete some, and make modifications to simplify facility operation or 1o meet
requirements,
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Table 11-2. AFBC Nominal Design Parameters
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During operation of the combustor, the coal feeding system had been identified as a prime arca to
improve, The feeders were volumetric, and the feed rates had (o be inferred from the measured
revolutions per minute of the serew and an estimate of coal bulk density, Direct-reading mass-flow
meters were needed (o obtain the mass flow instantancously and 1o pcrmlt closer control of the coal feed
rites o the individual coal pots.

i
i

A new mass-flow control system was selected (o replace the ~xisting volumetrie screw feeders.
The new system consisted of four weigh belts with four individual mass-flow controtlers 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 fincly ground coal. The new system allowed coal fecd
to cach quadrant of the combuscor air distribution plate 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
combustor stoichiometry and simultancous control of the mdmdual quadrant siomhmmutrpcs canbe
clmng,ui casily by the facility (\mrdlo.. -

The limestone i‘ccd system o the combustor was changed from a vibrating tray feeder to a'weigh-
belt feeder, similar o the one abnve for coal. One of the two Rockwell-owned units at the Combustiun
Test Facility was Toaned to NAAO for usc on the limestone feed system. Accurate values of
instaniancous limestone feed rate and total limestone were continuously available to the operators with
the new weigh-belt feed system, ‘

Mimor modifications to the limestone loading <ysicm were made to facilitate its operation. The
horizontal run of the solids-conveying air line was increased (o accelerate the solids to a sulficient
velocity so that Lh"y would not drop out and plug the vertical line.

During the carlier Rocketdyne testing, cach quadrant in the fluidized bed was fitted with a different
coal-feed port configuration. For this experiment, all ports were identical to provide a more uniform
environment in the combuster. The feed-port configuration is shown in Fig. 11-3
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The ash recycle rotary valve was replaced by a new valve with a floating scal. The existing valve
had a rigidly mounted seal, which caused the rotor to bind due to fluctuations of higher temperatures the
valve experienced during operation. Also, the vent piping was removed. The ash-injection conveying
system was modified, and the line diameter was reduced [rom three to two inches for more reliable

“product transport.
|

The baghouse bags svere replaced with 14-ounce Nomex bags that had beers heat-treated, They
have a "singed" surface which released the fly ash filter cake much more casily. The baghouse pulsers
wure operated on a timed cycle rather than a manual one, which allowed a large pressure differential 10
build up. No b;}ghousc problems were observed during operation,

, Data acquisition was sighificantly improved by installing a dedicated system in the AFBC control
room. 'The computer controllé;.d the various displays and recording devices according to input from the
operator. A modem was provided so that the system could be accessed remotely for modilying prograrny
or troubleshooting (rom FFEC offices 40 miles away. The system had 336 charinels. In addition, there

-were five pulse-counter inputs which measured the {requency of the weigh-belt coal and limestene
feeders. Data were recorded on disk for temporary storage and recall, and permanent data were recorded
on magnetic tape. ‘ ‘

Hi. TEST HARDWARE

In fluidized-bed air-heater applications, heat-exchanger materials must withstand metal
temperatures considerably higher than are typical with steam-raising applications, Nine types of Lest
articles were exposed in the fluidized-bed environment: (1) previously exposéd 304H platens, (2) platens
fabricated from new serpentine scctions, (3) platens fabricated using existing return bends and new
straight seetions, (4) cooled ring specimens, (5) a 304H platen section replaced after 1000 h of 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 articles were used to evaluate candidate heat-exchanger tube
maltcrials and butt weldments, while the remaining test-aiicle types were used to evaluate hanger
materials 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 evaluated.

The in-bed heat exchanger, shown in Fig. [11-1, comprised 24 platens, A typical platen is shown in
Fig. 111-2. Air from the inlet header is carricd by a downcomer 1o the first (lowest) tube. After ten passes
through the system, the air nxits (o the outlet header. The original tube bundle was fabricated from 2-in.
(50.8-mm) 304H tubing. The first four rows of tubes had 0.180-in. (4.6-mm) thick walls, while the final
six rows had a wall thickness of 0.260 in. (6.6-mm). A (ransition piece through the combustor casing
{rom the tube bundle to the inlet and outlet headers had a 0.50-in, (12.7-mm) wall thickness. The
transition picces provided vertical support for the tube bundle. Scveral types of clamps were used (o tic
the tube bundle together while allowing for thermal expansion, Diagrams of various types of hangers arc

“own in Lig. TH-3.

The existing tube bundle was modified with two types of new tube specimens, The first type
consisted of straight-tube sections of various alloys with 3-in. (8-cm) stubs of 304H welded to cach end
(g, -4, The 304 stubs allowed the bundle (abricator to make only 304-t0-304 welds. Existing return
bends were used for the five platens that were modified with the straight scetions in order to utilize
existing hangers where possible.

o -
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Fig. 1H1-2. Typical Platen
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The second type of heat-cxchanger test specimen consisted of replacement platens of new material,
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 different design (Fig. 11-5). -
After these changes were made, all welds were liquid-penetrant inspected, and selected welds were
radiographed. The tube bundle was hydrostatically tested after its fabrication to cnsure ity integrity.
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| ~ A final modification to the tube bundle was made after approximately 1000 h of testing. Six

sections of lubing, thrée from the uppermost row of platens and three from the lowermost rows, were (o
be replaced, but because of the difficulty in making satisfactory welds with the limited space available,

only two actually were replaced,

Twenty thermocouples were insialled on the exterior wall of in-bed heat-exchanger tubes. These
thermocouples were destroyed afier only a few hours of operation, as expected, but some useful data on

metal temperaturc were obtained.

Thirteen air-cooled specimen probes (Fig. I11-6) were installed in various test ports through the
combustor casing 1o test the crosion and corrosion properties of tube materials, Twelve of the probes
were in the fluidized bed (as shown in Fig, 111-7) and one was located just below the convection-section
heat exchanger. A valve was installed on each probe to control the ilow of cooling air to maintain a
particular temperature profile along the probe. There were five thermocouples installed to monitor

temperatures, four located along the probe, and onc at the coolant outlet,
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Fig. l1I-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. 11I-8). Each ring was hand lapped to its adjacent rings to minimize the leakage of cooling air,
10 maintain the desired probe temperature profile, and to reduce the possibility of oxygen addition i the
bed. Each ring was carefully washed, rinsed, and weighed (to the nearest 0.1 m) prior (o assembly/onto
the probe body. Figure 111-9 shows typlcal cooled-ring specimens. Each probe had between 20 ard 30
specimen rings and four pairs of thermocouple rings. ‘

| S
i o ) T S S\w.

b i o b AT LR A " “ .

s . W s : "y R )

Fig. I11-8, Components of the Air-Cooled Probe

i

b =%

Fig. I11-9. Typical Ring Specimens

Two types of uncooled specimen probes were exposed during ARBC testing, These probes were
designed to test candidate hanger materials, The first type of probe was the uncooled tab probe, In which
individual tabs of material were welded 1o a central bar of 2-in, (5-cm) 304H, Tabs of cach material were
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welded at the 12, 3, 6, and 9 o'clock positions. In addition, {ive uncooled tab probes wete Instailed.
Figure 111-10 shows a Lypical uncooled tab probe.

