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

by '

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

ABSTRACT

The Atmospheric Fluidized-Bed Cogeneration Air Heater Experiment (ACAHE) sponsored
by the U,S. Department of Energy (DOE)was initiated to assess tdle pert'ormance of various heat-
exchanger materials to be used in fluidized-bed combustion air heater systems. Westinghouse

l-lectric Corporation, through subcontracts with Babcock & Wilcox, Foster Wheeler, and ABB
Combustion Engineering Systems, prepared specifications and hardware for the ACAHE tests.
Argonne National Laboratory contracted with Rockwell International to cond_ct 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 o1"analyzing specimens from several uncooled and cooled probes exposed

in the facility. Extensive microstructural analyses of the base alloys, claddings, coatings, mad
wcldments were perlbrmed on specimens exposed in severn probes for different lengths of time.
Al Ioy penetration data were deternained for several of the materials as a function of specimen
orientation _mdthe exposure location in the combustov, FinaUy, the data were compared witlt
earlier laboratory test data, and the long-term performance of candidate materials for air-heater

applications was assessed;

SUMMARY '

The Atmospheric Fluidized-Bed Cogeneration Experiment (ACAHE) is part dfa research program
funded by the U.S. Department of Energy (DOE) to advance file utilization of lluidized-bed (zombustion
(FI?._C)tcctmologtes, lt is a follow-up to the Generic Studies of Advanced Fluid-Bed Air Heater
Technology and is intended to provide the data base required to commercialize the technology, The

' project comprises several tasks coordinated between two major contractors, n_unely, Argonne National

l.abort_tory (ANl_.) _d Westinghouse Electric Corp. During the course of the study, concerns were
exprcsscd over attempting to design and build, with commercial warranties, facilities based on the lout
concepts developed in the Generic Studies project without benefit of previous testing in FBC units. The

A(JAH E was conducted to assess the pertbrmanre of various heat-exchanger materials at full commercial
scale a_d thereby increase confidence in the resultant designs of FBC air-heater systems.

'l't_c ACAI-tE was conducted by ANL through a subcontract with Rockwell lnternatiomd (RI). The
lincrgy 'l'cctm()logy Engislcering Center (ETEC) within lhc Rocketdyne Division ot"RI reactivated a

1
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1.8-m x 1,8-m advanced fluidized-bed combustion (AFBC) unit at an RI site in El Segundo, CA, The

Westinghouse tetun, consisting of Babcock & Wilcox (B&W), Foster Wheeler' (FW), and ABB
Combustion Engineering Systems (ABB/CE), provided test specimens which E'FEC installed. The

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

Test Hardware

Nine types of test articles were exposed to 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 30AH 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 materi',ds and butt weldments, while the rest were used to evaluate h_mger materials und
weldments, More than 60 alloys were exposed dining the 1958 h of testing. Test articles were visually
inspected at regular intervals and removed for further examination,

Thirteen air-cooled specimen probes were installed in various test ports through the combustor
casing to test the erosion and corrosion properties of cm_dtdate tube materials. Twelve of the probes were
in the fluidized 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 t/le probe.

The probes were built up using interlocking rings of various alloys, stacked 'along the probe body.

Each ring was hand lapped to each of the adjacent rings to minimize the leakage of cooling air, to
maintain the desired probe tempex'ature profile, and to reduce the possibility of oxygen addition to the bed.

Each probe had between 20 and 30 specimen rings and four pair_ o1'thermoc'ouple 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 tbr cooling air and had only two

thermocouples. The final type of test article was an t. acooled "U-bend" ot"tubing. Two of these were
placed in ports just above the in-bed heat exchanger.

Test Operatiot_

Illinois No, 6 ('bal (-4,0 mesh) was used during the experiment. Pl'izer high-calcium grit
(-8 x 20 mesh), a local limestor_e, was used lor sulfur control. The fluidized bed operated at a temperature
of 871 oC, a lluidizing velocity o1"1.5 m/s, a working fluid outlet temperature of 816°C, and a ttue gas

oxygen content of 4%. Samples of solids from the bed and gas stream discharge ports were collected
every shill for analysis. A!I separations were in compliance with approved EPA methods.

Results from Materials Anal ._s."

Argonne conducted detailed microstructural analyses on specimens exposed m uncooled and

cooled probes from ANl.., B&W, ail(l FW during the ACAHE. In addition, penetration depths were
measured lhr several of the materials as a function of specimen orientation, e×,posure location in the

combuslor, and time of e×posure, These results, together with those reported earlier from a laboratory tesi
program in support of ACAHE, were used to deterlnine the role of key wtriables that contribute Io
accelerated corrosion of materials and to assess the long-time materials performance o1'candidate
materials lhr air-.heater applications. Based on the infonllation, a number of conclusions can be dniwn:



1, Austenitic staialess steels such as Types 304,310, and 330 and alloys (e,g,, HR 3C, FW 4C,
and 8XX) exhibited low depths of penetration after exposure in the ACAHE, as well as an

earlier laboratory test under gas cycling conditions and a more severe laboratory test under
low oxygen partial pressure (PO2),

2, Alloys such as HS 188, itS556, Hl(.40, and 800H exhibited catastrophic corrosion from
exposure to a sustained low-pO 2condition madsur/ace deposits of bed material, based on an
earlier 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 data nevertheless suggest the

susceptibility of these materials to acceleraled corrosion.

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

4. Amongthe weldments, filler metals 25-35R, 21-33, and 308 exhibited superior corrosion
resistance. Filler metals such as Nitro 82, 188, and 25-35 showed acceptable corrosion
resistance.

5. Among the coated specimens, aluminized coatings performed poorly, In general, this is
because of the difficulty in achieving a crack-free coating rather than exposure to an FBC
environtnent, 11"cracks were present initially, accelerated oxidation occurred, which

considerably diminished the coating integrity.

6. Among 1.tlocladding alloys, Type 310 stainless steel on Type 304 stainless steel or on Alloy

800H e_,.hibited superior pertbrmmace.

7, The results l'rom analyzing specimens in the uncooled probes indicate that the presence of

bed material deposit on specimen surfaces leads to signiticant, and sometimes Catastrophic, _
corrosion deg,'adation of materials at a temperature of -843 °C (1550°F). On the other hand,

the same alloys exhibit acceptable corrosion rates in the range of 0.05 to 0.25 mm/yr (2 to
10 mil/yr) when the surfaces were devoid of bed material deposits. (These rates are
extrapolated from _e 1980-h data based on parabolic kinetics,) In this regard, component
material surfaces exposed to a corrosive-erosive environment perform superior to those
exposed to colvosivc environment alone. The acceptable performance of even Alloy 800 (an

alloy that has been shown to undergo substantial corrosionduring exposure in other FBC
facilities) 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 enhanced reliability of the larger system.

8. 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) t'or temperatures in the range of 775 to 871 °C (1425 to
1600°F). Considering that air tubes are 5 to 6 mm in wall thickness, these rates will lead to
a thickness loss of 0.8 to 1.25 mm afler 10 years of service in the FBC environment, even

with built-in abnomaal conditions. This report does not address how adequate the
mechanical properties of materials were at elevated temperatures, which is also important ira
materials selection, l-lowever, based on this study, corrosion resisttmt materials can be

applied as a cladding onto a struclurally acceptable alloy (i.e., one with sufficient strength at
higll temperatures) to achieve adequate con'osion resistance and mechanical properties for
the air-heater tubes.
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I. INTRODUCTION

In 1980 Rocketdyne, a division of Rockwell International, designed, fabricated, and tested an
atmospheric fluidized-bed combustor (AFBC) 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 were
developed for extended corrosion/erosion testing, and approximately 1000 h of actual testing was
conducted under DOE sponsorship.l

L,

In 1985 ANL and Westinghouse Electric Corp. proposed additional materials research in this
facility. The project, known as tile 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, lt is a follow-up to the Generic Studies of Advanced Fluid-Bed Air Heater

Technology z and is intended to provide the data base required to commercialize the technology.

Four different air-heater cogeneration concepts were studied in the Generic Studies project: (1) a
fan- or turbine-exhaust-blown, bubbling AFBC, (2) a fan- or turbine-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 to raise the turbine inlet temperature), and (4) a
bubbliI_g AFBC or coal pyrolyzer/AFBC that is pressurized to 3 to 5 atm by part of the exhaust from a

hlgh-presst_re 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 FFIC unit belore
attempting to incorporate them into atcommercial facility. The ACAHE was conducted to test various

heat-exchar_ger materials at full commercial scale for better resultant designs of FBC air-heater sys',ems.

Before the testing at Rockwell, ANL assessed the information in the literature concerning _gh-
temperature materials perfonnance in FBC environments 3and conducted bench-scale corrosion studies in
simulated FBC environraents. 4

_. Rockwell's contribution was to reactivate the AFBC facility, to improve its operability
, ch0r:',:teristics, to fabricate and install test specimens, to rel'x)n the test data, and to decommission the

facility. "Ihe test specirncns were provided by three Westinghouse subcontractors: Babcock & W_icox
(B&W), Foster Wheeler (FW), and ABB/Combustion Engineering Systems (ABB/CE). The origin_
project scope involved three test phases: 1000 h of coal finng, 50 h of coal/water slurry testing, and

, 1000 h of natural gas-tired testing. The slurry test and the gas-fired simulation dfa circulating fluidized-
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 months, beginning in
December 1985. A tolai of t958 h of coal-fired testing was accumulatcd.

The Energy Techno!ogy and Engineering (?crater (ETEC) within Rockctdyne provJdcd engit_ecring
designs, fabrication, and projt'ct management; and Rockwell Intemational's North American Aviation

Operations Division (NAAO) provided the test crews and facility support. The AFBC facility is locatcd
at the NAAO Thewnodynarnics Laboratory at El Scgundo, CA (Fig. I-1).

Tiffs report contains a summary of lhc testing at ETEC and the results obtained from the ANl_.
examination of uncooled and cooled specimens cxtx)srd !br different lengths of time at several locations

in the combustor. A comparison ot' the results of analyses by ANL and l_hethree Westinghouse
subcontractors is presented. Details of analyses of oi.bcr materials specime_s are contained in final reports
by the Westinghouse team.

z



II DESCRIPTION OF THE FACILITY

" The 1.8-m x 1.8-m AFBC (Fig. II-1) is e.r,experimental facility to study the technology of metallic

heat exchangers. While much work is being done on fluidized-bed combustors for steam-boiler
. applications, this facility is oriented toward heat-exchanger development with significantly higher metal
i

. temperatures than ,_team-cooled heat exchangers.

: The system supports research on hardware and equipment of a si_'.eapproaching minimum :
demonstration d_mensions. The experimental unit was designed to provide operating data over a wide

. r_mge of conditions, as summarized in 'Fable II-1.

Table II-1_ Range of Test Capability

Superficial Velocity, m/s 0.6 to 2.4
Working-Fluid Outlet Temperature, 'C 788 to 843

-_ E×cess Air, % 20 to 50

_ Ca/S Molar Ratit_ 2 to 4
Ash Recycle 0 to 3 times

- coal flow rate



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

A simplilieci schematic is shown iraFig. I!-2, which illustrates the key components. The worldng
fluid, air, is supplied from the facility compressor and preheater (not shown) to the top of the cornbustor
tower. The air is heated first in the convection bank; !t then flows through the in-bed heat exchanger and,

upon leaving the combustor, is dischargedto the atmosphere at a temperature of 816*C. Fluidizing oir is
provided by a torced draft blower and passe_ through a preheater to exchange heat between the flue gas
and fluidizJ.ng air. Flue gas leaving the combustor pas_es through a cyclone separator, the preheater,

, baghou_e, and induced draft fan. The cyclone removes most of the solid particulate, which then can be '
eilher disposed of or recycled back into the combustor. The baghouse provides a final cleanup of the flue
gases_ so the gases discharged are cleaner than the Feder_'l Air Pollution Standards requirel The induced
draft fan maintains a balanced draft in the freetxoard (zone above the fluidized bed) section of the

, combustor. The solids feed systems are coat, limestone, ond fly ash reinjection. Spent solid materials are
removed al the bed drain at the combustor bottom.

The experimental unit was designed to addre:_s 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 oi tlexibility and range, and the unit can operate for an
extended duration. The nominal design parameters are presented in Table H-2. The potential exists for

: adding turbo machinery to the system.

