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ABSTRACT

This work supports the development studies for atmospheric
and pressurized fluidized-bed coal combustion. Laboratory studies
and runs in an atmospheric process-development-scale combustor are
aimed at providing information on the effects of water addition
and chemical additives such as CaCl,, NaCl, and NajCO3 on (1) the
degree of sulfation of limestone sorbent at various operating con-
ditions and (2) the corrosion of candidate materials for fluidized-
bed coal combustlon facilities.

SUMMARY

Enhancement of LimestoneVSulfation by Chemical Additives

Laboratory Studies. Among the effects of chemical additives on the
sulfation of limestones are major changes in the physical structure of the
stones. Scanning electron microscopy (SEM) has been successfully used in
conjunction with mercury porosimeter data to describe in detail the changes
that occur (after salt addition) during calcination and sulfation.

The effects of NaCl and CaCl, on limestone structure are presented in a
series of SEM photographs which show the increase in pore size associated
with increased salt addition, as well as evidence of the presence of small
amounts of liquid phase during the interaction. The increased permeability
of the system is indicated by the formation of CaSO, throughout the particles, -
as shown by sulfur scans of SEM photographs.

Data on the effects of NaCl and CaCly; on dolomite sulfation and particle
structure show effects similar to those with limestones, but of less magni- .
tude due to the inherent high reactivity of most untreated dolomites. There
is an initial increase in sulfur capture with small amounts of salt additive,
which is followed by a decrease as salt levels increase, and finally a long
slow increase in sulfur-capturing ability at very high salt concentrationms.
Structural effects similar to those in limestones, such as increased pore
size, are seen in dolomites.

The use of NapCO3 additive was suggested as a possibility with the hope
‘'of decreased corrosiveness due to the absence of chloride ions and the low -
volatility of the salt. Data show marked improvement in sulfation of



limestones due to structural changes induced by the presence of Na;COj
(similar to the changes effected by NaCl and CaCl,). Due to its melting
characteristics and low volatility, Na,CO3 appears to be more effective than
NaCl or CaClp. The salt remains in contact with the limestone for a greater
period of time, which results in dramatic increases in pore diameter as
measured on a mercury porosimeter. SEM photographs illustrate the effect ofj
impurity content on the structure changes and how they influence stone reac-
tivity with sulfur species.

Thermogravimetric analysis of limestone sulfation reactions in the
presence of NaCl and CaCl, at various temperatires indicates that these salts
are effective as sulfation enhancers at all temperatures between 750°C and
1050°C, with greater sulfation enhancement occurring abeve 900°C for NaCl
" and above 950°C for CaCl,. At high temperatures, the untreated stones have:
low reactivity due to sintering and loss of surface area. '

Characterization of limestones is being carried out with data presented
here on pore volume and surface area. The results show that stone reactivity
does not correlate with total surface area nor with total pore volume.
However, if only pores >0.3 pm are considered, there are correlations of
surface area and pore volume with sulfur reactivity of limestones at 850°C. -
The addition of low concentrations of salt to limestones increases surface
area; these data, plotted with data for untreated limestone, show a maximum
conversion of approximately 50% of the CaO. Higher salt levels decrease the
surface area, with subsequent loss of reactivity. From these plots of pore
volume and surface area, a stone's reactivity compared with that of other
limestones may be roughly determined.

Petrographic Examination of Limestones. Petrographic analyses of
several calcareous stones have been made to understand the basic structural
reasons for the wide variations in SO0, reactivity of different limestones.
Results of the examinations of eight stones reveal no obvious structural
differences correlated with their S$0; reactivitiés.

PDU Studies. Laboratory—scale experiments have demonstrated that the
degree of sulfation of the partially sulfated lime solids within a fluidized-
bed combustor can be increased by the addition of sulfation-enhancement
agents (chemical additives) to virgin limestones or by water treatment of
partially sulfated limestones. Chemical additives such as CaCly, NaCl, and
Na;C03 added in small quantities increase both the rate and the extent of
sulfation for many virgin limestones. Water treatment of partially sulfated
limestones also increases the degree of sulfation.

In a commercial FBC, increasing the SO, retention would decrease the
lime solids requirement for the combustion process and, in turn, reduce both
the process cost and the environmental impact of solids waste disposal. The
recently constructed PDU-scale automated atmospheric-pressure fluidized-bed
coal combustion facility (AFBC) is being used for short-term runs ($24 h)
to evaluate (1) various concentrations of different sulfation-enhancement
"agents and (2) water treatment of partially sulfated limestones.