Fig. 111-10,

Typical Uncooled Tab Probe

The second type of uncooled probe was the uncooled ring probe of which there were three

(Fig. 111-11). The specimens in these probes were similar to the cooled ring specimens, but the probes did
riot have provisions for cooling air and had only two thermocouples,

Fig. LI-11. Uncooled Ring Probe

\\f‘ J
The last type of test article was an uncooled U-bend of 2-1n, (5-cm) OD tubing. Two of these wcrq’.?’

L

/

/

placed in ports just above the in-bed heat exchanger. Figure 11-12 shows one of these specimens,

H)

Fig. [11-12, Uncooled U-Bend Probe
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1V, TEST PLAN

‘e test duration was planned to be 2000 h, divided in 250-h test segments, Each segment was
characterized by a gradual startup 1o steady-state test condltions, a 250-h hold at test condition, and a
gradual shutdown to ambicent temperature, Between segments, maintenance and necessary repairs would
be performed on the facility and the test spectmens would be inspected, The steady-state operating
conditions arc shown in Tuble [V-1. |

Table 1V-1. Steady-State Operating Conditions

Fluidized-Bed Temperature, "C ‘ 871 & 14
Fluidized-Bed Height, m 24 +.15-0
Superficinl Velocity, m/s 1.5 £ 0.1
Frecboard Pressure, kPa 1002 2 1012
Working Fluid Outlet Temperature, "C Rl6 ¢ 14
Oxygen in Flue Gas, % 4 £05

Instrumentation was provided in the facility 1o measure temperatures of the test article and
identily the environment to which the test articles were exposed. All instruments were catibrated to meet
the specitied accuracies, Measuroments were recorded on (1) disk at a rate ol one sample per 10 s for on-
line data retrieval and plots and (2) magnetic tape at @ rate of one sumplc per 120 s for permanent storage
and data manipulation,

The coul used for this experiment was Illinois No. 6 screened to ~4 mesh, Analytical results for
coal samples taken before testing are shown in Table 1V-2, The sorbent used for sulfur capture was Plizer
high-calcium grit (lHimestone) (>98% CaCO3) screened through a -8 x 20 mesh,

Table [V-2. Results from Ultimate Analysis of Coal®

Component Percent
Carbon 60.87
Hydrogen 4.18
Nitrogen 1.11
Chiorine 0.1
Sullur 3.34
Ash 8.860
Oxygen 8.17
Moisture 13.97

“One of four samples taken before testing,

Periodic solids sampling was required during test operations, Each shift one-liter samples were
taken from the coal, limestone, baghouse fly-ash, and spent-bed material. These samples were
periadicatly analyzed for adherence to feed sioek and combustion-product requirements.
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The South Coast Air Quality Management District (SCAQMD) requlres power-plant operation in
compliance with approved EPA micthods, The SCAQMD issucd an operaling permit for coal-fired testing
up to 1200 h per year, while continuously moniloring emission concentrations of NO,, SO,, CO,, O,, CO,
and unburned hydrocarbons, The SO, emission was limiled t0 276 ppm at 3% O, on a dry basis, Over
the course of the program, this limit was casily met, The permit conditions ulso required daily
calibrations of the flue-gas instrumentation system.,

The possibllity of in-bed heat-exchanger tube leaks was of particular concern because tube Ieiks
can cause severe damage to adjacent tubes. Therefore, ETEC conducted Ieak tests at 8-h intervals by
injecting 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 measured partial pressure at various locations within the bed. The probe could penetrate
through several ports in the combustor casing via an iselation valve.

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

V. TEST OPERATION

All operations were conducted in accordance with a detailed Test Procedure written by Rockwell,
The ‘T'est Procedure was the controlling document specifying the order in which cach subsystem was to be
brought on-line, Each subsystem (c.g., plant air, nitrogen purge, burner ignition, and coal-feed system)
had its own detailed procedure, which defined proper valve line-up, flow rates, temperatures, ete., 10
cnsure proper and safe system operation. These procedures worked well, and throughout almost 2000 h
ol testing, no time was lost due Lo improper setup of plant conditions,

During the initial checkout of the facility, the combustor was preheated in small increments to
atlow 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
tube bundle with ash deposit. It was determined that moisture generated by the natural gas burners used
in the initial heating of the combustor was condensing on the convection-section tubes, and ash material
was hen adhering to the tubes. To avoid this problem, the procedure for initial heating of the unit called
for prelicating the combustor with the working (luid, The working fluid was heated by the compressor
gas-fired preheater. The foreed draft and the induced draft fans were used to distribute the heat through
the combustor, Heat-up rates were controlled (o less than 55.6°C/h (131°F/h) by adjusting the working-
(uid flow rates and the firing rate of the compressor heater. This procedure worked well, and no fouling
of 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-{ired burners were started to bring the combustor temperature to
approxiniately 482°C (Fig. V-1). ‘The [irst of these bumners, rated at 5295 M/h (5 x 100 Biu/h), was
located in the combustion air duct downstream of the air preheater and upstream of the windbox. The
seeond bumner, rated at 2648 MU/, lired into the bed directly below the in-bed heat exchanger. Firing
rates and working-fluid fows were adjusted to maintain a temperature rise of 55°C/h,
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Fig. V-1. Combustor Prcheat Stage (two measurcments)

At a temperature of 482°C, coal feed into the combustor was initiated at approximately 22.7 kg/h
for cach of the four coal-feed nozzles. Combustion was verified by observing a rise in flue gas CO, and a
decrcase 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 to 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
supcerficial velocity of approximately 1.5 m/s, and the induced draft fan was sct to maintain a freeboard
pressure of -101.2 kPa. The coal-feed rate was set Lo 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 limestone.

Another activity during start-up concerned the cooled specimen probes. Each probe had a specified
temperature 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 at ambient temperature.

Once the operating conditions had been established, operators adjusted coal feed, combustion air
flow, and working-fluid flow 1o maintain these conditions. When an adequate supply of recycle ash had
been accumulated, the ash recycle system was starte<. The bed was drained about once an hour to
maintain the proper bed height (Fig. V-3). During stcady-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. Continucd Heat-Up Using Coal (threec measurements)

Fig. V-3. Bed Drain Operation

A helium leak check of the tube bundle was carried out every 8 h using a mass spectrometer,
Helium was injected into the working fluid at various locations, and the fluc gas was sampled for traces of
helium. No leakage was cver noted.
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Data collection and retricval was a key activity during steady-state operation. Numerous data plots
and printouts were made at 8- and 25-h intervals (Appendix A). In addition, special data packages were
taken to document plant conditions for periods of special interest, such as during pO, probing.