During the earlier test programs, Rock,_tdync identified a number of problems that could be
con'ected to improve operability of the facility. These problems were presented in a Rocketdyne-
published Facility Status Report. 5 The ETEC reviewed the Rocketdyne recommendations and elected to

implement some, delete some, and make modifications to simplify facility operation or to meet
requirements.
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Fig, Ii-2. Schematic of AFBC Unit

, Table II.2. AFBC Nominal Design Parameters

Superficial Veloc il.y,mis 1.8

Combustion

Coal Flow Rate, kg/h 636

Air Flow Rate, kg/h "7082

Excess Air, % 25

Bed Temperature, *C 899

Working Fluid (Air)

Inlet Temperature, 'C 232

Exit Temperature, *C 843

Flow Rate, kg/h 18,432

Heat Release, MJ/h 6354
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l)uring operation of the combustor, t.he coal feeding system had been identified as a plime area to
improve. The l'ee:lers were volumetric; and the feed rates had lc)be inferred from tlm measured

, revolutiotts per minute of ttm screw and an estimate of coal bulk density,' Direct,/'eading mass-flow
l meter,q were needed to obtain the mass flow instantaneousiy tuld lo pemait closer control of the coal feed

rates to the individual coal po:rts.

A _lcw mnss-tlow control system was selected lo replace the ,'×isting Volumetric screw feeders.
The new System consisted of four weigh belts with four individual mass-llow contro!,lers and a single
master controller. Similar tmits had been used a_ Rockwell's Combustion Test Facility for feeding

various solids, inch_ding coat, ely milled coal and finely ground coal. The new system allowed coal 'feed
lo c4ch quad,ant of lhc combu:,tor air distribution plate to be controlled with precision, The individual
controllers arc slaved to tl_emaster c0ntroller to control the total,.feed rate to tlm burner. Control of total

combustor stoictfiometry and simultaneous contro !of the individual quadrant stoichiometfies can be
changed easily by the facility operate),', ' +

:

, The limestone feed system to the combustor was chtmged from a vibrating tray feeder to a weigh-
belt feeder, similar to the one above l'or coal. One o[' the two Rockwell-ox_ned unit's a_the Combustion

: "['est i:a,.ility was loaned to NAAO lhr use on lhc limeslone leed system. Accurale values ot'

• i .): instantaneous limestone t'ced rate and total !imestone were continuously avail,t[ lc to Ihe operators with
the new weigh-belt l:eed system,

M_nor modifications to lhc limestone loading '_ystem were made tO facilitate its operation, The

horizontal rura ,)l"the solids-conveying air line wa._,increased to accelerae the solids to a sufficient
velocity so that they would not drop out and plug the vertical linc.:

l.)uring the earlier Rockctdyne testing, each quadrant in i.he fluidized bed was lifted with a different
coal-feed po_l configuration, For this experiment, ali polls were identical to provide a more uniform
environment in tlae combuster. The feed-port configuration is shown in Fig. 11...3

-:, .__[ .......]

I PL

' 4 RF.OI),

]7".' Fig, II-3,

..... I"i " Coal-Feed Port Conl'iguration. (Units lbl'

ali measurements are in inches. Abbreviations

" ' - 2.(x)._,sNjr(R_-,:) arc dcl'ined as NPr = National Pipe Thread
met,:,j" i lind PI.,= Places.)
lREdeD, I|

I

I
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'l'he ash recycle rotary valve was replaced by ztnew valve with a floating seal, The existing valve
had a rigidly mounted seal, which caused the rotor to bind due to lluctuations of higher temperatures the

valve experienced during operalion, Also, the vent piping was renmved, The ash-injection conveying
syslem w_.lsnlodil]ed, and the line diameter was reduced from three to two inches for more reliable
p rolluct iranSl)O11,

The baghouse bags '_vere replaced with 14-ounce Nomex bags that had been heat,.lreated, They

have a "singed" surface whict_ released the lly ash filter cake much more easily, The baghouse pulsers'
were operated on a timed cycle rather than a manual one, which 'allowed a large pressure differential to

build up. No baghouse problems were observed during operation,

, D_ll_.tacquisition was slgtfil]eantly improved by installing a dedicated system in the AFBC control
ro,:m_, :l'laeComputer controlled the various displays trod recording devices according to input from the

operator, A modem was provii_tedso that the system could be accessed remotely for modifying programs
or Imubleshooting lrom E'FEC, of[_ces 40 miles away. The system had 33{'ichannels. In addition, there
were i_ve pulse-counter inputs which measured the fre,quenc,y o1'the weigh-belt coal and limestone

fee0ers. Data were recorded on disk 10r temporary storage _md recall, and permanent data were recorded
orn magnetic tape.

, ,

III. TEST ItARI)WARE

lt_ fluidized-bed air-heater applications, heat-exchanger materials must withstand metal
ten'tperaltircs coi_siderably higher than are typical with steam-raising "" '" ' ',,,,,pl_catmns. Nine types of test

articles were exposed in the fluidized-bed environmenl: (1) previously exposed 304H platens, (2) platens
fabricated from new serpentine sections, (3) platens fabricated using existing return bends _mdnew
str'ai_ht sections, (4j cooled rii_gspecimens, (5) a 304H platen section replaced at].er 1000 h of exposure,

(6) um:oolcd tab specimens, (71)uncoolcd ring specimens, (8) new platen cl,trnps, and (9) uncoolcd
t.l-ber_d tubes. The first five types of tesi articles were used to evaluate candidate heat-exchanger tube
materials and butt wcldments, while the remaining test-m_icle types were used to evaluate hanger
materiuls and wcldmcnts. Merc than 60 alloys were exposed during the 195_,h of testing. Test articles
were inspected visually at regular intervals and removed and evaluated.

'l't_e in-bed heat exchanger, shown in Fig. III- 1, comprised 24 platens, A typical platen is shown in
l--:ig.11I-2. Air from the inlet header is carried by a downcomer to the first (lowest) tube. After ten passes

• through the system, the air ,?:,;ilsto the outlet header. The original tube bundle was l'abricated from 2-in.

(50.S-mm) 30411 tubing. Tlm lzrst four rows oi" 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 transition piece through the combustor casing
from the tube bundle to the inlet and outlet headers had a 0.5()-in. (12,7-mm) wall thickness. The

transition pieces provided vertical support for the tube bundle. Several types of clamps were used to tiet

i lhc lube bundle together while allowing l'or thennal expansion. Diagrams of various types ot' hangers arc

"ow'z ilaI-,'ig.Iil-3.

'l'llc existing tube bundle was modil]ed with two types of new tube specimens. "I'lm first type
c(msistc_l of straight-tulx: sections of various alloys with 3..in. (f_-crn) stubs of 3()41-1welded to each end

(l:ig. 1II-4). The 304 stubs allowed the bundle fabricator to make only 304-io-304 welds. Existing return
t-)c.nds,aere used for the live plaier_s that were mod!!ied wifll the straight sections in order to utilize

cxi>,liill_'Ilaligc',rswhter¢possible,
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Fig, III,-1_ In-Bed Heat Ex.changer

Fig. 1II-2. Typical Platen
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Fig. Ili-4, Platen with Straight Test Specimens

"l'l_esecond type of heat-exchanger test specimen consisted of rephicement 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

()1 a diflcrent design (Fig, III-5),

: Altor these ch_tnges were made, ali welds were liquid-penetrant inspected, and selected welds were
radiographed. The tube bundle was hydrostatically tested altor its fabrication to ensure its integrity.
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A final modiilcadon to the tube bundle was made after approximately 1000 h of testing. Six
sections of tubing, three from the uppermost row oi'platens and three from the lowermost rows, were to
be replaced, but because of the difficulty in making satisfactory welds with the limited space available,
only two actually were replaced.

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

; Thirteen air-cooled specimen probes (Fig. III-6) were installed in various test ports through the
combustor casing to test the erosion and corrosion properties of tube materials. Twelve of the probes
were in the fluidized bed (as shown in Fig. III-7) and one was located just below the convection-section
heat exchanger. A valve was installed on each probe to control the ;.lowof cooling air to maintain a
particular temperature profile along the probe. There were five thermocouples installed to monitor
temperatures, tbur located 'alongthe probe, and one at the coolant outlet.

I )

Fig, III-6, Air-Cooled Specimen Probe

"i q" [_'1" OUTLET ._1 \

\" P_"l MANIFOLD,_ _-"_'I _")"

\ ii

K" l, MANIFOLD-- \l ._ li[lOBE "_' J
_\_P.OU_ "_'hll b+ PO,TS ," J,h

l'.il POIqT '_11"II _ OPLCS \i _ie..l_,l_tt. L£VE L
°'l" *°" l" : ...... L\I PORTS __ll_ll_ # tit.iix_+n' .... Ll _--

- ,.o°r.+
+, o_r,"nt_o°o'lnln+'l+_s"_"_+ . , , , , _

._>°'"°'...."°'""....' "' _ _ PORTsPROOE
............ q. \
LOOKING WEST LOOKING NORTH

/

Fig. III.-7. Probe PortLocations in the Fluidized Bed
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The probes were built from interlocking tings of various _dloysthat were stacked along the probe
body (Fig, III-8). Each ring was hand lapped to its adjacent rings to minimize the leakage of cooling' air,
to maintain the desired probe temperature protile, and to reduce the possibility of oxygen addition t,0the
bed. Each ring was carefully washed, rinsed, and weighed (to the nearest 0,1 m) prior to assembly/onto
the prob_ body. Figure I11-9shows typtcal cooled-ring specimens' Each probe had between 20 a1_d30
specimen rings and four pairs of thermocouple tings,

Fig. III-8. Components of the Atr-Cooled Probe

,.;:.

'_ *t "1Fig. III-9. Typical Ring Specimens

'l'wo types o1'uncooled specimen probes were exposed during AFBC testing, These probes were
designed to test candidate hanger materials, The first type of probe was the uncooled tab probe, in whtch
individual tabs o1'material were welded to a central bar of 2-in. (5-cre) 304tt, Tabs of each material were
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welded at the 12, 3, 6, and 9 o'clock positions, In addition, five uncooled tab probes were insta.',led,

Figure .Iii-10 shows a typical uncooled tab probe,

Fig, lip 10, Typical Uncooled Tab Probe

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

" t_ _nla'_'¢'v'_'a_'_ll'_'ll_at'_'' -_' _ _,_

t

Fig. Ill-I 1. Uncooled Ring Probe
_',,
_',_

/ _'/' '

The last type of test article was an uncooled U-bend oi' 2qi_, (5..cre) OD tubl_g. Two of these were,, __i

placed In [x_rtsjust above the in-bed heat exchanger. Figure III-12 shows one of these specimens, // ,,

Fig, 111-12, Uncooled tj-Bend Probe
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I
FES3 PLANIV,' ,' "

'rile test duration was planned to be2000 h, divided in 250-tl test segments, Each Sc,gment was .

characterized by a gradual startup to steady-state test conditions, a 250-h hold at test condition, and a
grattual shutdown to ambient temperature, Between segments, maintenance and necessary repairs would
be i,erlbrmed on the facility madthe test specimens would bc inspected, 'l'he steady-state operating
conditions are shown in Table IV-1.

Table IV-l, Steady.State Operating Conditions ?

Fltttdized-Bed '_ ' ' "Clc,mperatdre, 871 ± 14

Fluidized-Bed l tcigt_t, m 2,4 +, 15..0 _

Supe,rficial Vekx:ity, mis 1.5 _:(1,I _---

Freeboard Pressure, kPa . I(}1,2 e 1(11.2

Working Fluhl Outlet Temperature, "C 816 :t 14

Oxygen in Flue (Jas, °k, 4 ± 0.5 :>

Instrumentation was provided in the facility to measure temperatures of the test article and ,,,

idctlti fy the e|wimnment to which lhc test articles were exposed, Ali fftstrurnents were calibrated to meet _--

the specified accuracies, Measurcmcnks were recorded on (1) disk at a rate o1'one s_unple per 10 s for on- _
liim data retrieval and plots anti (2) magnetic tape at a rate of onesample per 120 s for permanent storage

aild data manipulation.

The c'oal used l'or this experiment was Illinois No, 6 screened to -4 mesh. Analytical results lhr _-

coal samples taken before testing are shown in Table IV..2, The sorbent used !or sulfur capture was Pfizer ____
higli-calcium grit (limestone) (>98% CaCO 3) screened through a -8 x 20 mesh.

Table IV-2. Results from tJltimate Analysis of CoaP

Component Percent

Carbon 00,87 _-_

Hydrogen 4.18 _
=_._.