. The effects on SOy retention of adding low concentrations (1.0 mol % or
less) of CaCl, or NaCl to Grove limestone were evaluated in a series of 31

. short-term runs (SAL and NAC series runs). Percent sulfur retention and

percent calcium utilization are reported as a function of the Ca/S mole ratio
for these runs.

In these runs, the degree of sulfation enhancement due to the.addition
of CaCl, or NaCl was generally lower than in laboratory-scale experiments
previously reported. The differences in the two sets of data are thought to
be due to the different manner of conducting the two series of experiments.
The laboratory-scale experiments had been carried out with a simulated flue
gas and no coal combustion. Consequently, no coal ash constituents were
present in the reactor. In contrast, combustion experiments were performed
in the PDU-scale AFBC.

In an attempt to clarify the disparity between the data for the PDU-
scale experiments and the laboratory-scale experiments, four additional
short-term (8 h) runs were conducted '‘in the AFBC. Higher concentrations
of sulfation-enhancement agents in the Grove limestone sorbent were used in

"the first three runs. The sorbent contained 2.3 mol % NaCl in the first
run (NAC-10), ~2.1 mol % CaClp in the second run (SAL-20), and 1.6 mol 7%
ANaZCO3 in the third run (NCO-1). In the fourth run (NCO-2), ~0.6 mol % of
Na;C03 was added to the sorbent since no data had been obtained previously on
how sulfation enhancement was affected by this particular chemical additive
at a relatively low concentration. The Ca/S mole ratios required to main-
tain 700 ppm SO, in the dry off-gas (equivalent to 85% sulfur retention)
during the four runs were 2.7, 2.6, 2.2, and 2.9, respectively. These
results suggest (1) that the concentration of a chemical additive required to
‘enhance sulfation of the limestone sorbent in actual coal combustion experi-
ments is greater than in laboratory experiments conducted with a simulated
flue gas and (2) that Na,CO3 is a better sulfation-enhancement agent on a
mole basis than either CaCl, or NaCl at both relatively high (v2.0 mol %)

and relatively low (0.5 mol %) concentrations.

To gain insight on the chemical composition of the fluidized-bed material
as a function of time, 'samples of the bed material were taken at a height of
V254 mm above the coal injection point at intervals during sulfation (starting
bed, virgin Grove limestone) in the first of the four short-term runs men-
tioned above. After the samples were withdrawn from the bed, they were
sealed in glass jars (containing an inert nitrogen atmosphere to prevent
reggtion with oxygen and/or water in the air). Analyses of S27, SOE—, and
CO3 concentrations in the bed samples were performed. Very little sulfide
(<100 ppm) was found. Based on SO; analyses, CaSO, content in one run
increased to V45 wt 7 during the first 7.5 h and then leveled off. The CaCOj3
content dropped from 31.8 wt % after the first 1 h to 1.1 wt % after
9 h of sulfation.

Another series of four runs (SG-1 to SG-4) was conducted in the new AFBC
" to compare its performance with that of an older atmospheric-pressure
fluidized-bed combustor under similar operating conditions. A major differ-
ence in the experiments done in the new AFBC and those done in the o0ld AFBC
was in the sulfur content of the coals. The Sewickley coal used in the
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recent runs contained 5.46 wt % S, éompared with 3.7 wt Z S for the Illinois

"coal used in the previously reported runs. Percent sulfur retentions as a

function of Ca/S mole ratio for these four recent runs are reported. Sulfur
retentions were in general agreement with those of previous atmospheric-
pressure fluidized-bed combustion experiments. At a Ca/S mole ratio of 3,
sulfur retention was about 80% in the recent series of runs, compared with
about 87% in the previous series. Carbon, sulfur, and calcium material
balances for 4.5 h steady state periods of each of the four runs are pre-
sented. Sulfur balances ranged from 78 to 101% and calcium balances from

96 to 1147. Combustion efficiencies varied from 86 to 88%.