The flue-gas analysis system was calibrated cvery 24 h during steady-siate operation. In addition,
after 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 types of upset conditions were anticipated during the operation of the unit. The first type
would require setting the plant back to a lower temperature at a controlled rate, while the second would
mandate emergency slumping of the bed. Both types of situations occurred several times during the
course ol (esting.

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

The second type of upset condition required an immediate plant shutdown and slumping of the bed.
This type was typically caused by the failurc of some major plant component or loss of incoming power
and occurred several times during test operations. When this situation occurred, coal fecd was
immedialcly stopped. Flue-gas readings were monitored for a rise in O, concentration and a decrease in
CO, concentration Lo ensure that all carbon was burncd {rom the bed. The working-{luid 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. 1If it was determined that the problem could be resolved in a few hours, working fluid was
trickled in (if possible) to maintain the temperature of the in-bed heat-exchanger outlet headers, I the
shutdown appeared to require long duration, the working-fluid flow shut off to limit heat loss from the
bed.

Il the problem was corrected and if the bed was still above 482°C, the induced-draft and forced-
draft lans were restarted, and coal-feed and working-fluid flows were re-established. Working-{luid and
coal-Teed flow were set to limit the temperature rise of the coolest part of the system (usually the outlet
headers) to 55°C/h.

At the conclusion of a (est run, the unit was shut down by essentially reversing the startup
procedure. Coal feed was reduced and working-fluid flow adjusted to initiate a temperature decrease of
55°C/h. A1482°C coal feed was stopped, and the duct and in-bed burners were lit and adjusted to
continue the temperature decrease. At about 200°C the bed was drained, the burners were shut off, and
combustion-air and working-{luid flows were terminated. All supporting systems were shut down to
complele the test run,

VI, TEST SUMMARY

Ten test segments were initiated. Their history is summarized in Table VI-1. Checkout and
facility shakedown were initiated in February 1988, but were aborted when the working-fluid compressor
lailed. Facility probleins during this interval were minor, related primarily 1o data acquisition change
requests and forced draft fan controller changes. Many project objectives were accomplished, including



Table VI-1, ACAHE Test Summary

Test Starung Hours in

Segmeny Date Test Envelope Comments
Chockuuim 02-08-88 0 Fucility checkout, Approached test envelope, halted due
10 compressor failure,
A-1 03-03-88 17 Halted due to coal plugging,
T A2 03-30-88 242 Completed test segment, Approximately 70%
‘ availability due to intermittent coal plugging,
A-3 05-09-88 252 Better than 99% availability, No significant problems.
A-4 006-01-88 0 Halied due to prcheater zﬁr duct failure.
A-5 06-11-88 444 Shutdown due Lo ash reeycle line failure,
A-6 08-22-88 0 Halted duc to north wall refractory failure.
A-7 09-06-88 27 Measured and calculaled oxygen difference.
A8 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 Stumped once to avoid August power

demand changes. No facility problems,

satisfactory operation 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 training 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
approximately 10%.

Two hours into the next test period, the bed-drain line failed, requiring an immediate shutdown for
repairs. This was the first of many corrosion failures of sensitized stainless steels and carbon steels
because of the lack of preservation and the presence of salt air from the occan nearby. The test was
restarted and the first 250-h segment completed. However, the coal-system plugged intermittently (duc to
wet coal), yielding approximately a 70% availability (sce Fig. VI-1).

‘The coal feeding systems were modificd to improve their tolerance to moisture. Figure V1-2 shows
the tapered downcomer that replaced a system of bell reducers, The conveying air was replumbed 1o yiceld
a more even air distribution 1o the four conveying systems. in addition, coal was dried to approximately
10 to 11% moisture for the remainder of the test program. These changes completely eliminated the wet-
coal feed problem,
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The coinbusior was inspected after Test segment A-3, and no anomalics were noted (Fig. VI1-3).
One of the ABB/CE probes was found to be approximately 1-in. (25.4-mm) short, causing the first
specimen 1o be inside the refractory (Fig. VI-4). The external thermocouples which had been installcd on
the tube bundle were gone (Fig, VI-5). This was not unexpected; however, they lasted long cnough to
provide some external tube temperatures.

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



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 to be very time
consuming due to the size of the probe and the congested area (Fig. VI-6). A platform was installed on
the west side to provide better access.

[N

Fig, VI-6. West Side of the Combustor

The next test segment was initiated in carly 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,



achicving better than 99% availability. (Availability compares the number of hours of operation to the
number of hours between startup and shutdown.) See Fig, VI-7.

TEST A-3
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Fig. VI-7. Data Plot for Bed Temperature for Test A-3

Following this segment, the combustor was inspected, and again, no anomalies were observed,
Probes BBTED, an uncooled tab 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 returned
1o B&W. The latter probe was substituted for probc BMUWAB, located one level higher in the middle of
the bed, because it had more operable thermocouples.

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

T'he carlier schedule delays, associated costs, and unanticipated peak summertime power
surcharges were factors leading to a duration of 500 h for the next test segment. During this run & minor
interruption oceurred when a substation circuit breaker ailed. Anash-recycle transfer line failure caused
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the test to be stopped at about 450 h. A reference junction failure caused some temperature measurcment
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 maximum
available supply pressure to "run as cool as possible." ETEC attempted to reduce the temperature by
supplementing the cooling with high-pressure nitrogen. Although this reduced the temperature, nitrogen
consumption was deemed excessive, and it was decided to return to air cooling only and accept the higher
temperature 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. VI-9). Extensive examinations of the tube bundle indicated that no
damage to the platens had occurred.

Fig. VI-8. ANL Cooled Specimen Probe BMLEC

Fig. VI-9. Dummy Probc BMUEC
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Other facility-related problems that occurred during the course of the testing included failures of
instruments, auxiliary equipment, combustor casing penetration sleeves, and feed lincs, some due to the
crosiveness of the materials handled.

A key fuilure occurred in the flue-gas monitoring system. Air that leaked in through a defective
sample line was interpreted to increase the oxygen content in the bed. Over the course of the (est
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 {lue-gas measurement system was rcpulrcd. Besides the measured oxygen concentration, an
independent calculated measurement was displayed based on air-to-fuel ratio. Any discrepancy between
the two would alert the control room operators 1o possible problems with the plant on-line data, Qxygen
concentration was also checked using a portable detector and indicator on a daily basis.