Nitrogon 1.11 _--__

Chlorine O,1

Sulfur 3,34 ___--_

Ash 8,86 __-

Oxygen 8,17 ==

Moisture 13,97 _

"One _I' four samples uiken bolero testing,-- __

Periodic solids sampling was required during tesi operations, Each shill one-liter samples were __
takell I'ronl the c(ml, limesione, bagl',ouse fly-ash, and spellt-bed nmterial, These samples were

i)t',i+i(_dically aiialyzcd lor adhertsiicc to feed stock and combuslioil-producl requirements,
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The South Coast Air Quality Mmaagement District (SCAQMD) requires power-l)lm_t operation in

compliance with approved EPA methods, "rhe SCAQMD issued an operating _emltt,[br coal-llred testing
up to 1200 h per year, wlltlo co:_ltiluously monitoring emission conccnlratlons of NOx, SOy CO2, 02, CO,

and unburned hydrocarbons, The SO2emission was limtled to 276 ppm at 3% 0 2 on a dry basis, Over

the course o1 the program, this lhntt was; easily met, The permtt conditions also required daily
calibrations of the tlue-gas instrumentation system,

The possibility o1'ha-bed heat-exchanger tube leaks was of partlcular concern because tube leaks
can cause severe damage to adjacent tubes. Tlaerefore, ETEC conducted leak tests at 8-h intervals by

injecting helium into the working llutd and then sampling the stack el'lluent for the presence of helium,

During the test segments, oxygen concentrations in the bed were determined using a diagnostic

protx: which measured partial pressure at various locations within the bed, The probe could penetrate
through several portsin the oombustor casing via an ise.lation wdve,

To comply with the instrument accuracy requirements, ali hastrurnents alTecting the key parameters
(pressure, pressure differential, and llows) were calibrated between test segments. AddttionaUy,
calibralions on lhc data-acquisition system were perl'mTned. No significant shi l'ts in calibration were

observed during the course of the test program.

V, TEST OPERATION

q

All operations were conducted in accordance with a detailed Test Procedure written by Rockwell,
'l'hc '/'esl Procedure was the controlling document specifying the order in which each subsystem was to be
brou_-ht on-line, Each subsystem (e,g,, plant air, nitrogen purge, burner ignition, and coal-feed system)
had its own detailed procedure, which del]ned proper w_lve line-up, llow rates, temperatures, ktC,, tO

CnSUI'cproper and safe system operation. These procedures worked weil, and throughout almost 2000 h
of testing, no time was lost due to improper setup of plant conditions.

During the initial checkout of the l'acility, lJaecombustor was preheated in small increments to
allow tl_cnewly installed refractory to cure. Once curhag was completed, the preheat stage commenced.

During ttle earlier Rocketdyne test program, a major problem was the fouling ot' lhe convection-section
tube. bar,die with ash deposit. II was deten-nined Ihat moisture generated by ttae natural gas burners used
in tlac initial lleating of the combustor was condensing on the convection-section tubes, and ash material

was Ilaetl adhering to the tubes;. To avoid this problem, the procedure l'or initial heating of the unit called
: Ior prcllcating the combustor witf_ the workiI_g fluid. The working tluid was heated by the compressor

gas-Fired prcheater. The forced drat't and the induced draft fans were used to distribute the heat through

lhc conlbustor, lteat-up rates were controlled to less than 55.6"C/h (131 °F/h) by adjusting the working-
fluid Ih)w rates and tl_e firing rate ot' the compressor heater, This procedure worked weil, and no fouling
o1 the cotwection bank heat exchanger was observed throughot_t the test program.

!

o -.,

Ol_ce the unit reached a teml._erature oi' approximately 150 C, 1135 kg of bed material was loaded
il_lo tt}e combustor, and lwo natural gas-fired burners were started to bring the combustor temperature to

approxin_atcly 482°C (Fig. V-l). The first of these burners, rated at 5295 MJ/tl (5 x 10a Btu/h), was
-_--7 I(_catcd in the combustion air duct downstream of the air preheater and up_;tream of the windl3ox. 'l'he

scclmd I_urner, rated ,.tr2t548 M.l/h, lired into the bed directly below the in-bed heat exchanger. Firing

talcs and workillg-lluid tlows were adjusted to maintain a temperature rise o1 55°(?/h,

11
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Fig. V-1. Combustor Preheat Stage (two measurements)

At a temperature of 482°C, coal feed into the combustor was initiated at approximately 22.7 kg/h

for each of the four coal-feed nozzles. Combustion was verified by observing a rise in flue gas CO 2and a
decrease in 02. At this point, the gas burners 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 lan was adjusted to obtain a
superficial velocity of approximately 1.5 m/s, and the induced draft fan was set to maintain a freeboard
pressure of-101.2 kPa. The coal-feed rate was set to obtain an excess oxygen concentration of 4.0%,
while working-fluid flow was adjusted to maintain a bed temperature of 871 *C. The bed was then
brought to its fin'al 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
(afler segment A-6), the probes were checked tbr leaks prior to initiating preheat because some of the
cooled probes exhibited gaps between the specimens at ambient temperatt_re.

Once the operating conditions had been established, operators adjusted coal feed, combustion air

flow, and working-fluid flow to maintain these conditions. When an. adequate supply of recycle ash had
been accumulated, the ash recycle system w_usstarted. The bed was drained about once an hour to
maintain the proper bed height (Fig. V-3). During steady-state operation, solid feeds (coal and limestone)

and waste streams (fly ash, spent bed material, and recycle ash) were sampled once every 8 h.
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Fig. V-2. Continued Heat-Up Using Coal (threemeasurements)

i

Fig. V-3. Bed Drain Operation

A helium leak check ot thetube bundle was carried out every 8 h using a mass spectrometer.
Helium was injected into the working lluid at various locations, trod the llue gas was sampled for traces o1"
helium, No leakage was ever noted,

=
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Data collectivn m_dretrieval was a key activity during steady-state operation, Numerous data plots

and printouts were made at 8- and 25-h interv_fls (Appendix A). In addition, special data packages were
taken to document plant conditions tbr periods of spccial interest, such as during pO2probing.

The flue-gas analysis system was calibrafed every 24 h during steady,,smte operation. In addition,

after leaks were discovered in the sample line, a portable 02 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 conU'olled rate, while the second would
mandate emergency slumping of the bed. Both types of situations occurred several times during the

course o1 testing.

Ata example of the first type involved a large compressor at the Thermodynamics Laboratory,
whose services Ihe AFBC shared. Several times during the tc,st period, competing tests required large

volumes of air (usually for short periods of time), When this condition existed, working-fluid tlow and
coal I'ced would be reduced at a rate such that the temperature decrease would be limited to 55°C/I_,, to a

setback temperature ot"704°C, Once the competing test was finished, coal-feed and working-tluid flow
would be increased to return to 871 *C at a rate of 55*C/la.

The second type of upset condition required an immediate plant shutdown and slumping o1"the bed.
Thi,_ type was typically caused by the failure of some major plant component or loss o1' incoming power
and occurred severn times during test operations. When this situation occurred, coal feed was

imn_edialcly stopped. Flue-gas readings were monitored for a rise in 02 concentration and a decrease in

CO2 concentration to ensure that ali carbon was burned from the bed. The working-tquid flow was
stopped, to limit the loss of bed temperature, and the forced-drall and induced-draft ftms were shut off to

slump the bed. If it was determined that the problem could be resolved in a few hours, working tluid was
trickled in (ii"possible) to maintain the temperature of the in-lx_dheat-exchanger outlet headers, If the

shutdt_wn appeared to require long duration, the working-fluid flow shut off to limit heat loss from the
bed.

I1 lhc problem was corrected and if the bed was slill above 482*C, the induced-draft and forced-
draft fans were restarted, and coal-feed and working-fluid flows were re-established. Working-lluid and
coal-feed flow were set to limit the temperature rise of the coolest part of the system (usually the outlet
headers) to 55 °C/la.

At the conclusion of a test 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. At 482°C coal feed was stopped, and the duct and in-bed burners were lit _mdadjusted to

continue lhc ternperature decrease. At about 200°C the bed was drained, the burners were shut off, and
combustion-air and working-fluid llows were terminated. All supporting systems were shut down to
complete the test run,

VI. TES'I' StJMMARY

Ten test segments were initiated. Their history is summarized in Table VI-1. Checkout and

facilily :_hakedown were initiated in February 1988, but were aborted when the working-fluid compressor
failed. I;'acility probletns during this interval were minor, related primarily to data acquisition change

requcsls and forced draft fan controller changes. Many project objectiw:s were accomplished, including
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Table VI-1, ACAt-IETest Summary
...... h ,,, i, _, i

Test Stardng Hours in
Segment Date Test Envelope Comments

Checkout 02-08-88 0 Facility checkout, Approached test envelope, halted due
tocompressor failure,

A-1 03-03-88 17 Halted due to coal plugging.

A-2 03-30-88 242 Compleled test segment, Approximately 70%
availability due to intermittent coal plugging,

A-3 05-09-88 252 Better than 99% awlilability, No significant problems.

A-4 (X_-01-88 0 IMtcd due to preheater ar duct failure.

A-5 (F__-11-88 444 SMtdown due to ash recycle line failure,

A-6 08-22-88 0 Halted duc to north wall refractory lailure.

A-7 09-06-88 27 Measuredand calculated oxygen difference.

A-8 (Y,)-24-88 3(X) Failure of limestone weigh-belt
k;eder.

A-9 11-29-88 346 ID fan bearing & compressor oil purnp t)lilure.

A-I{1 07-22-89 330 Slumped once to avoid August power
demand changes. No facility problems.

satisfactory operation oi all subsystems during preh('at, startup, solids injection, steady-state operation,
and shutdown. The operation confirmed adequacy of procedures _mdcompliance with permits.
Additionally, it provided an opportunity lhr training of persormel.

The planned tesi duration for the first set of test specimens was 1000 h, to be perlbrmed in lour
: 250-h test segments. The first test segment began in Marcia, but it was halted after 18 h because wet coal

clogged the leed systems. The coal inventory was removed and dried to a moisture content ot'

algproxirllately 10%.

Two hours into the next test period, the bed-drain line faile,'t, requiring an immediate shutdown lhr

rel)t_irs. This was the first of many corrosion failures of sensitized stainless steels and carbon steels
I)ccause of the lack of preservation and the presence o1"salt air from the ocetm nearby. The test was
restarted and the l]rst 250-h segment completed. However, the coal-system plugged intermittently (due to

wet coal), yielding approximately a 70% availability (see Fig. VI-l).

'i'llc coal feeding systems were modil]ed 1oimprove their tolerance to moislure, Figure VI-2 staows

the tal)cred dowilcorncr thai replaced a system oi bell reducers, The conveying air was replumbed to yield
a nlorc cvcn air distribution to the four conveying syslcms, In addition, coal was dried to approximately
I() It) 11% moisture for the remainder oi' lhc test program, These changes completely eliminated the wet-

coal fccd problem.
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1EST ft-2

Fig. VI-1. Data Plot lhr Bed Temperature

Fig, Vl-2, Coal Feeding and Conveying System
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The combustor was inspected after Test segment A-3, and no anom',dtes were noted (Fig. VI-3).
One oi' the ABB/CE probes was found to be approximately 1-in, (25.4-mm) short, causing the first

specimen to be tr_side the refractory (Fig, VI-4). 'File external thermocouples which had been inst'ailed on
the tube bundle were gone (Fig, VI-5). This was not unexpected; however, they lasted long enough to
provide some external tube temperatures.

• ' " r'i_{ il

Fig. VI-3. View of Combustol' below Tube Bundle

_ ,i .... i...... i Iltii ililm_!!|!!),

,. _ , ,

Fig. VI-4. View of Cornbustor above Tube Bundle and CE Probe
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During this first test segment, 14 pO 2probings were pertormed in three ports. A fourth port
(BTPWC) was found to be blocked by a misaligned gasket, Probing was found to be very thne
consuming due to the size o1' the probe and the congested area (Fig. VI-6), A platfoim was inst'ailed on

the west side to provide better access.