A series of short-term runs was begun to determine Ca/S mole ratios as
a function of combustion temperature, for various untreated sorbents (Z.e.,
containing no sulfation-enhancement agents), required for 85% sulfur reten-
tion. Two limestone sorbents, one calritic and the othcr dolomitic, have
been evaluated. For the calcitie limestone (Grove), the Ca/S mole ratios
nceded for 85% sulfur retention were 6.0, 3.4, and 3.7 at 800, 850, and
900°C, respectively. For the dolomitic 11meqrnnp (pPfizer), the corresponding
values for the Ca/S mole ratio were 1.2, 1.7, and 1.7 at 800, 850, and 900°C,
respectively, )

An additional short-term test (HYS-1) was performed in which the sorbent
consisted of partially sulfated Grove limestone that had been water-sprayed.
The purpose of water-spraying was to determine whether the sulfur retention
capability of the partially sulfated material would be increased by Ca(OH)»,
formed by the reaction with water of the Ca0 in the material. The Ca(OH),
decomposes at the combustion temperature, providing additional reaction sites
for sulfation. In this short-term test, calcium utilization of the partially
sulfated sorbent before water treatment was 237 and was 407 upon reuse of
the water-treated partially sulfated sorbent, an increase of ~747.

Corrosion Studies. There is concern that volatilization of snlfation-
enhancement agents (alkali metal compounds) in a commercial fluidized-bed
¢oal combustion system might cause unacceptable corrosion of the metal
structural materials. To measure the corrosion rates of candidate metals of
construction in the presence of sulfation-enhancement agents in a PDU-scale
unit and identify factors that could decrease the lifetime and reliability of
system components, long-term (>100 h) corrosion test runs are baing con-
ducted in the AFBC. Objectives of experimental programs are (a) to evaluate
the -effect of sulfation-enhancement agents on the corrosion behavior of can-
didate materials for an atmospheric-pressure fluidized-bed combustion system,
(b) to determine the types of deposits formed on metal surfaces, (c) to study
the nature of the corrosion reactions resulting from these deposits, and
(d) to ¢orrelate the corrosion results with process conditions.

100-h Corrosion Tests. Four 100-h corrosion test runs (CT-1, -2, -3,
and -4) were completed in the recently constructed PDU-scale atmospheric-"
pressure fluidized-bed coal combustion facility (AFBC). In each run, seven
corrosion probes, each holding seven metal specimens, were installed at
various locations in the bed and the freeboard section of the combustor.
Three of the probes in each run were the air-cooled type, and the remaining
four probes were the uncooled coupon type. The types of metal specimens
(24 different alloys), their locations in the combustor, and the mean temper-
atures for each of the seven corrosion probes used in each run are reported.




The sorbent used in the four runs was Grove limestone. No sulfation-
enhancement agent was added in Run CT-1, 0.3 mol % CaCl, was added in
Run CT-2, ~0.5 mol 7% NaCl in Run CT-3, and ~1.9 mol % Na,CO3 in Run CT-4.
The Ca/S mole ratio in each run was adjusted to maintain 700 ppm SO, in the
dry off-gdas (equivalent to 857% sulfur retention). The resultant Ca/S mole-
‘ratios were 3.4, 3.5, 3.6, and 2.0 for Runs CT-1, -2, -3, and -4, respec-
tively. Neither the low-concentration addition of CaCl, in Run CT-2 nor of
NaCl in Run CT-3 enhanced the sulfation of the Grove limestone sorbent.
These results, relative to sulfation enhancement, disagree with those of
previously reported laboratory-scale experiments in which a simulated flue
gas was used (Z.e., with no actual coal combustion). However, the high-
concentration addition of Naj;CO3 in Run CT-4 'did enhance sulfation of the
Grove limestone sorbent. The Ca/S mole ratio. of 2.0 in the latter rum is
41% less than the Ca/S ratio of 3.4 in Run CT-1 conducted with untreated
Grove limestone sorbent. :

Carbon, sulfur, and calcium material balances are reported for the four
100-h corrosion test runs (CT-1, -2, -3, and -4), as well as combustion
efficiencies. Carbon balances ranged from 89 to 102%, sulfur balances from
88 to 111%, and calcium balances from 98 to 109%. Calculated combustion
efficiencies were 887 in the first and third runs, 87% in the second run, and
91% in the fourth run.,

" Evaluation of Corrosion Behavior. Metallographic examination of the
specimens from 100-h screening corrosion tests (CT-1 to CT-4) has been com-
pleted. The results indicate that at ~850°C, the addition of 0.3 mol % CaCl,
to the sorbent feed had no effect on the corrosion behavior of the various
candidate materials tested, whereas 0.5 mol % NaCl or 1.9 mol % Na,COj3
increased the corrosion rates of the .nickel-base alloys. When specimens
were exposed in the fluidized bed or the freeboard section of the combustor
at temperatures between 525 and 730°C, the addition of a sulfation-enhancement
agent, viz., 0.3 mol % CaCl,, 0.5 mol %Z NaCl or 1.9 mol % Na,CO3, had no sig-
nificant effect on the corrosion rates of the materials tested. Except in-:
the high-chromium alloys (>15%), the specimens developed only 2- to 3-pm-
thick surface scale and 2- to 5-um internal corrosive penetration; for the
‘high-chromium alloys, the total scale penetration thickness was significantly
greater, independent of the presence of salt.
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TASK A. ENHANCEMENT OF LIMESTONE SULFATION BY CHEMICAL ADDITIVES