At 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 lest articles and one uncooled tab probe (Fig. VI-11) were removed and returned to B&W,

BBTER .. ‘
12000 ey : K : L {

T 1

Fig. VI-11. Uncooled Probe BBTEB (B&W) at 1000 h



During sturtup for A-6, an operator observed discolorution of the combustor casing, which led to
the discovery of a hot spot on the combustor wall just above the in-bed burner, Removal of the in-bed
burner revealed severe erosion in the refractory near the burner, It was postulated that operating the
burner with a stumped bed may have caused the flame (o crode the wall over Ume. The damage was
repaired, and the startup procedure was modified to delay operating the burner untll the bed was fluidized
with a reduced-bed inventory.,

Uport resumption of testing, the measured and caleuluted oxygen concentratlon purumeters failed to
agree, und testing was stopped until this problem could be resolved. To this end, ETEC injected hellum
into the flowing gas stream and measured the dilution downstream using a gus chromatograph, This
technique confirmed the absence of leakage and identificd some (low-stream measurement errors, The
errors were corrected, resulting in good subscquuu agreement between the calculated and measured
oxygen concentration,

Testing resumed in Octlober, Two test runs (A-8 and -9) were completed before the end of 1988 for
atotal o 646 h, bringing the cumulative total to 1628 h, Test A-8 was terminated after 300 h, when the
limestone feeder falled,

Inspection of the combustion chamber after cooldown revealed some possible crosion on the
ARB/CE probe in the convection zone, The probe was removed and, following Inspection, relnstalled.

Test A-9 was initiated on November 29 and, lollowing failures of the induced dralt fan bearing and
the working-1luld compressor oil pump, was terminated on December 24 after accumulating 346 h,

Alter the holidays, the tube bundle and other specimens within the combustor were inspected, The
cooled specimen probes were removed, inspected, photographed, and then reinstalled, No significant
anomalies were observed.

Further testing was delayed for approximately six months due 1o a serics 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 experiment was o identify suitable materials for fluidized-bed
applications, key parameters to be controlled within specified limits were identified, These parameters
and the specified limits are shown in Table V-1, and discussed below, Aninterpretation ol the data

follows.

A, FFluidized-Bed Temperature

Bed temperature was controlled very closely during the entire test period. Initially the lemperature
wits maintained by adjusting the working-{Tuid flow using a trim valve in the working-fluid supply line,
This required constant vigilance and adjustment, As operators gamned experienee with the plant’s
aperation, they found that temperature control could be achieved much more casily by adjusting the
recyele ash ftow,

The fluidized-bed emperature wis computed by averaging three bed temperatures, ILwas noted
during testing that one or more ol the temperatures would gradually decrease. This wa traced 1o the
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bending of the thermocouples due o the Impuact of the bed materlal, As the tp of the thermocouple
approached the tube bundle, Its output would approach the temperature of the tube, When this was noted,
corrections to the date reduction were made to replace the suspect Indication or to change the algorithm
[or data reduction,

B. Fluidized-Bed Helglt

Ve bed height averaged about 2,5 n for the test period, Flgare V-1 shows the oscillations
observed during operation, whiteh resulted from bubbles erupting at the bed surluce, The operators used a
performance printout (Flg. V11-2) which gave the average readings over o 30-min perlod to determine bed
helght before dralning, No corrections were made to thls purameter for the final data package,
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C. Superficial Velocity

Superficial velocity s bused on the sum of the air flows entering the bed and the generation of the
gus produced by the buming coal flowing through the cross-sectional arca. Belween tests A-T and A-8, as
the result of an investigation of a discrepancy between measured and caleulated oaygen concentration in
the bed, it was discovered that the ventur in the combustion air supply was actually reading 5.4% lower
than indicated. The one installed at the beginaing of the program had u range of 0-22.4 kPa (0-90 in,
water), 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 for the calculation of
combustion air flow, The transducers tracked consistently and no changes were observed.

D, Working-Fluld Qutlel Temperature

These temperaturcs were controlled very closely, and no stgnificant problems were observed
during the test program,

L, Flue-Gas Oxygen Coneentration

The most stgnificant technical problem involved the failure of the [lue-gas monitoring system.
Oxygen was o be controlled al a concentration of 4.0 £ 0.5%. Roview of the datu by ETEC after the
1000-h testing period revealed an inconsistency between the air-lo-fuel ratio and the measured oxygen

concentration, The problem was traced to a leaking fuc-gas sample line.
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~ Over the course of the test operation, the leakage ol wlr into the line slowly increased, [t was not
recognized as a leak and the operators gradually adjusted coal feed to maintain a constant oxygen
concentration, Caleulations 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 aceepled, In addition to the measured
oxygen concentration, an Independent caleulated parameter was displayed. It was decided that for future
lesting, continuous comparisons of caleulated and measured parameters would be made, Testing was not
resumed unudl agreement between the two was achleved.

Sutlstactory operation of every clement of the alr- and coul-flow systems had to be confirmed. To
(his end, ETEC injected 4 known quantity ol helium Info a Nowing gas stream, and measured its dilution
downstream of the Injection polnt using a gas chromatograph, This not only provided a verlfication of the
[low-system calibrations, but also enabled deterniination of whether there was in-leakage or out-leakage.

The use of this lechnigue revealed atr-[low measurement errors, most notably an approximalely
5.4% crror in the discharge coefficient of the combustion air venturl and 2 much higher-than-cstimated
[low in the limestone-conveying alr system, When all the corrections were incorporated, testing was
resumed and reasonable agreement in oxygen concentrations was achieved (calcuiated 3.9% vs, measured
4, 1% average tor the remainder of the program),

The data tapes for the entire test were corrected using the new coelficients, In-bed oxygen was
computed from the cateulated parameter based on the air-to-coal ratio. This had been the only option for
the carly part of the test program where the sample line was leaking, We bave great confidence in this
parameicer, since the coat teed and air flows into the bed were well characterized and continued 1o agree
well for the {atter part of the test period.

An alteriative 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 unteliable (after the replacement of the sample line)
due 1o uncertainties in the limestone-conveying aic measurement. During the helium-dilution tests, the
orifice used Lo determine limestone-conveying air flow had not been installed. This resulted in a much
higher than anticipated air llow rate, Based on the results of the helium-dilution tests, an algorithm was
developed for computing the flow rale,

The BETEC recommended that the caleulated value based on the air-to-coal ratio for the in-bed
oxygen coneentration be used [or the entire 2000 h of testing, as opposed (o a mass balance around the
{reeboard.

Vil OXYGEN PROBE MEASUREMENTS
To examine the corrosive potential at given locations within the fluidized bed, a special probe was

used to oblain in sing measurements of Muctuating oxygen concentration. A schematic of the probe is
shown in Fig, VII-1.
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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 to prevent plugging of the sensor pores. To accomplish the measurement, some
of the bed gases are drawn into the filter cavity so that the gases come in contact with the sensor surface.
The sensor is a platinum/zirconia {Y,0, stabilized)/platinum galvanic cell designed for high-temperatu:>
operation, The sensor used irt this experiment was manufactured by Robert Bosch Gmbh (Germany) for
usc as an automobile exhaust-gas oxygen sensor.