Fig, VI-6, West Side of the Combustor

The next test segment was initiated in early May and completed 250 h of operation virtually trouble
free. Excluding startup and shutdown time, the 250 h was accumulated in less than 255 ti of elapsed time,
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r

achieving better than 99% awdlability. (Availability compares tile number of hours ot' operation to the
number oi' hours between startup and shutdown,) See Fig, VI-7,

r,- I 6 I I i Ii

ElapsedTime,days

Fig. VI-7. Data Plol lhr Bed Temperature for Test A-3

l:ollowing this segment, the combustor was inspected, and again, no anomalies were observed,
Probes t_BTEI), 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

to B&W. 'i-'he latter probe was substituted lhr probe BMUWB, located one level higher in the middle o1'
tt_c bed, because it had more ol)erable thermocouples.

During preheat for the next test segment, the combustion air duct failed downstream ot' the in-line
duct heater and caused the test. to be aborted. The failure occurred when the system was at atmut 340°C,

The previously installed carbon-steel ducting was found to have wall-material wastage from normal use.

About "2na of duct required replacement, lt was replaced with stainless steel to provide higher strength al
lhc clcw_led Icmperature that can occur in the immediate vicinity of the duct burner.

'l'lle earlier schedule delays, associated costs, and unanticipated peak summertime power

.',llT'cllalCgCSwcle lactors lea(ling lo a duration o1'500 h for the next test segmcrlt. During this run a minor

illlclrUl_li()_loccur['cd wlicll a sul_slali(ui circuil breaker lalile(l, An ash-recycle lral)sfcr lint.',failure caused
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the test to be stopped at about 450 h, A reference junction failure caused some temperature measurement
oscillations, but did not otherwise impair operation.

On June 26, 1988, tile 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 maxirnunl
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 _mdaccept 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 (Ftg. 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

p

4_ 1

: Fig. V1-9. Dummy Probe BMUEC
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Other facility-related problems that occurred during the course of the testing included l'ailures oi'
Instruments, auxiliary equipment, combustor casing penetration sleeves, and feed lines, some due lo the
erosiveness of the materials handled.

A key failure occurred in the llue-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 test
operation, the leakage of air into the detector slowly increased, lt was not detected, and the operators
gradually adjusted coal feed to maintain a constant oxygen concentration, This resulted in an
enviro_unent that was much more "severe" than specitted, meaning that the oxygen concentral.iorlwas
lower than intended and thus there was more potential for corrosion. Calculation o1'in-bed oxygen
concentration based on air-to-coal ratio shows oxygen concentrations as low as approximately 2%,

The laue-gasmeasurement system was repaired. 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 to possible problems with the plant on-line data. Oxygen
concentration was also checked using a tx_rtabledetector 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 aridreturned to their respective suppliers, In addition, the
U-bend test articles and one uncooled tab probe (Fig. VI-11) were removed and returned to B&W.

Fig. VI.-IO. Cooled ProbeBBTWE (FW) at 1000 h

Fig, VI-II, IJncooled Probe IIBTEB (B&W) at ;0(10h
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During stm'tup for A-6, an operator observed discoloration of the combustor casing, which led to
the discovery of a hot spot on (he combustor wall Just above the In-bed burner, Removal of the hl-bed
burner revealed severeerosioni)_the refractory near the burner, lt was postulated that operating lhc

burner wltla a slumped bed may have c0,uscd lhc tlame to erode tlm wail over thne, The damage was
rept_tred, and tile smrtup procedure was modified to delay operathlg the burner until the bed w(m llutdlzed
with a reduced-bed inventory,

Upon resumption o1'testing, the measured and calculated oxygen ccmccntrtttlon parmneters failed to

agree, trod tcsttng was stopped until this problem could be resolved, To this end, L 1EC injected helium ,
into the llowlng gas stream and measured the dilution downstream using a gas chromatograph, This
lectmique conl'lnned the absence o1'leakage trod ldet_Ltliedsome llow-slream mettsurement errors, The
errors were corrected, resultitlg In good subsequent agreenlenl between the calcuhltcd atad measured

oxygen concentration,

Testing resumed in October, Two test runs CA-8 and -9) were c,ornpletcd before tile end of 1988 for
a total of (_4()h, bringing the cumulative total to 1628 h, Tesi A..8 was termlnttled after 300 h, when lhc
limestone feeder failed,

Inspection of the combustion clam_lberafter cooldown revealed s()me possible erosion on the
ABB,'C,I_probe in the convection zone, 'File probe wns removed and, follc)winj_gInspection, reinstalled,

"['cst A-9 was initiated on Novembcr 29 met, following failures of the induced draft fan bearing _md

tl_u working-lluld compressor oll pump, was terminated on December 24 after accumulating 346 h,

After the holid_,_ys,the'tube bundle and other specimens within tlm combustor were inspected, The
cooled specimen probes were removed, inslmcted, photographed, _tndthen reinst_tlled, No signil'icanl
atlonlalit.'s were obsetwed,

l-,tJrlller testing was delayed for approximtttely six months due to atseries of compressor problems,

The compressor ftnttily became olmratiorlal in July 1989, allc')wing completion o1'ttle final test segment ()ta
August 7, 1980, Totttl test time accumulated then was 1!,+58h,

VII, DISCUSSION OF KEY TES'I' DATA

Since the objective of the experiment was tc) identify suitttble matct'i_tls Ior lluidized..bed

npplic',ttiorJs, key parameters to bc controlled within specilied Itmils were idenlil'iett, These parameters
alld tile specified limits are shown in Table IV-I, and discussed below, A)I interpretation of the data
t'ollt)ws.

A, !;1uidized-.Bed Temperature

Bed temperature was controlled very closely during the entire tesi l)criod, lniti_flly the temperature
was maintained by adjusting the working--Iluid llow usin{, a lritJl valve in the working-fluid supply line,

'l'his required con.,+l.antvigilatlce :rod adjuslmenl, As t)perlflt)rs ginned experience with lhc plant's

t)l')cr_tti¢)it,tlley l()til)(+lthai teml)cr+tture ct)1+trt)lc()ultl be at'l)icved much more easily by adjtlstlng the
tec),t:l,t _tshI+low,

'l"Itc ilui(li/.ed-bed tempcr',tture wit:+COml+Ute(.ll)y +tver+tgingIltree bed Ietnpcratums, Ii wits ct<tied
(luri++glestii)g that olte or nit)rc +,)1tile ten_l+craturcs wt)uhl _,rmluttlly decrt.'asc, 'l'llts w;_:;traced to II+e
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bcri(,ihig_,_iti_etht_rmocOUl}It},,_due tolhcIml)aCtortl_cbed miiLorlal,As thetip(_I'lhc,lhcrmota)Ul._Ic

_q_l_rI_tcllcd the tube bundle, Its OL_tpUtWOLIIclappro_Lch tilt tclllpcr_lture o{' lhc tube, When lbl:; was notc_d,

c,orrcclion,_ lo lhc datt r_._ductlon were, rntlde to rcl'fltlce, lilc sU,_l_eCtllldicatlon or t() chtmge the algorlllml
Ibrtl_llLlrt'.duciloIL

B, I::Itlidiz_..tl_.-l_c_.dllel/L_ht

'l'lJ_:l)cdllciglll_Ivcra,t_ctl_ll_tJi2,5nlIt)rlilt:tc,'.;tl)Criod,l,'IgurcVll-,Isllowslllcos_:ill_ttiot,,'.;

obscrvt'.d during operation, wttl(Jh i'e,sultcd rrom bubbles erupting t_t lhc bed surl'_tcc', The opertltors used a

[_crr(_rn}a_¢c printout (Fig, VII-2) which gtlvt} lhc llVel'llgc retldings ovc,r tl 3()-ruin period to ttc,tennlr_e bod

' helgl_t I_el'orc dr_lntng, No t_orrcctlons were I'nt_de to tills t;)arttrneler lhr the 11_11dtlta pt_ckage,

"17.3

' '1 I ' I'fl "11''l.... _ I I ' '1' _ I l,rl,

It:2

• '".......................l............................................... _"....................... '........................I...................... I ................. I

( 'li ;_ tt 6 [! III I? Iq

EII_I_Se(I'l'[Irle, days

I:lg, VII-I, Osclllatl,.,,_s ()r i,'ltlldlzc(l..l_,c(I llclght
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Fig, V_I-2, AFBC Perfonnance Printout

C, .S_)orl'icial Velocity.

Superficial veloctty is based o_ the stim of tl_eair llows entering thc. bed and the ,generation o1'lhc
gas produced by the burning coal tqowh-igthrough the cross..sectlonal area, Between tests A-7 and A-B, as
the result o1'an investigation of a dtscrel)ancy between measured and calculated oxygen concentration in
t.hcbed, it was discovered that the venturi tn tt_ecombustion air SUl)plywas actually reading 5,4% lower
tiron indicated, The one installed at the beginning of the program had a range of 0-22,4 kPa (0-90 irl,

water), while its replacement had a range oF 0-4 kF'a (0-16 In, water), Both transducers recocded data For
the remainder of the test program, although the lower-range unit was used lhr the calculation of
combustion air t.low, The transducers tracked consistently and no changes were observed,

D, Workt_n_-Flutd Outlet Temperaturc

These temperatures were controlled very closely, and no stgnil'i(zant problems were observed

during the test program,

E, Flue-Gas Oxyp,c=lCor_centratlon

The most signlfictuat techntcttl problem involved the failure oF the lluc-gas monitoring ._ystem,

Oxygen wt=sto be controlled at a concer_tratlon of 4,0 ± 0,5%, Review of thf: data by ETEC after the
l()()0-h testing period revealed a.n inconsistency between th_.:air-to-fuel ratio and the measur'.:d oxygen

concentration, The probh_.n_wa_ traced to a leaking llue-gas sample line.
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Over tile _ourse oi' the test olx_ratlon, lhe leakage of air into the line sJowly increased, lt was not
recognized as a leak and the operators gradually adjustecl,coal t_etl to mai|ltaitl a conslant oxygen

concentration, Calculations o1' the lh-bed oxygen cont_etltratton based on the at>to-coal ratio showed
oxygen concentrations lower thr(lispecified

Repairs to the flue-gas system were made, velllied, _uld accepted, In addition to tpo measured
o×ygell concentrtttion, tm lrldepcnde!ll calt_ultlted parameter was displayed, lt was deutded that t'or/'ulure

lesllng, ct}lltJl_tlotlscomparisons 01'cltlcultll.e.dttlld measured parameters would lm made, Testing was l_ot
resumed until agreement between the tw() was _mhleved,

Satlsl'at:tory opcratlt)n or every element of the air- and coal-flow syste_ns had to be confirmed, '1"o
, r'r;vc, Injected ,1known quantity o1'helium lnlo a llowing gas streum, and measured Its dilutionIhls end _::. ,:.,_

do,,vllstreatrl oi' the Injection point ushlg a gas chromatogral)h, This not only provided a verification oi' the

i l'low-sysleln cal ibrallOllS,.btllalso ennbled dett;mlillilll(,ll ()l'whether there was Irl-leakage or outqeakage,

'l'he use of (hie;technique revealed air-.flow mcnsurcment errors, most notably an approximately
5.4% error In the discharge eoelTicient o1' the eornbustion air venturi and a much higher-than-estimated
llow til tl_ellmestotm-conveyln_._,air system. Whtm ali the corrcctiollS were Jllcorportlled, testing was

t'csutncd and reasotmble agreement in oxygen cormentrations was achieved Icalcuiated 3,9% vs, measured
4, lth, average for the remainder of tile program),

i

,l'he data tapes lhr tile eNlirc tesi were (:etrc(ted usln,, lhc new coefficients, In..bed oxygen was
• cOntl'_uled from tile calculaled pararncler based on lhc air-.to-coal ratio, This had [mell the only option for

lilt early pal'l of the test program where the sample litre was leaking, We have great confidence In this

parameter, since the coal ft:cd alld air flows into the bed were well characterized and continued to agree
well for the latter part of the test period,

An alternative method l'ol"computing the oxygen ifl tile bed would be to pcrtorm a mass balance
arolatld tl_e freeboard (area above the bud), This l-netlJodwas proposed, but it cotdd ilo( be done wlaenfl_e

sanlplc: Ii(w.was suspet.:led to be leakfl_g. Also, it is unreliable (after the replacement oi' the sample line)
tlue Io u_certainties in tlm limest_tae-conveytng ai: measurement, During the heiiurn-diluti0n tests, the

: oi'IIice used to detel'mir_e limest(me-conveyiIig air [low Ilad not been lr(stalled, 'i'llis resulted in a much

higher tiron anticipated air flow rate, Based on the n'sults oi' the laelium-diluticm texts, an algotqthrn was
developed for computing tlw, flow rate,

'l'l;e 1:.1_::Crecommended thai the calculated value based on the air-to-coal ratio for the in-bed

oxygen cor_cenlralitm be used l'or the entire 2000 h oi testing, as opposed to a mass balance around the
freet_oard.