1. Laboratory Studies
(J. A. Shearer, C. B. Turner, and K. M. Myles)

Among the effects of chemical additives on the sulfation of limestones .
are major changes in the physical structure of the stones. Scanning electron
microscopy has been successfully used in conjunction with mercury porosimeter
data to describe in detail the changes that occur (after salt addition) during
calcination and sulfatlon of limestones.

a. Effect of NaCl Additive on Particle Structure of Limestone

—

The use of NaCl as a sulfation enhancer has received most of the
experimental attention.! A mechanism has been proposed involving the farma-
tion of trace amounts of liquid phase that lowers the activation energy of
decomposition and recrystallization, thus accelerating the ionic rearrange-
ment and development of porosity in the lime produced. Whether a liquid or
vapor phase forms is uncertain. The SEM photographs in Fig. 1 provide a -
partial answer. Figure 1 shows two views of a calcite spar particle treated
with a minute amount of NaCl. The salt crystallized as discrete crystals
during treatment. Upon heating at 850°C for 40 min, the particles formed a
liquid which interacted in a gradually enlarging sphere around the point of
contact with the calcite crystal. The presence of a vapor phase would have
produced a more uniform attack over the entire sample. Radiating circles of
lessening structural changes strongly suggest a local liquid phase interaction
around the salt particle.

In the case of NaCl addition, substantial solution of Ca0 does not
occur upon the addition of large amounts of salt to a structure that is still
space-restrictive to CaSO, formation beyond about 507 conversion.

Figure 2 is a series of photographs showing the effect of sodium
chloride addition on a previously sulfated sample of ANL-9501 stone (Grove
limestone). Figures 2-I and 2-Ia show a sample of untreated ANL-9501 stone
completely sulfated at 850°C with 0.3% SO,; a dense layer of CaSO, formed at
the particle surface, as indicated by the sulfur scan in Fig. 2-Ia.

Figure 2-II shows this same sample after treatment with a small amount of
powdered NaCl and reheating. The structure definitely altered, and pores are
much larger. Figure 2-IIa shows the deep penetration of sunlfur intn the

.stone. The enhanced mobility of the system contributed by the low-melting

salt caused the CaSO, to migrate to the particle interior and to undergo
massive recrystallization, as shown in the more highly magnified view

(¥ig. 2-11I). This phenomenon explains the effects of NaCl in renewing the
sulfur-removal capagllltles of spent bed material, as reported by Pope,
Evans, and Robbins. In the treated material, the dense diffusion-limiting
layer of CaSO, is no longer intact and, with major growth in pore size, there
is a more favorable pore distribution for further sulfur capture.



(260%) (1300%)

Fig. 1. Surface of Calcite Spar Particle (two views), Calcined with
0.2 wt % NaCl in 20% CO,, 5% 05, and the Balance N, at 850°C
for 40 min. ANL Neg. No. 308-78-418



Surface Interior Surface Interior

T 9501 Calcined 1 h Ia Sulfur Scan
Sulfdled 2 h of I
Reheated 2 h 385X
385X

Fig. ?. FEffects of Heating with NaCl on a Sawple ufl
ANL-9501 Stone (Cross Sections) Previously
Sulfated at 850°C for 6 h in 0.3% SO,,
5% 0p, 20% COy, and the Balance N,.
ANL Neg. No. 308-78-758

(Contd)



I IIa I
Surface Interior Surface Interior Surface Interior

9501 Calcined 1 h Sulfur Scan 9501 Calcined 1 h
Sulfated 2 h of I Sulfated 2 h
Reheated with NaCl 2 h 385X Reheated with NaCl 2 h
385X 770X

Fig. 2. (Contd)
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b. Effect of CaCl, Additive on Particle Structure of Limestone

As part of this study, scanning electron microphotographs (SEM)
were taken for visual confirmation of structural changes indicated by pre-
vious porosimetry measurements. Figure 3 shows calcite spar which has been
calcined after a very small addition of CaCl,. The intent here was to iso-
late individual particles of the salt and to note the effects on the lime-
stone of the intense recrystallization occurring during calcination when
CaCl, is present. The salt's effectiveness decreases from the point of
contact and appears to follow structural lines of the original rhombic cal-
cite particle. The effect on pore structure is evident--even at a distance
from the point of immediate contact. Initial melting of the CaCl, strongly
affected the stone at the point of contact. As a result, a single large
crystal of Ca0 formed having visible growth rings, as in Fig. 3b.