The relationship between cell voltage and par.ial pressure of oxygen is based on the Nemst
equation, which, upon substitation of the proper constants and units, reduces 10

pO, = 0.209 cxp (-83610 « V/T)
where pO, = partial pressurc of oxygen in atmospheres
V = cell voltage in volts
T = cell temperature in degrees Rankine

The pO, of the fluidized bed was measured as often as schedule would pennit. 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 one
minute. This process was repeated until the probe was inserted 0.8 m into the bed. Two ports (locations
BMUED and BBTED) on the cast side of the combustor and three ports (focations BTPWC, BMUWC,
and BBTWC) on the west side of the combustor were used for probing. Figures VIII-2 and -3 show
locations of the oxygen probes on the east and west sides of the combustor. Also shown in the figurcs arc
the locations of the uncooled and cooled probes exposcd by ANL, B&W, FW, and ABB/CE.

thoppt Hi i
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Exiensive corrosion information developed carlicr in laboratory tests under a variety of simulated
FBC environments indicated that high-chromium alloys exhibit acceptable corrosion rates when p0O, in
the environment is 10 atm or higher.*® The corresponding sulfur partial pressures (pS,) in such
cnvironments would be less than 10°2 atm (in the temperature range of 800 to 900°C), and the
intergranular penetration of sulfur in the substrate alloy is also minimal. When the pO, values fall below
10" atm, the pS, values increase, dictated by the CaO/CaSO,-phase stability linc. > 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 ccll data plotted as a percent of total time that the local environment had a pO,
exceeding 10 atm, for scnsor port locations BMUED, BMUWC, BBTWC, BBTED, and BTPWC,
respectively. The figurcs show the data obtained {rom both the cast and west walls of the combustor and
at threc different radial distances from the insertion 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 BMUED
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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 tor pO, > 10"* atm and reducing for pO, < 1072 aum,
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The data in Figs. VIII-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 period
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 1o 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 fucl {ecd rate. During this
period, the coal-feed rate was increased to reduce the fluc-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 MEECHANISMS

[nteractions between materials and the environment in FBCs indicate that structural alloys develop
predominantly oxide scales when éxposed at clevated temperatures to 0,-SO, gas mixtures of combustion
atmospheres.® Figure IX-1 is a schematic of corrosion scale development and morphological changes that
oceur in CryOq4-forming alloys. The high-Cr alloys develop porous oxide scales (Fig. IX-1a), and some
sulfides are also observed in the inner portions of the scale (near the scale/substrate interface). The
sutfides arc formed by reactions between substrate clements and sulfur that is relcased when chromium
reacts with SO, to form external oxide scale. The porosity ol the scale enables SO, gas molecules 1o
permeate 1o the scale/substrate interface (Fig. 1X-1b), leading to further oxidation/sulfidation. The
released sulfur is transported along the grain boundaries in the metal, leading to internal sulfidation of the
alloy (g, IX-1¢).
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Fig. IX-1. Schematic of Corrosion Scale Development

Extensive corrosion information has also been developed on a variety of structural alloys that were
coated with reagent grade CaSO, and/or CaSO,-CaO mixtures (which make up the spent bed material in
FBC sysiems); however, it 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 lormation, the local
pas chemistry may lead o deposits that may contain Ca8 and/or CaO-Ca$ mixture.” To examine the
eliect o such changes in deposit chemistry on corrosion of heat-exchanger materials, tests have been
conducted at 840°C with Incoloy 800 and Type 310 stainless steel that were coated with CaO/CaS,
CaS/Cas 0y, CaO/CaSOy, and CaO/CaS/CaSO, 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 sutfur pressure and lowest oxygen pressure (in the vicinity of the
Ca0-CuS-CaSOy triple point of the phase stability diagram).® In addition, spent-bed materials from two
large FBC facilities, the TVA-20MW pilot plant in Paducah, KY, and the IEA/Grimethorpe PEBC facility
in the UK, were used as deposits in laboratory cotrosion experiments to cvaluate the roles of deposit
chemistry and gas chemistry in the corrosion performance of struciural alloys.”

‘The results from these studics have clearly established that the presence of CaSO,4 deposit alone
can lead to intergranular sulfidation of high-chromium alloys, even though the exiernal scales are
predominantly oxides. The results also showed that low oxygen pressure in the exposure environment can
increase the corrosion of bare alloys, as well as those coated with CaSO,4 and CaO, at temperaturcs above
600°C. The gas cycling (oxidizing/sulfidizing) experiment showed that sulfidation can be triggered even
in Type 310 stainless steel with a cycle timne 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, atmospiere 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 cffect on the corrosion of alloys coated with cither
CaS0, or CaQ, if the virgin specimens were exposed to a high pO, (similar 1o flue-gas oxygen pressure)
atmosphere at the start of the first cycle.

Generally, acceptable lifetimes for high-Cr alloys exposed to these environments are determined by
the magnitude of the depth of internal 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 to 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 ensucs.

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 {lat 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 (o
B&W and FW specimens) onto the support rod, while the base-metal specimens were welded so that one
side completely contacted the support rod. Figures X-1 through -4 show schematics of probe orientations
and specimen surfaces from diffcrent probes analyzed at ANL. Table X-1 lists the chemical composition
of alloys, weldments, and claddings that were tested in the present program. In addition, some of the
specimens were chromized or aluminized prior to exposure in the AFBC [acility.

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 angle to the support rod (see
Figs. X-1 and -2), the inside surfaces were exposed 1o 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 fittle, 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,

(FLTREY
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A, ANI, Probe Specimen

The base-metal spectmens Inthe ANL probe were exposed in the FBC environment for 1980 h,
Two sets ol speclmens were exposed: one set Tucing the distributor plate and the other Tacing the top of
the bed. Since the base-metal spectmens in the ANL probe were welded in contaet with the support rod,
only the outside surfaces of these specimens were mnalyzed. In the case of weldment specimens, thie top
set of specimens was removed after 1000-h exposure, and o new set ol specimens was welded onto the
support rod and exposcd for the last 980 h. The bottom set of weldment specimens was exposed o the
bed environment {or the entire 1980 h, Both the fnside (support-rod side) and outside surfaces of
weldment specimens were analyzed,

1. Filler Muierialy

Chromium provides superior corrosion reststance to materlals used in high-teimperature,
multi-oxidant environments, such as coal gasification and Nuldized-bed combustors.* Because of their
high chromium content, several commercial filler materals, including Marathon spectulty alloys and
other cobalt- and iron-basce alloys, were sclected for evaluation in the AFBC environment, The resulls of
the post-exposure analyses were used o quantify the relattonship between altoy composition and
corroston performance, The detatled microstructural informatlon is presented in Appendix B for three
scts of specimens exposed for the first 100 b, lust 980 h, and the e¢ntire 1980 h.