VIII, OXYGEN I_ROBI--'_7,MI3.;ASURI_MENTS

'I'o examiIle lhc eom_sive potei_tial at given locations witllin the lluidized bed, a special probe was
tlst'cl lo obtain in situ measurements of fleet(rating oxy,pe_l col_centrati{m. A scl_ematic of lhc probe is

.sll(,w_li_lI,'ig. VIII.-I,
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Fig. VIII-I. Schematic of pO z Probe

The sensor was placed inside a porous ceramic filler to protect it t'rom damage due to impact by

hot-bed particles and also to prcvenl 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 taplatinum/zirconia (Y20_ stabilized)/platinum galvanic cell designed for high-temperatt_"".
operation. The sensor used in this experiment was manufactured by Robert Bosch Gmbh (Germany) for
usc as art automobile exhaust-gas oxygen sensor.

The relationshio between cell voltage and par:ial pressure of oxygen is based on the Nernst

equation, which, upon substitution of the proper constants and units, reduces to

pOz = 0.209 exp (-83610, V/T)

where pO2 = partial pressure of oxygen in atmospheres

V = cell voltage in volts

T = cell temperature in degrees Rankinc

The pO 2 of the fluidized bed was measured as often as schedule would pcrmit. Over 100 pO e

probings were carried oul during the nearly 2000 h of testing. This measurement required that the probe
be inserted thrJugh an isolation valve and inserted into the fluidized bed, and that data bc 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 po_s (locations
BMUED and BBTED) on the cast side of the combustor and three ports (locations BTPWC, BMUWC,

and BBTWC) on the west side of the combustor wcrc 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 figures are
_- the locations of the uncooled and cooled probes exposed by ANL, B&W, FW, mid ABB/CE.

r=--=--=

__
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Extensive corrosion il_l'ormation developed earlier in laboratory tests under a variety of sinluliltcd

FGC cnviromncnts indicated that high-chromium alloys exhibit acceptable corrosion rates whert pO2 in
tile environment is l0 8 atm or higher. :_,6The corresponding sulfur partial pressures (PS2) in such
environments would be less than I0 .20atm (in the temperature range of 800 to 900°C), and lhe

intergrlmular penetration of sulfur in the subs(rate alloy is also minimal. When tile pO 2 values fifll below
10s atm, the pS2 values increase, dictaled by the CaO/CaSO4-Phase stability line. 3'6 As a result, the
oxygen-cell measurement dala were compiled on the basis of 10.8 atm as the value separating oxidation
and oxidation/sulfidation regions lhr the chromia- and alumina-fonning materials,* Figures VIII-4
through -8 show the cell data plotted as a percent of total time that the local environment had a pO,,

exceeding 10.8 atm, for sensor port locations BMUED, BMUWC, BBTWC, BBTED, and BTPWC,
respectively. The figures show tlm data obtained from both the east and west wall_ of the combustor and
at three 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.

)XYGEN PROBING WITH PO2 SENSOR PROBE PORT _MUED
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Fig. VIII-4. Oxygc.n Probe Results from Port BMUED

*Other virtues ot"oxygen partial pressure were used by ETEC in the initial processing o1"the pO., data;
narnely, oxidizing tor pO2 > I(] :3 atm and reducing lhr pO2< l(} -12 atrn.

=



35

PROB[i PORT B},tUWC

Symlx)ts - O,udlz,ng pQ_ > 10 '18 alto
O 3,1P m.

[.] 1,1,2,t irl;i

o

^ &

.u

loo-I I I I t
oo _

e0-
,x _) 0O -]0

_0 _
L,, a

20 4 El

4_ _ _ Dale 19BO "-

l:;i_, Vlll-5, O×ygcn Probe Results from Port BMUWC

PlIOIIl: I'£),ti [HJ|WC

O3.I_," O
tOO t_ B KI 24" Z_A

[3 _r-I
90 z:_ O E]_AO F.I E.]

'0 O0

o _ [] _o_o ,_ E3
0

o_qA70

o o
"_"_o L3 0^

# u
tu

b

u_ ,IO

ul

[IO

20

I0 -', '" ,ol ao _,

' 0 __.t.___J. .l .L.____.__Z L_..l_,.d_Lt ..._-----L-

1900

Fig, VIII-(], Oxygen Probe Results ['rom Port BBTWC



36

IqlL)[ll I'L'}fifULII(:O

ill0 0 3.12'FJ13.2,1'
A 2533"

8o

F Ak]

',_60-

N_JJ

_ A

_. 40-

20.,

_8 8
in

o 1 m_ 1

1900

Fig. Vlll-7. Oxygen Probe Results from PortBBTED

Pt3OItE POFIFBTPWC

0 3.12",
l;qI

10o - _ A 25.33" ,

_o [] t',
[]

,, r. 0

^ 60

_" 2ut

_-40 - []

Ij
rf.

r_
AD A

_o- F] 0

ii _.o ,_ _. _.
• ,.. _ :_ _ .,,., ,q _ ;.:', _ ...... _ ....... .,:,,b Lb d,

1!lOll

' gi_,,. VIII-8. Oxygen Prohc Results from Port B'I'PWC



37

The data in Figs. Vlll-4 through -7 vary substantially with exposure time and distance l'rom the

wall. 3"he data indicate that the i)O2 values were above 10.8 aUn at port BMUED for an exposure period
between -300 and 500 tl tbr only 25-50% of the time. Further, the data show that the bed essentially

operated under reducing conditions for the second 500 h o1"exposure of the corrosion probes, the time
period of June 16-30, 1988 (which spans the second 500 h of exposure oi' corrosion probes), ltowever,

lalxmltory corrosion test results obtained under gas conditions cycled between oxidizing and rc,ducing
showed that exposure for as long as 100 h to a sustained low pO2 is needed to initiate sulfidation attack of

high-Cr alloys in an SO2-containing combustion environment. 6 The flue-gas smnple line developed a leak
during the second 500 h of testing, which was interpreted as an insul'ficient fuel feed rate. During this
period, thc coal-feed rate was incrcased to reduce the flue-gas oxygen concenu'ation; this, in effect,
decreased the in-bed oxygen concentration, leading to operation under reducing conditions. It can be seen
that the oxygen concentrations near the combustor walls were generally lower than in the center of the
bed.

IX. CORROSION MECHANISMS

lnteraclions between materials and the environment in FBCs indicale thal structural alloys develop

l._redominantly oxide scales when exposed at elevated temperatures to O2-SO 2 gas mixtures oi combustion
atmospheres, 6 Figure IX..1 is a schenlatic o1"corrosion scale development and morphological changes that
occur in Cr203-forming alloys. The high-Cr alloys develop porous oxide scales (Fig, IX-1 a), and some
sull]dcs arc _Llsoobserved in the inner portions of the scale (near the scale/substrate interface). The

suliides are formed by reactions between substrate elements and sulfur that is released when chromium

reacts with SO2 to fom_ external oxide scale. The porosity of the scale enables SO2 gas molecules Io
penncale to the scalc/substratc interface (Fig. IX-lb), leading to further oxidation/sulfidation. The
released sult'ur is transtxmed along the grain boundaries in lhc metal, leading to inlcmal sulfidation of the
alloy (l:ig. IX- lc).

Gas Gos

(a) (c)
Porous Oxide + Sulfide Oxide + Sulfide

"_ _,.,.3_t" flde g.b. Sulfldos

Sulfide

Fig. IX-I. Schematic of Corrosion Scale Development

Extcnsivc corrosion information has 'also been developed on a variety or structural alloys that were

coated wilh reagent grade CaSe, 1and/or CaSO4-CaO mixtures (which make up the spent bed material in
t:BC sy.,,lcms); however, it is concciwlblc that in certain locations within lhc bed, such as coal feedport

rt.'_zi_)r_sLtndsections {_I'bed not contacted by combustion air duc to limlint._,Jdel)osilformation, the local
lzas chcnlislry may lead to deposits that may contain CaN and/or CaO-CaS mixture] To examine the
_..Ilccl oi sucli changes in deposil t:hernistry on corrosion of heat-exctuinger materials, tests have been
c_ll{luclcd al 8.-1()_Cwiltl ll_c(_l_y8()0 and Type 3 I1)stail_less steel thai were c(micd witll CaO/CaS,

(':.tS/('aS() _,f?aO/CaSO 4, and ('a()/CaS/CaSO, l mixtures. Further, 3000-h laboratory corrosion tesi,,;were

Z-

=:
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conducted with several candidate heat-exchanger materials in the presence of reagent grade CaSO 4with
gas chemistries that simulate the highest sulfur pressure trod lowest oxygen pressure (in the vicinity oi the

CaO-CaS-CaSO 4 triple point of the phase stability diagram)) In addition, spent-bed materials from two
large VBC facilities, the TVA-20MW pilot plant in Paducah, KY, and the IEA/Grimethorpe PFBC facility

in the UK, were used as deposits in laboratory corrosion experiments to ewduate the roles oi'deposit
chemistry and gas chemistry in the con'osion performance of structural alloys]

The results from these studies have clearly established that the presence of CaSO 4deposil alone
can lead to intergranular sulfidation 0t' high-chromium alloys, even though the external scales are

predominantly oxides. The results 'also showed that low oxygen pressure in the exposure environment can
increase the corrosion of barc ',alloys,as well as those coated with CaSO n and CaO, at temperatures above
600°C. 'l'_e gas cycling (oxidizingJsulfidizing) experiment showed that sulfidation can be triggered even
in Type 310 stainless steel with a cycle time of 100 h; no sulfidation was noted with a 10-h cycle time.

Because the fraction of time spent under low pO2conditions was the same in both 100- and 10-h cycle
time test:;, it was concluded that a sustained exposure (>10 h) to a low pO2 atmosphere is required t'or
initiation of sulfidation attack of the material. Furthermore, variations in relative time periods for high

and low pO2 during an exposure cycle had 'almost no effect on the corrosion of alloys coated with either
CaSO 4 or CaO, ii' the virgin specimens were exposed to a high pO 2 (similar to tlue-gas oxygen pressure)
atinosphere at the start of the first cycle.

Generally, acceptable lifetimes for high-Ct 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 SO2content of the gas phase. 3,7 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, relonnation 01'protective oxide
scale is impeded, and accelerated sulfidation of the base metal ensues.

X, CORROSION TEST RESULTS

Several _flloyspecimens that were exposed in the uncooled condition in the Rocketdyne AFBC by
ANl_., B&W, and FW were analyzed at ANL. These specimens were oblained from the probes BMUI:;I)
(uncooled probe from ANL); BBTED, BBTEB, BI3'FWB (uncooled probes from B&W); BI3'I'I:;C.

(uncoolcd probe from FW); madB BTEA (cooled probe from FW). The specimens in the uncoolcd probes
were in Hat or coupon form. Ali the samples irathe 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 ANt, protx:, the weldment specimens were welded al an angle (similar to
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 dilfcrent probes analyzed at ANl.,. Table X-I lists the chemical composition
of alloys, wcldments, and claddings that were tcslcd in the present program. In addition, some of the
specimens were chromized or aluminized prior lo exposure in the AFBC facility.