Figure 4 is a series of microphotographs of ANL 9701 stone calcined
with various amounts of CaCl;. The same structural changes as in calcite
(Fig. 3) are observed, modified by the impurities and the less crystalline
nature of this limestone. At the highest concentration of salt (1.0 mol %
CaCly), crystal growth begins to be evident, as well as initial fusion of
particles. This fusion is a result of sufficient CaCl, liquid being present
to dissolve substantial amounts of Ca0, with subsequent loss of structural
integrity. At this level of salt addition, conversion to CaSO, does not
depend on the space created by initial decarbonation but can continue indefi-
nitely since dissolution of Ca0 and loss of structural integrity make the CaO
readily available for sulfation.

Figure 5 illustrates the effect of adding various amounts of CaCl,
and calcining ANL-9501 (Grove) limestone, a commonly used limestone. Also
illustrated are two samples calcined without additive for different lengths
of time. Firing for a long duration has the effect of increasing the porosi-
ty, as indicated by Fig. 5b, which shows uniform pores over the entire
particle. These pores are larger than those produced by one hour firing as
in Fig. 5a.

The addition of small amounts of CaCl, has a much greater effect
than does the addition of small amounts of NaCl. Extensive pore growth and
crystallite clumping occurred similarly to the effects of NaCl addition in
large amounts, as shown in photographs presented earlier. As the concentra-
tion of CaCl, increased, the extent of crystal growth increased and pore size
gradually increased. At levels of salt addition greater than 1 mol % CaCl,,
the lime particles began to fuse. At this point, large amounts of liquid
phase formed that were capable of dissolving substantial amounts of Ca0, as
shown by the phase diagram for this system.3 Figure 6 illustrates this
characteristic flow structure in ANL-9501 limestone. Figures 6b and 6c show
the junction of two separate limestone particles at two magnifications. The
point of contact is between the darker image and the lighter one. The parti-
cles have fused, yet retain some coarse porosity. At the sulfation tempera-
ture, this is a very fluid system containing dissolved Ca0 and hence has
great potential to react with S0,/0, mixtures. The extent of reaction is
limited only by the presence of sufficient liquid phase to dissolve residual
unreacted CaO.



b C
451X 902X

Cross Sections of Calcite Spar Calcined with 0.05 mol % CaCl, at 850°C
in 5% 0p, 2)% CO,, and the Balance Np. ANL Neg. No. 308-78-639

1T
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Surface Surface

9701 + 0.1 mol % CaCly 9701 + 0.2 mol % CaClp
737X 737X
Surface

Surface

9701 + 0.8 mol % CaCly 9701 + 1.0 mol % CaCly
731X 731X

Fig. 4. Effect of CaCl, on ANL-9701 Stone (Cross Sections)
Calcined at 850°C for 1 h in 5% 0,, 20% CO,, and
the Balance Np. ANL Neg. No. 308-78-640



{b) 950! Calcined 6 h
700X 700X

(c) 9501 + 0.1 mol % CaClp (d) 95CI + 35 mol % CaClp (e) 9501 + 1.0 mol % CaClp
Calcined | h Calcinad | h Calcined | h
700X 850X 675X

Fig. 5. Cross Sections of Limestone ANL-¢501 Particles After Various Treatments and Calci-
nation at 850°C in 5% 02, 20% CCz, and the Balance N2. ANL Neg. No. 308-78-420

€T



(a) 9501 + 1.0 Mol % CaCl: (b) 9501 + 2.0% cCaCls (e) 9501 + 2.0% CaCls
520X Juncticn of Two Particles Junction of Two Particles
520X 1920X

Fig. €. Limestone ANL-9501 with CzCl,. Calcined 1 L at 850°C in 5% 0,
20% CO;, and the Balance Np. ANL Neg. No. 308-78-41¢

¥1
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Sulfation experiments show that indeed, there is one maximum of
sulfation (at 50% conversion) at low salt concentrations; conversion then
starts to decrease when these low CaCl, additions are exceeded. At CaCl,
concentrations above 1.0 mol 7%, however, the extent of sulfation begins to
increase rapidly; with continued CaCl, addition, sulfation approaches 100%.
Practical application of this information is limited since the high salt
concentrations produce sticky particles that may cause problems in maintain-
ing fluidization in a fluid-bed combustor. However, CaCl, added to limestone
powder that was injected into fixed-bed combustors has enhanced the sulfation,
removing sulfur from exhaust gases at very high temperatures (>1000°C) .1

c. Effect of Calcium Chloride Additive on Sulfation of
and Particle Structure of Dolomites

The experimental work with enhancement agents has been primarily
concerned with limestones, but dolomites also are under consideration as
sulfur-capturing species. Addition of inorganic salts to dolomites that are
very unreactive to increase their reactivity may be of interest.