Marathon 21/33, containing 22.2 wi% Crand 33 wt% Ni, exhiblted good corrosion
perlormance in the FBC environment, The specimens developed a predominantly Cry0y scale that was 2
to 10 gm in thickness. The oxide layer was continuous and uniform, A few internal precipitates,
primarily MnS, NbS, and C'r, S/Cr,04, were observed in the substrate. The depth of Internal
oxidation/sutfidation was limited 1o 70 gm for the surface, ‘The specimen surfuace was covered with a
~2-3 pm layer ol bed-deposit malerial,

b. Marathon 25/38

Marathon 25/35, containing 25 wt Crand 35 wi% Ni, exhibited a uniform layer of
C'ryOq scale, and the extent of Internal attack was blocked largely by the oxide scale. Locallzed
penetration of oxygen and sulfur was observed extending ~40 pm into the substrate, Large discrete
particles of Si0, formed along the oxide/substrate interface. In addition, a S1O, phase was present along
the internal Cr, Oy phase in the substrate alloy, A few MnS particles, 1-pm dia, were identified ~S0 gm
from the surface. Very little CaSO, deposit was observed on both the inside and oulside surfaces of the
specimens.

C Marathon 25/35R

Marathon 25/35R, containing 1.35 wi% Nb and 35 wi% Ni, is i Nb-modificd version
of Marithon 25/35, ‘The corrosion performance of this alloy is rated among the best of all the filler
materials exposed in the ETEC facility, ‘The weldment surface was covered with @ continuous 3-§ pm
thick C'ryO4 film that blocked further penetration of oxygen or sulfur into the substrate material, Intermnal
oxidation ol chromium in the substrate was not observed. Several isolated MnS particles were scattered
in the substrate matrix, but these were inclusions in the weldment @nd had not developed during exposure
o FBC atmosphere,



do Muargihon 30/50

Muarathon 30750, contalning 20 wi% Crand 48 wi% NI, experlencod tocallzed fnternal
oxldatdon and sulfidaton, "The samples were covered with a §-gm CaSO, deposit. A layer of Cr,0,
(Without uny Fe) scales S-10 g thick formed between the sullate depostt and the substrate alloy, As In
Murathon 25733, masstve amounts of 810, were observed beneath the CryO4 luyer and along graln
boundaries [n the substrate, After 1000 b ol exposure, the S10, phase formed a near-continuons fllin
between tie Cry04 and the substrate, ‘Phe grali bounduarles provided fast difCuston paths for oxygen (o
lorm additional S10, farther into the substrate material. Scattered CryOy phase and MnS patticles of
submicron size formed in the substrate.

o Murathon 50/50Nb

Marathon 50/50Nb, which contains 50 wi% Cr, 48 w9 Ni, and 1,75 wt% Nb,
developed external scales that comprised a mixture of oxldes and sulfldes containing Iron, calclum, and
chronifum, A continuous, 10-pr thick layer of CryOq scale formed between the external seale and the
substrade. Intemal penetration by oxidation and sulfidation of chromium exceeded 150-gm deep. X-ray
analysis indicated that Cr,O4 and Cr S were the primary corrosion products,

. Nicro 82

Nicro 82 s a nickel-base fller metal containing 18,7 wt% Cr, ‘The surface of (he
weldmenr was covered with a thick Tayer of CaSO,. The S-10 pm thick layer of oxide scales blocked
most ol the infernal penetration of oxygen and sulfur that occurred b other filler matertals, This oxide
layer consisted of predominantly CryO4 phase, A large amount of MnO was also detected in this layer.
The high nicke! content (72 wi%) did not impair the corrosion resistance of Nicro 82, as it did In other
high-N1 atloys such as Marathon 30/50 and Marathon 50/50Nb, However, some localized breakdown of
the scale resulted Ininternal oxidation ol the alloy. Somie of the internal attacks were clearly assoclated
with CuSO deposition, Depth of pencetration of internal attack ranged between 20 and 70 pm.

£ Huaynes 188 Flller Metal

Cobalt-based Haynes 188 experienced Hitle gorrosion in the FBC atmosphere, A thin
fayer of CryOy4 seale formed on the sample surface, Internal sulfidation, primarily Cr, S, occurred within
SO0 pm ol the surface, Sullide phases were observed along the grain boundary w ~25-70 gm from the
surface. A few SiO, particles were observed along the CryO4/alloy interface.

h, RA 333 Filler Melal

The RA 333 weld specimen, containing 25 wi% Crand 46 wi% Ni, exhibited a
deposit layer of CaSO, after exposure in FBC environment, The surface scale on the alloy comprised a
mixture ol iron oxide and calcium oxide, Below this Tayer was a layer of Cry O+, about 5-10 pm thick,
Finally, along the interface between the CryOy and the substrate alloy, scattered S10, patticles were
identificd. Bath CryO4 and S10, extended farther into the substrate along grain boundaries; Cr, S was
observed in the substrate matrix in the Torm of seattered particles of submicron size, The filier metal was
highly susceptible to aceelerated corrosion in the presence of bed material,

[Figure X-5 shows the filler metal (mm:lrullon'(.)z\m obtained [rom the weldment
specitens exposed fordifferent times In ANL probe BMUEB, The data clearly show that o number ol
[iller metals with aceeptable corrosion rates in the range ol 0.1 10 0.2 mm/yr can be selected from the
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tested munterinls, The iesulls also show that the fller metal selected for application tn FBC atmosphere
should be impervious (o not only the gus atmosphere but also the bed-deposit matertal, On that basis,
flller metals 25-35R, 25-35, and 188 alloys are the most desiruble,
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Fig, X-5. Filler Metal Penetration Data from ANL Probe BMUEB

2. Base Melal Alloys

‘The base metal specimens in the ANL probe were all exposed for 1980 h, Detailed
miscrostructural evaluation ol various base-metal alloys was conducted, and the SEM photographs of the
cross sections of different alloys are given in Appendix B, The specimens on the top of the suppon rod
(dentified as "Cop Specimens™ would have had some accumulation of bed matertal on them, while those
on the bottom ol the support rod would have been exposed to particle/gas impingement and essentially
would have had no accumulation of bed material, Figure X-6 shows the alloy penctration data for afl the
base-metal specimens exposed in ANL probe BMUEB, The penctration rates for the alloys ranged
between 10 and 160 pm (which translates to 0,02 - 0,34 am/yr, bused on parabolic kinetics) after 1980-h
exposure, Alloys such as Type 310 stainless steel, HS 188, and HR 3C exhiblted better corrosion
resistanee than the others, The internal penetration in most of these alloys was predominantly duc (o
oxidution attack, and virually 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 wete exposed for 500, 1000, and 1980 h at different locations in the
combustor (see Figs, VII-2 and -3), Cross sections of specimens from these probes were examined using
SEM equipped with an energy dispersive X-ray analyzer and an clectron microprobe. The purpose of
these analyses was o identily the morphological features of corrosion product phases in the scale Tayers
and to determine the thickness ol scales and depths of intergranular penctration, 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 dillerent surfaces (see Fig. X-2), namely, outside (bed side), inside (support-rod side), leading edge,
and trailing edge, were examined on the specimens exposed for S00 and 1000 h, The leading-edge
surface was exposed to the coal/air-llow direction while the trailing edge was exposed by the flow. Only
the inside and outside surfaces of the specimens were analyzed for the BBTWB probe exposed for 1980 h,
Delailed miscrostructural evaluation of varlous specimens from the three B&W probes is glven in
Appendices C, D, and E.