The specimens exposed in ANL and B&W probes were analyzed on both outside (bed side) and

inside (support-rod side) surfaces. Since the specimens were welded at ml angle to the support rod (see
Figs. X-1 and -2), the inside surfaces were exposed to 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 little, ii 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 wilh bc, t
deposit.

m
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TileImse.,lilelttISl>eclnmltsiulhcANl, l'_rt,I-_ewureeXlmSedIlltllc:l"li(?etlvironnletlll'm'It.;8(lII,

'l'Wusetsoi'speclnlensweret:xi>t_sud:treeselI'llclti_.,lhctIIstrlbult_rplllieIixltllhct_IIier+'no+tlpilluit)I)(_I'
thobed,SincetileI_tlsu-lr)eltllspeulmensinlhcANl.,I_ruhewet'eweldedirlco+II+telwt+IilhcsupI:mrlrod,
onlytlmoutsldcsuM'Iloesoftllcscspccinmrtsweremial,yz<.:d,Inthec,tiscoI'wcldlncllIspucimcrls,lifetop
:;el_)I'speclrne_mwtssremoved;iI'Ic:r10()0-hexposure,a_!tinew sutoi'specinlt'l+sw_Isweldecltrain+flu

suI_portmd nnde×posod+'orlhclasl9g[)Ii,'I'hcboltolnsetofweh+Imc:nlsi_ecime.nswllsuxp_sc,.dlotlle
bodcnvlroru'nerttIbrtheclillre198(}h, Boll+IItcluslde(support-rodsldc)luldoulsldcsurl'accsof
weldmentsImclmcnsweremmlyzcd,

1, FllIer MttI.erlal.,;

Chrcmtium provides superior cort'ositm rcslsttmcc to ma+etl+rtsused Jt+lilglbluinpurtituru,
rr|ulti.o×Idzinterlvlronmet+ts,such+,isco+IIL,asi/]c£flioll+lhdfluidized-bedconlbustors,_'9l.-Iuutttl,,,;e,oi'thelr

IflghcIn'ornlumcot+lent,scvcrulcommcrcIid+'+Iterrrltltcrlals,IrmludlrlgMtli'lltllonspcctlIItynIIoysand
othercobltlt-lindiron-baseli+toys,wcrcselectedForcvttlutltlonhltheAI:;'I+Ce,nvlronrncnt,The resultsof

tilt,pont-cxp_stilt,iinalysusweretlse.dto¢lUntItll'ythercltltJoi+shlp,b_.:twcellaltt+y¢ompomltlontllid
corrosionI+CrI'ormtmce,'+'+let.lctaItcdmlcroslructunllInI'orrnlltlorttspresentedInAppci+dlxB Ibrthree
setsoi'spcclmcrlsexposedIbrIilefii,'st100Ii,Itiml980h,+rodtiltentire198()Ii,

II, Mtmtllmn 2 i_

Mttrttlllorl 21133, contalnltt_, 22,2 wt% Cr lind 3_+wt% Ni, uxhlblted good corroslorl

perl+ormtlnce in t.he FI3C clivirorm+ent, Tile specllnens develolx;d tl l:_redorulrttu+llyCr20,.+settle +lullwits 2
tc+I0/./niii+thickness,Tlm oxidel+lyerwns CoY+flit+lo+tS+l.lldtiliii'Oi:Ill,A few Intumitlprt_ciplitll,es,
prlnltlrilyMt S,NI>S,andCrxSICr20:+,wereobscrw.:clinthe,substrlltc,'+'hedepthoi'inter+ml

o×idaticm/sull'idatlorl wns limited ICl+70 ,£+mfor tile surl'itcu, The Sl.ctrnen surl'_lcewits covered will+ a
.+2-3yrtiInycroI'bcd-.dClX_Silni_ilcrial,

b, Mnratllotl 25L:35

Marathurl 25135, coiltainlng 25 wt% Cr ttnd 35 wt% NI, uxl+lhlted a tmll+orrn lnyer cii'

C'r.+C).+scale, and lhc extent oi' lilternal +tilt+ckwus blocked lm'+,ely by the oxicl_.'scale, l.,octtlJzcd
pulxetratitm oI' oxygell tilld sullur was observed extending ~4() pnl II+totl+usubs+rhic, l.]til'gc.:discrete

particle:; oI' SiO 2 l'orlYiedalutlg the o×idu/substrtitc intei'l'iice, Iii addition, +lSi() 2phiisu wits presullI tiloilg
lhc illlei_itd Ci'203ptitise in lhc stibslrttto illloy, A I'uwMils t)+.irticlcs,l-tli+i (.lia,were idcntil'lod --5()/./iii
fr(iilt llic suiT+ice,Very li+tit; {..'+iS(),i deposit wtis ol+sc'rved+.)libolll Itle inside lill<;loutside surfaces o1'llic
spccinlolls,

c, Mtlrallloll 251::+5R

b/lartillit)n 25/3,5R,coliltiiilillg 1,35 wt% NI) iilld ;35wl<;_.Ni, is li Nb-n'lodlliell Vel'Sit)li
of MIir+ilhon 25135, 'I'll+,,ct)rrt)sh.)nperl'orrnai+ic'eof this lilll)y ts riited aliiorl{+.Itle besto1'+tilthe liller
rliateritlls exposed in tile 1-771'1:](?l'ticiliiy, l'tle weld+nelli ;;ul'l'ticowits coVt;l'Odwltll ii eoillinuous 3-.5t.illi
thick Cr;_C);+film thai t)locke(l furl.l+ierpeliolrillilm of oxygoii or sulfur iriio llie stibslrlilt; nltlturit.ll, lnlerlilil
oxidtiiiorl of clirolniuil+ iii tile subsirato wt+tsnot obserw.'d, Several isoliitod MnS lilirticles wei'o so;+tiered
iii the substraiu ilitttrix, bill lhese weru lnclusit)iis iii tlic weldnienl ;'didlittd llOi dt'vt;ItllxJddtirlng t;×l)osure
i<>FB(.?illmospherc,
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l'vltiraillon 3()/5(),¢onLlllnlnl._20 WL%C"l'al',,I ,:18Wl% NI, eXl_ul'lell_'_tlioc_ullzutlIntt',mnl
oxltlltllol_ tuiclstlllltlallon, 'Hie sarul'_lesw_i'e c.',ov_._r_dwltll lt 5..//III CltS(.),I cleposll, A lityct' of Cr.fJ:t
(wllhoul tiny l:_'eJse._.tlo,,i5..1()tim lltic,'t.,;f'c_rmt',,clh_lWeeil llle sulf, le de,pc:u_ll,i1¢.1Ihlesul:_,,,llrttleldloy, As Irl
Mlirlllltoll 25/35, IllilSStVeitniotiillS cii'StO2 woi't_ollst_rvedi_;lliJlllii lilt; Ci'203 lllyer lilld lllorlg grlltll
b¢ltiildaites Iii lli_ subslrliie, AI)oi' 100()li ol'oxposurt;, lhc SIO,.!pt.lliSeI'orllie¢lli Ilnil>faoi,ilintiolil,;lllin
helwt;_ii I.lic Cr,():t lilicl l.liustil_slrllle, 'i'lle tlralii bt)tllidlil'les i_rtlviclc;dl'iisl dll'ffisloi,i piilhs l'lll' oxy{foil Io
I'l)i'ili liddill(_iliil SIO2fitrlllc,r tj,ilo li,iustibSll'liK;iTllll¢l'tiil, S¢lttlert;dCi'?O:tI)llilse itild .MriS pllrLlult_sof
stibiiiiCl'Uil size t'cli'illl_¢1Iri Liraslibsli'lll.o,

c;, _M..,ll!'ittl,ic!ll$(L/_C)__NLA

Mi.iralhoil 5(J/50Nb,wliluh ¢oilllilns 5()wl% Ct, 414wi% NI, lilid 1,75 wL%Nb,
developed cxlerrlltl scaleslli_,llcoinpristxl ii nlixltli'C_of ()×idesltll¢lsullldes c(_lllliliiillg lroll, f3ltluliiin, iliad
¢lll'Oi_iltllli, A coi,iLll,iUous,l()-/li:l lhlck litytr of Qr203SClilt;l'orlllod hoiwt;eil Iho nxLl.;l'iliilsi;lth;_itild lhc
stibslralc, llilerilltl peneLriilioll hy o×ldlilloil aild still'ldiilloll of ehrollllulil oxc'c_eded15()-_lllidt_c_p,X..rliy
ltlliiiysts tiicilcliled llilil Cr;!()3 iliadCrxS wore I.ht_prtl,iiltry uorroslon prodtlclS,

l', Nitro 82

Nitro 821s ii nlckol.,l'ntse Itller meiltl cclnillinti_g 18,7 w!% Cr, The surf'ace of lhc

weldl_lel,ii wits covered wiill li lhtck lityor of (',llSO,i, 'l'lle 5..I()Idm ttltck Iityt_rol'l_xlde scale,,i blocked
most t_l lhc: ii_lernlll pei_etrlillor_of oxygen nnd sulfur il'iltioccurred Iu oilier ltller inlitt;rlllls, 'l'hts o×lde

layer COllsisitd (ii prcdc_Inll,ililllly(Jr2(J3l.qlase, A. large alilotilli of MiiO wlis alsodelectccttil this lliycr,
'l'lle liigll illckt,,! ¢orilclll (72 wl%Jdid liol Impair ltit; ¢ol'rostOllreslslailce i;)l"Nitro 1_2,as ti ctltl Iri other
lligli-NI alloys Silt:li ilSMlirtilholi 3()/5()lilld Mllrlllhll)ll 5.'()/5{)N1_,]loweveri SUliielocllllzed hrellkdown o1'

Ilie sc;iic rcstlllcd irl iiileri,ial ()xithilloll of lhc; illloy, Soilie o1'llie tiiLerriitl iilt_icks were _lollriy tlsso¢talod
wiih ('liS() i dcpl>slli{m, l.)t;plhl{ll' pellelrilLlon o1'liiterl,ilil iilLacki'allge,d bolwot;n 20 iuld 70 _i'ri,

g, I-I__ilOS11414lVllle.rMeiai

Coball't)ased I.lllytles 188ext)crieliC.cdlllile _orl'osloii tri lho l.q,JClitmosphc_re,A thin
layer of (?r203sc',t,iieI'tlrnied ()li lhc saitiple surf lice, liilc',rrilll sullldl.lLion,pl'hliliriiy (.ixS, ot:ulli'l'¢dwillllli
5() _ITI (li' li,le stlrJ'llf.',!;,Still'ltir; ptiliSesW¢l'eohSel'vedliioilg the gratli t)Citli,idlii'yiii -25-70 _I,il l'rolrl l.hie
s;l]rl_ic't,.A few SiO2 particles were ol)servc_d_tioi'iglhc Ci',20:l/Itlloylnlcrltice,

Ii, RA 333 lqller Mc,la_J,

'l'lle RA 333 we.ldspecli,iien,coilllllilillg 25 wt% (?r lirid "16wt% NI, exhlbltod a
tl_I'_l_._illa yel' of t. aSC),l ill'lcr oxl_osul'o ill t I.C eilvlrollrneill 'l'llc; surl'ace scale ol,i ltm alloy comprised lt

lliixlurc, o1 iroil tl×idc ai_clc,lllcitiill oxido, Below lhis layer was lt layer or (!r20:_, about 5-10/xni thick,
l"iilally, aloilg Lhcilal.erl'acc_bc,.lweelitile Cr20:_lixid LIlesiibslralo alloy, scitllered SI() 2pnrltulc_swere
icleiililic_l, ilolh ('r20:_ aiid Si()., c',xlcildedfarlher illiil ille ,'.',til_Sli'aloliloilg graiii Ix_tillldlti'Je!I;CI'xS was
(_lw,c,ivc,tl iii Ille suhsll'llit; Iii;llrix iii lilt I'oi'111of SC:iLliei'edp_irliclesol'subiliic:i'tlli sil.e, 'i'lle filler lileLiil wt.is
llit_111.$,.<_tiscei)lii)le1()acceh.,rillud corrosiOli iii Lhcpl'eSeilceoi'bed llililei'llil,

[qgiire X-,5shows Ihu filler rlicl,:ll l)t'iit_lrlitl{lii'dalli obllill,il;d I'r()ili lhc weldllleril.
:;iwciilit,lis C,_l)(l!,Ic',¢ll(.lr¢lillel'elil liiiits iii ANl., l)rol)c I.IMtJi:_B, 'l'lie diilli ulelirly show LI,jillli ntliillx;r of
Iillcr liicl;.lls wll.h iicct;pllible ct)rl'oSll)ii rllles iii tile riilil.,e(ii (),1 Icl(),2 rlirli/yr C_il-ibe sel¢cled ['l'(liYiIlie
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t_studnlzlturlal_,Tilei'cstllts_lls()show thallllcl'!llcrm(.'.lldsclcctc,d Ibr_tppllcatlonIllFBC atmO,_l)hcrc
sllo_tldbe.Iml_ervloustonutulllyIht_gtlstitn_ospllt.,.rcbutalsofilebud-dcI_osItmalcrlal,On l]llltb_Isls,
l'llluv metals 25-35R., 25-35, trod 188 alloys tire tile tl,ost dcstrttblo,

IItt0 ...............................................................................................................
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Fig, X-5, Ftllcr Metal Pc_etnttion 13at_l'rom ANL t-_rt)bcBMtJEB

2, []ase Metal Allo_L,.S.