Most dolomites react readily with SO,. Apparently, at the condi-
tions existing in a fluidized-bed coal combustor, the porosity of the stones
is enhanced by decomposition of MgCO3 to form MgO (which is unreactive with
S05) .

Horizontal tube furnaces supplied with a simulated flue gas are
being used to establish sulfation capacities for a series of precalcined
dolomites treated with CaCly. Measurements with a mercury porosimeter on
similarly prepared calcines are also currently under way. Table 1 lists
percent conversions for several stones treated with 0, 0.1, 0.5, 1.0, 3.0,
and 5.0 mol % CaCl, (treated by adding an aqueous slurry and then evaporating).
The percent conversions were arrived at from final weight-change measurements
and are subject to correction when analyses for sulfate are completed. The
data show that salt addition tends to enhance sulfation--both at low concen-
trations (0.1 to 0.5 mol %) and at higher concentrations (>3.0 mol %). The
lower conversion for the intermediate addition of salt has been ascribed to
the initial increase in porosity (by increased ionic mobility) being offset
by a concomitant decrease in surface area. The second gradual increase in
conversion is due to dissolution of Ca0 in the large amount of liquid salt
present, a situation in which the reactivity of the lime is not limited by
structural restrictions.

Figures 7-9 show scanning electron microphotographs of cross sec-
tions of three dolomites that had been treated with several concentrations of
CaCl,. They illustrate that with very high concentrations of salt (as in
Fig. 9 for dolomite ANL-5601 with 5 mol % CaClp), average pore size increases
dramatically and fused structures develop. Even a trace of CaClp (0.1 mol %)
causes noticeable pore enlargement, increasing the sulfation capacity of the
stones. Dolomite ANL-5601, an especially unreactive stone in its microporous
original state, responds to salt treatment with dramatic pore enlargement and
consequent enhanced sulfation. This type of highly crystalline stone, which
forms a calcine having very small pores, is the sort of dolomite most bene-
fitted by salt addition, which affects the pore size of the calcined stone.
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Table 1. Conversion of Ca0 to CaSO, for Dolomites
Treated with Calcium Chloride

Percent Conversion, CaO to CaSOqa

0.1 0.5 1.0 3.0 5.0

mol 7 mol 7% mol % mol 7 mol 7%

Stone Untreated CaClo CaClo CaCl,p CaCl, CaCl,

Designation Stone Added Added Added Added Added
ANL-4801 79.7 >100.00 99.4 80.8 72.3 89.7
ANL-4902 92.0 >100.00 94.0 70.9 69.7 77.1
ANL-4903 77,9 83.9 82.2 76.9 77.8 97.8
ANL—5101b 88.6 99:3 96.8 88.6 85.8 90.7
ANL-5102 76.7 79.8 FLeT 673 81.7 93.6
ANL-5201 76.0 80.7 76.6 58.7 55.1 88.7
ANL-5207 46.3 48.8 35,7 49.6 55.9 64.5
ANL-5501 31.0 33.9 38.7 37.1 43.9 54.5
ANL-5601 18.1 23.8 54.6 46.8 56.1 57+0

@A11 stones calcined for 1 h at 850°C in 5% 0o, 20% COp, and the balance Ny,
and sulfated in 0.3% SOy, 5% 0, 20% CO,, and the balance N, for 6 h at
850°C.

bTymochtee dolomite.

Very reactive stones do not show as great a percent increase in
reactivity as a result of salt addition, although the enhancement of reaction
rate achievable by salt addition may be important in a commercial-scale com-
bustor system. For dolomites, enhancement of reactivity by very high CaCl,
additions can lead to almost complete sulfation of the Ca0O component.

d. Summary of Percent Conversions to Sulfate for
Treated and Untreated Dolomites

Table 2 lists analyses and percent conversions of Ca0 to CaS0, for
untreated dolomites included in this study. CaCO3 content ranges from 48.7%
to 67.3%, with the major secondary component, MgCO3, ranging from 27.7% to
45.7%. Sulfation at 850°C in 0.3% SO,, 5% 0,, 20% CO,, and the balance N,
has been measured for all stones; it ranges from 18.1% to 92.0% conversion.