Figures X-7 10 -9 show the penetration depth data for diffcrent surfaces on alloys exposed in B&W
probes for 500, 1000, and 1980 h, In gencral, the data show that the penetration was much less on the
oufer surfaces of the alloy specimens when comparcd with those on the inside surfaces, which were
exposed Lo deposits of bed material, This is especially 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 gm. ‘The penetration depths for
the leading- and trailing-cdge surfaces were essentially in the same range, On the other hand, penctrations
on the inside surfaces of all the specimens (except Types 304 and 310 stainless steel) ranged between 630
and 3000 gm (which transtates (o 1.3 and 6.3 mm/yr, based on parabolic kinctics), ‘The inside surfaces ol
stainless steels exhibited a maximum of 90 pm (equivalent to 0.02 mm/yr).
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Figures X-10 1o -12 show the effect of exposure time in the range of 500 to 1980 h on the alloy
penetration 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 exposure time,
however, ihe penetration depths for these surfaces are lairly 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 cxposed in different locations within the combustor, and
the local chemistry around the probes/specimens could have been different. Also, dunng the second
500 h of the run, the combustor environment was maintained in a much more reducing condition (duc to
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pressure tap malfunction), which also would have contributed to the lack of trend in the data. On the
other hand, the effect of exposute time on the penetration ol inside (in contact with bed-deposit material)
surfaces of alloy specimens is dramatic and exemplifics the susceptibility of several alloys to deposit-
induced corrosion. Most of the high-Cr alloys (except Types 304 and 310 stainless steel and 8XX)
exhibited penetrations in the range of 700 to 1000 pm (1.5 to 2.0 mm/yr, based on paraholic kinctics)
after 1980-h cxposure, The alloys such as HP 50 and Sanicro 33 rxhibited catastrophic corrosion after
1980-h ¢xposure. :

C. FW Uncooled Probe Specimens

The specimens obtained from FW were exposed for 1980 h in the uncooled probe BBTEC. These
specimens were ¢ aposed 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 scetions of rings and were attached to the support rod at 12, 3, 6, and 9 o’clock positions (identificd as
locations A, B, C, and D in Fig. X-3). The specimens in location C in the underside of the bed are
¢..posed Lo environments similar to outside surfaces of specimens in B&W probe BBTWB and the botlom
row ol specimens in ANL probe BMUEB. Microstructural details on various specimens in the FW probe
are presented in Appendix F.

Figure X-13 shows the penetration depth data for alloys and coatings cxposed in the FW probe
BBTEC for 1980 h, The results indicate that the coaled specimens exhibited less corrosion resistance
than the corresponding base metals. The penctration in all of the samples was dominated by oxidation
and very litte, if any, sullur 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 um (0.01- and 0.21-mm/yr, based on parabolic kinetics) after
1980-h cxposure to the FBC environment. Figure X-15 shows a comparison of penctration 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 these
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. I'W 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 (sce
Fig. X-13). Among the specimens, 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 femperature range.  Details on the microstructural analyses
of these specimens are presented in Appendix G. Figure X-16 shows (he alloy penetration 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 weldments performed with adequate corrosion resistance for 1980 h.
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X1, COMPARISON WITH EARLIER TEST DATA

Recently, a laboratory test program was conducted to evaluate the corrosion behavior of several
metallic alloys, coatings, claddings, and weldments in support of the atmospheric [Tuidized-bed air heater
experiment.® The program involved six tests, five of which were conducted at a metal temperature of
§71°C (160071, while the last one was performed at a metal emperatre of 635°C (1175°F). Three of
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the tests were conducted under simulated bubbling-bed conditions, while in others circulating fluid-bed
conditions were maintained, Reagent grade CaS0O, 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 progiam,

Two of the bubbling-bed simulation tests were of 3000-h (Test A2) and 2000-h (Test C) durations,
and the data from these tests arc 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, environment,
simulating the worst possible combustion cnvironment anticipated in FBC systems, The oxygen and
sulfur partial pressures during the exposure were maintained at 3 x 1072 and ~10°7 atm, respectively, at a
gas temperature of 900°C. The gas environment in Test C was cycled between a high-pO, mixture (pO,
~10"% aum) and a low-pO, mixture (pO, ~3 x 10" atm) every 100 h. The pS, values corresponding (o the
high- and low-pO, gas mixturcs were ~10%8 and 107 atm, 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 (ests, 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 test
data in this figure arc differentiated as to whether or nol 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 to catastrophic corrosion when subjected Lo a sustained low-pO, and relatively high-pS,
environment (dictated by the boundary between CaO 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
exposed to a bed deposit in the ETEC exposure, HP 50 and Sanicro 33 exhibited 4- o 6-mm/yr corrosion,
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Fig. XI-1. Corrosion Rates for ANL Tests A-2 and C and ETEC Tests
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while 253 MA, HS 556, HS 188, XM 19, and HK 40 exhiblted ~2 mm/yr corrosion rate. 1t should be
noted that FBC systems will probably not expericnee a sustained low-pO, atmosphere [or thousands of
hours; the materials corrosion data obtained in Test A2 may be overly pessimistic, and sclection of
materials based on this test data will be highly conscrvative.

Figure X1-2 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
exposed Lo oxidizing condition in the startup cycle. Only Atloy 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 dilferent tests, The corrosion
rates tor 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 to 871°C (1425 10 1600°F). In the case of air tubes with 5 to 6 mm wall thickness, the above
corrosion rates will lead to a thickness loss of 0.8 to 1.25 mm after (0 years of scrvice in the FBC
cnvironment. Since abnormal conditions (e.g., the low-pO, condition during the second 500 h ol the
present test al ETEQ) are anticipated during the operation of an FBC system, the material selected for the
air tubes should possess adequate corrosion resistance, even under the perceived abnormal conditions,

Another aspeet of importance in materials selection, which this report does not address, is the adequacy ol

mechanical properties of materials at clevated temperatures. However, based on this study, corrosion
resistant materials can be applicd as a cladding onto structurally acceptable alloy (e.g., Type 310 stainless
steel clad on 'Type 304 stainless steel, Alloy 800, or HR 3C) to achieve adequalte corrosion resistance and
other mechanical properties for the air-heater tubes.
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X1l CONCLUSIONS

Detailed microstructural analyses were conducted at ANL on specimens exposed In uncooled and
cooled probes by ANL, B&W, and FW during the A7AHE, 1n additon, informatlon was developed on
penetration depths for several of the materials as o function of specimen orientation, exposure location in
the combustor, and time of exposure, ‘These results, logether with those reported carlier from a luboratory
test program in support of ACAHE, are used (o determine the role of key variables that contiibute to
accelerated corrosion of materials and assess the Jong-time performance of candidate materials for air-
heater applications, Based on the Information, a number of conclusions can be drawn:

1.