'l"hc bt_scmetal SlW,cimcns in It_cANl, probe wcrc ali cxp(,scd I'or 19_0 1_, Detailed
nliscrostrt_ctunfl evaluation of wlrious base-metal alloys was conducted, and the SEM l)hotographs o1' tl_c
cross sccti_ns oi' dilTcrcnt alloys arc given In Ai,pcndix B, The specimens on the top of the support rod
(l(Iclllilqcd as "'l'OpSpccinlcl_X') w()ul(t hlwc had s(m_c tlccttmttl_Ulonof br'dnl_flcrial on them, while Ihosc

Oll lilt Ix)l.tot_ oi rite SUl)l_ortI'Od wuuld I_avc t)t'ut_CXl)oscdto particlc/ga_ i_lllfitlgcJ_cnt alltl cxsctllially
would h_wc had _o accumul_llton o1'bed material, Hgurc X-6 shows lhc alloy penetration data for ali tilt

bllsc-mctal specimens exposed in ANl. probe BMUt:B, 'l'hc pcnctratttm n_tcs for the alloys ranged
between1oand 160 gin (which tnmslatcs to (),02 - (),34 mm/yr, based on paral3ollc kinetics)after 198()-h
cxpusurc, Alloys such as 'l'ypc 310 stainless steel, I IS lg8, _.tndi-lR 3C c×htbltcd belier corrosion

resistance than the ethers, Tile intcrt_ti pc__ctratio_ in mo:_tof these alloys was prcd(m_inanlly duc to
o_:ld_tti(-)nattack, _tndvirluttlly lie sulfur wa,_detected,
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ANL .Pml_ Data III Top Sl_c¢:tmL'rt_
IIMUEII. 1980 h

[_1 Bottoxn Sl×,ClrlloIL'4

1(til

o_ 120

! !! • :.i!I

ii

Fig. X-6, Alloy Penetration Data from ANl_, Probe I_MUEB

B, B&W Probe S.peclniel'lS

'i'll( spot(incus cxpt)scd iu the uncoolcd probes of 13&W were:;I'lat, 'i"hc probes ldentil'icd ;is
1_1'1'1't,_1),I_,I_'I'EB,and BBTWB were exposed for 500, 1000, and 1980 h at dilTex'entlocations in the

colllbtlsti)r (see Figs, Vlll..2 alld -3), Cross sections o1'specimens l'x'omthese probes were examined using.,
SEM cqtJil)ped with an energy dispersive X-ray analyzer attd aH electron microprobe. The purpose of
Ill(so tlllltlyses was Lotdenti l'y tile m,.)rphologicill features of corrosion product plai_sestn the scale layers

and to dctermix_e the thickness oi' scales and depths of lntergrtmulilr t_netratlon, ii' any, of the subs(rate
taaacrial, 'l'hc specimens obtained by ANl_, were expo_ed at the 9 ()'clock position on the B&W probes,
l:()t_rdi I'fcrent surfaces (sec Fig, X-2), namely, outside (bed side), inside (support-rod ,;idea, leading edge,

al_d trail iz_gedge, wt:re exa/nt/_ed on the specimel_s expo,,;ed for 500 and 1000 h, The leading-edge
:_t_rlacewas _.'xposed to the coal/air-flow direction wlfile the u'ailing edge was exposed by the flow, Only
the inside and outside surfaces of the specimens were analyzed for ttle BBTW[:I px'obe exposed for 1980 ta,

l.)ctailcd xniscrostructural evaluation of various spe(ira(ns from the three B&W probes ts given in
AI)pond(ees C, D, and E,

lqgures X-7 to -9 show lhc penetration depth data l'or dil'l'ercnt surfaces on alloys exposed in B&W

1;t'ot×_slhr 500, I(X)0, and 198()h, In general, tt_edata show tlm( the l)enc,lration was much less on lhc
outer st_rl'accs o1'lhc alloy specimens when compared with those on lhc inside surfaces, which were

CXl)oscdt() (Icl)oas(tsof bed _]_atez'ittl,This is e_pecially true lhr the spe(in,cns exposed lhr 1980 ta, The
f)cnelration on the outer surfaces for ali the alloys was in ztrange o1"3-110/_m. The penetration del)0as; for

Ilw,lcaling., alad tr_illng-edge surfaces were essentially ia the same range, Ox_tile other hand, penetrations
()_/tilt iiiside surfaces o1"ali the specimens (except 'l'ypcs 3()4 a_ld 310 stainless steel) ranged b¢.'tween 63(1

_1_13()()()/_tal(which tralaslates to 1,3 and 6,3 n_m/yr, bttsc.d on I)araI×)lic kinetics), 'l'he ins(dc stzrlaces of
sl',tiz_lcssslcels (.xilib(ted t_maximum ()1'90/./n_ (equiv;dcnt to 0,02 mm/yr).
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Figures X-10 to -12 show the effect of exposure time in the range of 500 to 1980 h on the alloy

penetration depth tbr the outside, inside, leading edge_ and trailing edge, respectively. The data tbr the
outside, leading-, and trailing-edge surt'aces do not show any trend with an increase in exposure time;
however, d_c penetration depths for these surfaces arc fairly small, and any variation in the penetration
data with exposure time c,an be considered to be within the scatter of the data. Further, the lack o1'trend
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--- may also be due to the fact that the probes were exposed in difl'erent locations within tlm combustor, and
the. local chemistry around ,he probes/specimens could have been different. Also, dunng the second
5CI0h of the run, the combustor environment was maintained in a much more reducing condition (duc to
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pressure lap toni funclion), which also would have contributed to the lack of trend in the data, On the
other llztnd, the effect o1'exposure time on the penetration of inside (in contact with bed-deposit material)

surl'aces of alloy specimens is drumatic madexcmplil'ics the susceptibility of several alloys to deposit-
illduced corrosion, Most of the high-Ct alloys (except 'Fylms 304 and 310 stainless steel and 8XX)
exhibited penetrations in the nmge of 700 to 1000 ,urn (1,5 to 2,0 mm/yr, based on paraN)lic kinetics)

zttier 1980-h exposure, The 'alloys such as HP 5(I and Sanicro 33 m.hibited catastrophic corrosion after
1980-h exposure,

C, FW Uncooled Probe Specimens

The specimens obtained ft'ore FW were exposed lhr 1980 h in the uneooled probe BBTEC. These
specimens were cxposed in tt_ecombustor at the same elevation (distance from the air distributor plate) as
the specimens irathe B&W probes BBTED, BBTEB, and BBTWB. The specimens were in the form ot"

cut sections of rings and were attaclaed to the support rod at 12, 3, 6, and 9 o'clock positions (identified as
locations A, B, C, and D in Fig. X-3). The specimens in location C in the underside o1'tlm bed are

c,:posed to environments similar to outside surfaces of slgecimcns in B&W probe BBTWB and the bottom
row of specimens in ANl., probe BMUEB. Microstructural details on various specimens in the FW probe
are presented in Appendix F.

l-igure X-13 shows lhc penetration depth data Ibr alloys and coatings exposed in the FW probe
B B'I'EC lhr 1980 ta. The results indicate that the coated specimens exhibited less corrosion resistance

tt_:u_the corresponding base metals. The penetration in ali of the samples was dominated by oxidation
and very little, ii any, sulfur Was detected. Figure X-14 shows a comparison of data Ibr alloys (exposed
under similar conditions) common to lhc probes exposed by the three organizations. The penetration rates

for tlac alloys ranged between 5 and 10/am (0.01- and 0,21-mm/yr, based on parabolic kinetics) al'tct
198()-h exposttre to tlm FBC environment. Figure X-15 shows a comparison of penetration data for

ct-m_mon alloys exposed in location A of FW probe and the top row o1'specimens in the ANL probe.
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The spcchnens obtained lrom B&W probes wen'. exposed in the 9 o'clock positiwl, and data from these
could nol be included in this comparison. The similarity of penetration depths in Fig, X- 15 indicates that
tile probe exposure elevation I18,3 in, (46,5 cre) for FW pmbc vs. 50,7 in, (129 cre) lhr ANL probel had

negligible effect on the corrosion process,

D. l:W Cooled f'robe Specimens

Specimens from one FW cooled probe, identliied as BBTEA, were analyzed, The e×posure
tCml)eratures rmlged between 774 and 843°C (1425 and 1550°F) for the Specimens in this probe, The
specimens were exposed for 1980 h at _melevation oi' 18.3 in, (46,5 cre) from the air distributor plate (set
Fig, X- 13). Among the specimens, lhc uncoated specimens were exposed at the lower end of the
lemperature range, while the coated specimens experienced higher temperatures. The clad madweldment
specimens were exposed in the middle of the temperature range, Details on the microstructural analyses
of these specimens arc presented in Appendix G. Figure X-16 shows the alloy penetration depth data lhr
the alloys, claddings, co;ttings, and weldments exposed in BBTEA probe. The higher penetration depth
lor some o1'the claromized and aluminized specimens is clue to internal penetration o1"coating layer,

primarily via oxidation mode, and no sulfur being present, The data also show thai a number of alloys,
claddJllgs, alltl weldments performed with ,tdequate corrosion resisttmce lhr 1980 h.
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Y,l. C()MI:_ARISOb, WI'I-'H EAR.I_JI!:J_,TEST I)A'I'A

Recently, a laix)ratory test program was conducted to evaluate the corrosion behavior of several

n_c'lallic alloys, coatings, claddings, and weldments in support of the almospheric fluidized-bed air heater
CXl)crinlenl.:_ 'l'he program involved six lesls, five of which were conducted at a metal temperature of
8'/1 °C (1(_()()"!;),willie lhc lasl oIle was perlormcd al a nleial temperalure of 635 °C (1175°F). Three of
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the tests were conducted under simulated bubbliiig-bed conditions, while in o(hers circulating l]uid-bed

conditions were maintained, Reagent grade CaSO 4 and ash from a circulaling lluid-bed system were used
as lhc deposit materials to simulate the bubbling- and circulating-lluid beds, respectively, in the laboratory
test progr_ml,

Two o1'the bubbling-bed simulation tests were o1'3000-h (Tesl A2) alld 2(X)0-h (Test C) duratiolls,

and the data l'rom these tests are relevant tbr comparison with in-bed test data, In Test A2, tile specimens

were exposed in a sustained manner for 3000 h al a temperature o1'871 "C in a low-pO 2environment,
simulating the worst possible combustion environment anticipated in FBC systems, The oxygen and

sulfur partial pressures during the exposure were maintained at 3 x 10 "12 and --,t07 atm, respectively, at a

gas temperature of 900°C. The gas environment in Test C was cycled between a tligll-.pO2mixture (pO 2
_10 3 atm) and a low-pO 2 mixture (pO 2 ,.-,3x l0 -12atm) every 100 h. The pS2 values corresponding to lhc
high- and low-.pO2 gas mixtures were .-,10"2aand 104 atm, respectively,

Figure XI-1 shows the corrosion rates calculated Ibr several candidate alloys exposed in Tests A2
and C, as well as in the ETEC AFBC tests, The data included in this figure incorporate inl'0rmatioll
developed at ANl, l'rom all lhc specimens (l'rom ANL, B&W, and FW probes) analyzed. The ETEC test
data irl l.his t'igum are differentiated as to whether or not the specimens were covered with the bed
material, The data show that some oI' tile alloys (such as 8ff0H, HK 40, HS 188, and HS 556) are

susceptible to catastrophic corrosion when subjected to a sustained low-pO 2 and relatively high-pS 2
environment (dictated by the boundary between CaO and CaSO 4phases). The next worst environmc'.nl
l'rom the materials con'osion point oi' view is one in which bed deposit material is present, Of the alloys
exposed to a bed deposit in lhc ETEC exposure, HP 5(.)and Sanicro 33 exhibiled 4- to 6-mm/yr corrosion,

12
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while 253 MA, HS 556, HS 188, XM 19, and HK 40 exhibited -.2 mrn/yr corrosion rate, lt should be

noted thai FBC systems will probably not experience a sustained low-pO 2atmosphere for thousands of
hours; tile materials corrosion data obtained in Test A2 may be overly pessimistic, and selection of
materials based on this test data will be highly conservalive,

Figure XI-2 shows the results plotted without lhc data from Test A2, 'l'lle gas-cycling data showed
that the alloys, ill general, can tolerate tt_eoxidizing/reducing environments as long as the alloys are
exposed to oxidizing condition in the startup cycle. Only Alloy HS 188 exhibited high corrosion, which
manifcsted as internal oxidation of the _:dloy. The results also show that a number of structural alloys