Figure 10 shows the conversion of Ca0 to CaSO, for the dolomites at
various added NaCl concentrations. The geometric mean at each salt concentra-
tion is included as a curve covering the entire range of salt addition. The
data show marked similarity to earlier reported work on NaCl effects on
limestones* in that a maximum sulfation occurs at low concentrations of salt,
after which sulfation decreases at higher levels of salt addition as surface
area declines, and then reactivity again increases when sufficient liquid is
present to begin to dissolve and disrupt the restraining lattice structure.



17

5101 + 0.1 mol % CaCly 5101 + 2.0 mol % CaClp 5101 + 5.0 mol % CaClyp
Calcined Ih 850°C Calcined Ih 850°C Calcined Ih 850°C
638X 638X 638X

Fig. 7. Cross Sections of Untreated ANL-5101 Dolomite Particles
and ANL-5101 Particles Treated with CaCl,. Calcined at
850°C. ANL Neg. No. 308-78-684
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5401 Calcined 5401 + 0.1 mol % CaCly
Ih 8%0°C Calcined |h 850°C
1276X 1276X

5401 + 0.5 mol % CaClp 5401 + 3 mol % CaClyp 5401 + 5 mol % CaCl,
Calcined Ih 850°C Calcined Ih 850°C - Calcined Ih 850°C
1276X 1276X 1276X

Fig. 8. Cross Scctions of Untrcated ANL-5401 Dolomite Particles
and ANL-5401 Particles Treated with CaCl,. Calcined at
850°C. ANL Neg. No. 308-78-685
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5601 Calcined 5601 + 0.1 mol % CaCly
Ih 850°C Calcined 1h 850°C
638X 638X

5601 + 0.5 mol % CaCl 5601 + 1.0 mol % CaClp 5601 + 5.0 mol % CaClp
Calcined Ih 850°C Calcined Ih 850°C Calcined |h 850°C
638X 638X 638X

Fig. 9. Cross Sections of Untreated ANL-5601 Dolomite Particles
and ANL-5601 Particles Treated with CaClp. Calcined at
850°C. ANL Neg. No. 308-78-683



Table 2. Compositionsa end Conversions to Sulfate o Dolomite Samples

Stone Conversionb
Designation, CaCoj, MgCO3, Fe,03, Al1;03, 8i0,, Na-0, K»0, z To
ANL- wt % wt 7% wt 7% wt % wt 7% wt % wt 7 wt 7% Sulfate, 7%
4801 48.7 40.2 0.66 1.81 7.0 0.09 0.38 98.84 79.7
4902 49.7 43.8 0.43 0.87 5.71 0.03 0.30 100.84 92.0
4903 49.2 44.6 0.52 0.80 8:77 0.05 0.50 104.44 77:9
5101 51.8 43.3 0.41 1.46 3.61 0.07 0.22 100.87 88.6
5102 5.2 43.4 0.62 0.43 1.18 0.05 0.19 97.07 76.7
5201 52.2 43.0 0.26 0.68 1.22 0.07 0.13 97.56 76.0
5202 527 42.0 0.34 0.87 1.60 0.11 0.15 97.77 72.6
5203 52 .6 36.4 0.58 1.13 8.77 0.04 0.18 99,70 78.4
5207 52.3 36.5 2:.35 1.00 3.64 0.09 0.16 97.04 46.3
5301 53.4 45.4 0.07 0.08 0.69 0.05 0.03 99.72 79.3
5401 54.5 42,9 - 0.07 0.34 1.04 0.C4 0.10 98.99 39.8
5402 60.0 27.7 5,30 3.06 6.29 0.24 0.43 103.02 89.9
5501 55.6 43.3 0.23 0.18 2.97 0.C3 0.03 102.34 24.8
5601 56.9 45.7 0.09 0.01 0.18 0.02 0.01 102.91 18.1
6101 61.2 28.7 5.56 0.51 3:15 0.13 0.18 99.43 63.7
6301 63.2 32.6 0.39 0.28 2.54 0.C4 0.05 99.10 5746
6401 64.2 29.5 0.33 0.59 5.10 0.15 0.31 100.28 30.0
6701 67.3 31.5 0.37 0.22 1.25 0.C4 0.05 100.73 65.6

aAnalyses performed by Analytical Chemistry Laboratory, Argonne National Laboratory.
bIn a tube furnace at 850°C, in 0.3% SO,, 5% 05, 20%Z CO,, and the balance N,.