6.

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

FW 4C, and 8XX exhibited low depths of penctration alter exposute in the AFBC facility, as
well as a laboratory test under gas-cycling conditions and a more severe laboratory test
under low-p0O, conditions. ‘

Alloys such as HS 188, HS550, HK 40, and 80CH exhibited catastrophic corrosion in the
presence of sustained low-pO, condition and deposit material, based on a 3000-h laboratory
test. Even though the test is more severe than what the materials will be subjected to ina
typical well-run FBC system, the data nevertheless suggest the susceptibility of these
materials Lo aceelerated corrosion.

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

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

Among the coated specimens analyzed 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, il present initially,
exhibited accelerated oxidation and the coating integrity declined.

Among the cladding alloys, Type 310 stainless steel on Type 304 stainless steel 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 o significant,
sometimes catastrophic, corrosion of materials at a temperature of ~845°C. On the other
hand, the same alloys exhibit acceptable corrosion rates, in the range of 0.05 to 0.25 mm/yr
(extrapolated from the 1980 h data based on parabolic kinetics), when the surfaces are
devoid of bed-material deposits, In this regard, component material surfaces exposed Lo a
corrosive-crosive environment perform superior to those exposed 1o a corrosive environment
alone. The acceptable performance of even Alloy 800 (an alloy that has been shown 1o
undergo substantial corrosion after 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, i duplicated in o 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 (o
0.4 mm/yr (10 1o 16 mils/yr) for temperatures in the range of 775 10 871°C (1425 (o
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1600°F), In the case of air tubes with § to 6 i wall thickness, the above corrosion rates
will lead to a thickness loss of 0.8 to 1.25 mm after 10 yeurs of service in the FBC
civironment, even with a pertod of abnormal conditions, as experienced In this test,
Another aspeet of Importance in materlals selection, which this report does not address, is
the adequacy of mechanleal properties ol materiuls at elevated temperatures, However,
based on this study, corroslon resistant materials can be applicd as a cladding onlo
structurally acceptable alloys (e.g., Type 310 stulnless steel clad on Type 304 stainless steel,
Allpy 800, or HR 3C') 1o achieve adequale corrosion resistance and mechanichl properties
for the atr-heater tubes,
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119

APPENDIX B.

MICROSTRUCTURES OF SPECIMENS FROM ANL PROBE BMUEB
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PROBE ID: BMUEB

TYPE OF PROBE: Uncooled

EXPOSURE TIME: 1000 and 1980 h
ORGANIZATIOI«: Argonne National Laboratory
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Weldments Coupons

t ! T .

TOP VIEW |

' Qutside Inside
1 ‘ Top Specimens

} Support

" Rod

[r—— p————  [p—————

Bottom Specimens

EEREEE

Distributor Plate

SIDE VIEW

ANL Uncooled Probe BMULERB
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SEM Micrograph and X-ray Mapping of Alloy 800 Exposed for 1000 h
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800H/Nicro 82/800H

SEM Micrograph and X-ray Mapping of 800H/Nicro 82/800H
Weldment after 1000 h Exposure



'l

800H/21-33/800H

SEM Micrograph and X-ray Mapping of 21-33 Weldment alter 1000 h Exposure



800H/25-35/800H

SEM Micrograph and X-ray Mapping of 25-35 Weldment after 1000 h Exposurc
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800H/25-35R/800H

SEM Micrograph and X-ruy Mapping of 25-35R Weldment alter 1000 h Exposure
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800H/30-50/800H

SEM Micrograph and X-ray Mapping of 30-50 Weldment after 1000 h Exposure
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800H/50-50 Nb/800H

SEM Micrograph and X-ray Mapping of 50-50 Nb after 1000 h Exposure
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800H/188/800H

SEM Micrograph and X-ray Mapping of 188 Weldment afier 1000 h Exposure
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SEM Micrograph and X-ray Ma ping ol RA 333 Weldment after 1000 h Exposure
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RA 333/188/RA 333

SEM Micrograph and X-ray Mapping of RA 333/188/RA 333
Weldment after 1000 h Exposure
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188/188/188

SEM Micrograph and X-ray Mapping of 188 Weldment after 1000 h Exposure
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HR 3C

SEM Photographs of Cross Sections of Alloy HR 3C after 1980 h Exposure
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800H/25-35R/800H

800H/25-35/800H

SEM Photographs of Cross Sections of 25-35 and 25-35R 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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HP 50

SEM Micrographs of HP 50 after 500 h Exposure
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SEM Micrographs of 310-Clad 304 Stainless Steel after 500 h Exposure Near the Bed Walls
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SEM Micrographs of RA 330 after 500 h Exposure
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SEM Micrographs of HS 556 after 500 h Exposure
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253 MA

SEM Micrographs of 253 MA after 1000 h Exposure
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HS 188

SEM Micrographs of HS 188 after 1000 h Exposure
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SEM Micrographs of HK 40 afier 1000 h Exposure
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800H/8XX

SEM Micrographs of 8XX-Clad 800H after 10600 h Exposure



Outside

195

8XX

SEM Micrographs of 8XX after 1000 h Exposure



mlw

Al e il

196



il

o

i widl

P
| -]

[T MHII\“.‘“HIH.. TR (| 1LR1 . .

197

APPENDIX E.

MICRNSTRUCTURES OF SPECIMENS FROM B&W PROBE BBTWB
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PROBE ID: "~ BBTWB

TYPE OF PROBE: Uneooled
EXPOSURE TIME: 1980 h
ORGANIZATION: Babcock and Wilcox
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HP 50

SEM Micrographs of HH and HP 50 after 1980 h Exposure
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SEM Micrographs of 310-Clad Alloys after 1980 h Exposure Near tne Bed Walls
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SEM Micrographs of Dilferent Reglons of 310-Clad
304 Stainless Steel after 1980 h Exposure
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SEM Micrographs of 253 MA and 188 after 1930 h Exposure



209

HK 40

HS 556

SEM Micrographs of HS 556 and HK 40 afier 1980 h Exposure
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APPENDIXF.

MICROSTRUCTURES OF SPECIMENS FROM FW PROBE BBTEC
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PROBE ID: BBTEC

TYPE OF PROBE: Uncooled
EXPOSURE TIME: 1980 h
ORGANIZATION: Foster Wheeler
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SIM Micrographs of 310 Stainless Steel after 1980 h Exposure
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SEM Micrographs of 233 MA after 1980 h Exposure
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APPENDIX G.
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SEM Micrographs of 556 after 1980 h Exposure
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SEM Micrographs of Chromlized 253 MA afier 1980 h Exposure
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SEM Micrographs of Aluminized 800 after 1980 h Exposure
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SEM Micrographs of 21-33 Weldments after 1980 h Exposure
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SEM Micrographs of Chromized 308 Weldment after 1980 h Exposure
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