(such as Types 304 and 310 stainless steel, HR 3C, f"W4C, 8XX, and 330)and some of the chromtzed
coatings perfomled well under ali tile environmentzd conditions used in different tests, The col_osion
rates for these materials were in the range of 0.25 to 0.4 mm/yr (0,25 to 4 mnl/yr) tbr temperatures in the
range of 775 to 871 °C (1425 to 16(}0OF). h_ttte case oi'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 rnm after 10 years of service in the FBC

environment. Since abnomaal conditions (e.g., the low.pO 2 condition during the second 5(10h oi' die
present tesi at ETEC) are anticipated during the operation of an FBC system, the material selected for the

air tubes should possess adequate com)sion resistance, even under the perceived abnormal conditions,
An_)tlacraspect of importance in materials selection, which tills report dees not address, is the adequacy of
mccl_mlical properties of materials at elevated temperatures, ltowever, bast,d on this study, corrosion
resistant nlalcrials can be applied as atcladding onto structurally acceptable alloy (e.g., Type 3li) stainless
stc_:l clad on 'Fylgc 304 stainless steel, Alloy 800, or HR 3(?) to achieve adequate corrosion resistance and

oilier nlcchanical properties for the air-heater tubes,

I 21X)0 h A NI_- (las Cycling I.,nb'rest C
[] I,]TEC Test- l)abl With lind Del×,slt,
II I,Jl'l,:C Test. Data WiLbout I_:d Delm:;it

o

4

O
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O

O

m
'-' c_ _4' rO --

l;'ig XI-" (.orr( slon Rates for ANl, 'l'est C' and E'I'I2CTests
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Xll, C(.)NCI.USIONS

Detailed mlcrostructural analyses were conducted at ANL oll spet:in_ens exposed In utlcooled and
cooled probes by ANL, B&W, and F'W during lhc ^,r-,,t.iE, In adilltlon, lnfon'naltori was developed oil

penetration depths lo|' several of the materials as tt lurlctiorl of spectnaen orh'ntation, exposure location tn
the combustor, and time of exposure, These results, Iogether with those reported earlier l'mm a laboratory

tesi+prograrn In support of ACAI-IE, are used to ¢tetcrrnlrle the role of key variables tlutt contt+thute to
accelerated corrosion of materials and assess the Itmg-titne l)erlbnnance o1'candidate materials for air-

heater applications, Based on the lnlbnnatlon, a number or conclusions can be drawr|:

1, Austenitic stainless steels sucll as 'l'yl_es 304,310, and 330 and alloys such as HR 3C,
FW 4C, and 8XX cxl'tiblted low depths of penetration al'tct exposure in the AFBC facility, as

well as a laboratory tesi under gas-cycling conditions _u'tda more severe ltd)oratory lest

uhde|' low-pO 2conditions,

2. Alloys such as HS 188, 1-1S556,HK 40, and 80(!H exhibited catastmlgl|ic corrosion in ll_e

presence of sustained low-pO 2 condition and deposit material, based on a 3000-h laboratory
test, Even though tlm test is rnore severe than wtmt the materials will be subjected to in a

typical well-rutl FBC system, the data nevertheless suggest the susceptibility of these
materials to acceleraled corrosion.

3, Alloys such as HII, ltP 50, 253 MA, XM 19, Sanicro 33, HS 556, and l-iS !88 were l'outld
susceptible to unacceptable corrosion when in contact with thc,.bed material.

4, Among the weldnmnts, filler rnetats 25-35R, 21-33, and 308 e×hibited superior corrosion
resistance, Filler metals Nic,ro 82, 188, and 25-35 showed acceptable corrosion resistance,

5. Among lhc coated specimens analyzed at ANl.,, tim pefftmnance of alurninized coatings was
poor, In general, this is mt)re due lo difficulty irt tlm development of crack-free coating Ihan

to exposure in ltie FBC envirolmmnt, ttowevcr, lhc cracked regions, it' present iilitially,
exhibited accel.erated oxidation and lhc coating integrlly declined.

6. Among the cladding alloys, Type 31() stainless steel on Tyix: 3(_1 stainless steel or Alloy
8001t exhibited superior perl'orma|me.

7. 'l"ht:results obtained from au analysis of the specimens in the uncooled probes indicate that
the presence of bed-material deposit on the spccimer| surface,; leads to significant,
somelimes calaslrophic, corrosion o1 materials at a tcrnperattlre o1'~845°C, On the other

l|and, the same alloys exhibit acceptable corrosion rates, in lhc range of 0,05 to 0,25 mm/yr
(extrapolated l'ro:-nthe 1980 h data based on parabolic kinetic.s), when the surfaces arc
devoid of bed-material deposils. In II|is regard, component nlateriai surfaces exposed to a

corrosive-erosive clwimnmenl perlorll! superior to those eXl)<)scdto a corrosive CiIViI'i)IIlIICrll

alone, The acceptable perfomlance oi cvcn Alloy 800 Cm alloy Ihat has been showll to
undergo substantial corrosion after eXlX_suresin ollmr l:13f'_facilities)i_ldicatcs li|al tilt

combustion atrnosplaere in lhc presenl test was much merc bc_ig_ than in tl_eotlmr syslellls,
and that the operating conditicms/procedures, ii' duplicatc,d in a c:ommercial system, can

result in enllanced rcliabilily of tt_elarger system,

8, 'File corrosiolt rates for several malerials tested in this progra111were iz_the range o1 (},25 to
0,4 mrn/yr (10 to 16 mils/yr) for leml)eraltJres in the range of 775 lo 871 "(."(1,-125Io
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1600°F), In tlm c_lse of allr tubes with 5 to 6 tntn witll thickness, lhc Lttx_vc corrosion rtttes

will lcttd to _tthickness loss of (),8 to 1,25 mn_ _tl'tcr10 ycl.trsof'.service tn tlm I;'BC
environment, even with ttperiod oi' itbnomlLtl colldittOllS, tlsexpe,rtellccd In tttts test,
Another ttspect o1'Importtmce in mnterlttls selecti(m, which this re,port doe,s not ttddress, Is
tile _tdoqu_myof mechtmtc_tl prol_erties of rnnteri_tls at eh',wtted temportttums, However,

a bttsed on this study, corrosion mslstitnt mltterlttls c_tnbe tll3plted ttr it elttddtng onlLo

structur_tlly itccept;tl:_le_tlloys (c,g,, Type .31()sttthlless steel clLldon Typu 304 St_tllllesssteel,
' Alloy 800, or.ftR 3C) to _tcllicve l.tdcqultl.eC()l'l'()St()ll reststttIl<;e_tndmect-mnlctll propt:,'rties

for the ttlr-hettter tubes.

"t . ' * "_ ._ r "tACKN OWI.,I:_IO(.,MI:,N1S

'l'llis work w_.lsperl'ormed for lt'le LI.S. l)ef._trtlllerll o1'Energy, Office of (_orlservl|tioll _.nd
R.e_ewarble.Energy, tinder Conl rnct W-31-109-ENCI-38. l_,_tbcock& Wilcox und lVosler Wheeler supplied
the exposed samples l'rom lheir probgs for tmttlysls ;lt ANL,. D. 1.,,Rink ttsslsted with the, mlcrostrueturttl
almlyscs _t' lhc exlx_sed spectlllens,
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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

ORGANIZATION. Argonne National Laboratory
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Weldments Coupons

TOP VIEW

Outside Inside

Top Specimens
====,_ _

I lj +u  ort_ _-- Rod

Bottom Specimens_

t ,ttil....
Distributor Plate

SIDE VIEW

= AN L Uncoolcd l)ro[)c 1-3MUEB
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Alloy 800

SEM Micrograpll and X-ray Mapping oi' Alloy 800 EXlX)sedl'or 1000 ta
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800H/Nicro 82/800H

SEM Micrograph and X-x'ayMapping o1 80()H/Nicxo 82/800H
Weldment after 1000 laExposure
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80011/21-33/800H

SEM Microgx'al)l_ and X-ray Mapping o1 21-33 Wclthncnt altor 1()()()h l!::xt)osurc
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800H/25-35/800H

SEM Mtcrogral_halLdX-ray Mapplligc)l'25-35 Wt;ldmcnt al'torI00()hl!'xpc)surc.
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800H/25-35R/8O0H

SEM Mtcmgraph and X-ray Mapping o1 25-35R Weldment after 100()11 Exposure
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800H/30-50/800H

SEM Micrograph and X-ray Mapping oi' 30-5()Weldment alter 10()0 h E×posure
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- 800H/50-50 Nb/800H

- SEM Micrograph and X-ray Mapping of 50-50 Nb after 100011 Exposure
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RA 333/RA 333/RA 333

SEM Micrograph and X-ray Ma !ping of RA 333 Weldment after 1000 h Exposure

q
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RA 333/188/RA 333

SEM Micrograph _mdX-ray Mapping o1 RA 333/188/RA 333
- Weldment alter 1000 h Exposure
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188/188/188

SEM Micrograph and X-ray Mapping oi 188 Weldment after 10(X)laExposure
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SEM Photographs o1 Cross Scctions oi Alloy HR 3C after 1980 h Exposure



145



146

2

,1i _n hF I, ' i, ,_1 _1 I_ ', ' ' • r_!il_ii ,r ,, ,,



147

=



148



149



15(.)



151

APPENDIX C,

MICROSTRUCTURES OF SPECIMENS FROM B&W PROBE BBTED

i
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, , ,, rlI " '



PROBE ID: BBTED

_I_,E OF PROBE: Un(x)oled

EXPOSURE TIME: 500 h

ORGANIZATION: Babcock mid, Wilcox

- ,.... " .............. _,l ii ii llili .......... ' ..... IIIII
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APPENDIX D,

MICROSq RUC I URES Ot,,.,:,_.tI/,CIM,_,NS FROM B&W PROBE BBTEB

z ---
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PROBE II): BBTEB

- TYPE OF PROBE: Uncooled -
_ _---

EXPOSURE TIME: 1000 h

ORGANIZATION: Babcock and Wilcox 2_

-

- _



177

__-- S p e c i m en
Support
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TOP VIEW
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Leading Edge

END VIEW
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APPENDIX E.
',

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

TYPE OF PROBE: Uncooled

EXPOSURE TIME: 1980 h

ORGANIZATION: Babcock and Wilcox
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SEM Mtcrographs o.l'Dil'lcrcnt l(cglo_ts ot' 3 IO-Clad
_ -_ , 1_,304 Stmnlc,,s' Steel al'ter 198(/la Exposure
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APPENDIX F,

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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= Exposuxl.SEM Micrographs of 304 Stainless Stcel after 1980 h _' ' '"
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DISTRIBUTOR PLATE

31() SS

SEM Micrographs o1'310 Stmhies,' Sl.eel at'lcr 1980 h Exposure
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SEM Micrographs of Hl.! alter 1980 h Exposure
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556
I

SEM Micrographs of Alloy 556 after 1980 h Exposure
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304/Cr

SEM Mtcrographs o1"Cluon_lzcd 3()4 Stainless Steel after 1980 h EXlX_sure
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800lCr
_

- SEM Mtcrographs o1'Chromized 8()0 al'icr 198()h Exposure
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253 MAJCr

ShM Micrographs oi Chromizcd 253 MA aitc, i_80 li E_,ix_stire
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SEM Micrographs of Aluminized 800 after 1980 h Exposure :
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APPENDIX G,

MICROSTRUCI'URES OF SPECIMENS FROM FW PROBE BBTEA
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, PROBE ID: BBTF_

TYPE OF PROBE: (:_

EXPOSURE TIME: 1980 h

ORGANIZATION: Foster Wheeler
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: 304 SS
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SEM Micrographs of 304 Stainless Steel after 1980 h Exposure
_
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SEM Micrographs of Alloy 8(X) al'ter 1980 h Exposure
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_ SEM Micrographs of 556 al'lcr 1980 h Exposure
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SEM Micrographs o1'253 MA after 1980 h Exposure
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SEM Micrographs of 310-Clad 8()01.1aitct 1980 h Exposure
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SEIVlMtcx'()graphs()1'Chmmlzcd 800 al'tor 1980/1 Exp()surc
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SEM Mlcrographsof 21-33 Weldments atler 1980h Exposure
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SEM Micrographs of Chromized 308 Weldment after 1980 h Exposure
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304ti Platen insert in Row 2 of Platen 3

SEM Micrographs of 304H Platen Insert in Row 2 o;
Platen 3 alicr 1980 h Exposure
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