0¢
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This allows the formation of additional CaSOy, previously prevented by
volumetric limitations. The enormous variability in the reactivity of the
untreated dolomites is carried over to the salt-treated samples with a lesser
spread. The shape of the curve of geometric means is also the shape of the
curve for each stone, though the curves for the latter differ in magnitude of
increase or decrease. The reactivity of the most unreactive dolomites is
most dramatically increased by salt addition. Naturally reactive stones have
an inherent pore structure that readily accepts the large CaSO,; molecules.
For this same reason, the overall reactivity of dolomites (in relation to
their CaCOg content) is much higher than for limestones.

Figure 11 shows a similar set of data points for CaCl,-treated
dolomites. The trends in reactivity are the same as for NaCl at increasing
salt concentrations. When compared on the basis of weight percent salt
added, CaCl, has less effect than NaCl. However, at low salt concentrations,
CaCl, ‘has a greater effect on a mol % basis than NaCl. Again, the scatter
associated with natural stones carries over to the salt-treated stones, but
hecomes less important as the amount of salt added increases and residual
structural and compositional differences are removed.

Porosimetry curves have been completed for all precalcined stones
and for the various salt-treated dolomites. These data will be included in a
forthcoming guide to limestone characteristics and reactivities.
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e. Effect of NayCO3 Additive on Sulfation of Limestones

In addition to sodium chloride and calcium chloride, other salts
were investigated as additives for possible positive effects on the sulfation
of limestone. It had been found in materials corrosion studies that the
major attack by NaCl and CaCl,; was through the chloride ion (ANL/CEN/FE-78-10).
Sodium carbonate showed promising effects in some early screening experiments,
and it is hoped that this salt would cause considerably less corrosion of
materials in a fluidized-bed coal combustor than would the chlorides.

Figure 12 is a bar graph summarizing the data for three limestones
treated with various amounts of NajyCO3. Also included are data for ANL-8001
stone treated with Na;CO3 and then simultaneously calcined and sulfated; in
contrast, the rest of the sulfation data is for precalcined material, as is
most of the data presented for other salts. The data show marked positive
effects due to small additions of Na,CO3 on all three stones. The effects
occurred most readily in ANL-8001 stone, which has the highest impurity con-
tent and the smallest initial grain size. However, under simultaneous
calcination/sulfation conditions, the same stone requires a much larger
amount of salt to obtain the same conversion.

Scanning electron microphotographs have been made of laboratory-
prepared calcines treated with NayCO3. Figure 13 shows the effect of trace
amounts (0.2 wt %) of Na,CO3 evaporated on the surface of a calcite spar
crystal and calcined at 850°C in 5% 0, 20% CO,, and the balance N,. The
linear features illustrate preferential deposition and interaction along a
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Fig. 12. Effect of NayCO3 on Sulfation of Limestone at 850°C
in 0.3% SOy, 5% 05, 20% COy, and the Balance Njp

cleavage plane of the crystal. The three-dimensionality of the photograph
clearly shows the penetration of the fused salt into the crystal, causing
increased ionic diffusion with resulting pore structure changes. The photo-
graphs are similar to those obtained in earlier reported work with NaCl and
CaCl,. Since NayCO3 is less volatile than NaCl or CaCl,, there was a longer
contact time with the stone as a liquid phase.

Figure 14 illustrates the effect of NayCO3 on limestone ANL-9501
during calcination at 850°C. An increasingly open nature of the pore struc-
ture as the Na,CO3 concentration increased is apparent. The surface of the
particle (which is on the left and lower side of each photograph) shows
enhanced crystallization due to the increased contact time with the salt at
the beginning of calcination.

Structural changes as a result of CaCO3 addition differ for differ-
ent limestones, as shown in Fig. 15. These four limestones have different
impurity contents, as shown by the first two digits of their number designa-
tions (which indicate nominal wt % CaCO3 content before firing). Impurities
interfere with the growth of pores and with the recrystallization of the CaO.
This is illustrated by comparison of the continuous rounded nature of grains
in the matrix of calcite spar with the discontinuous angular grain arrange-
ment of the less pure ANL-8001 limestone, in which impurities migrated to the
surface of the recrystallizing CaO.
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550X 2600X

Calcite Plus 0.2 wt % Nap,CO3 after Calcination 1 h at 850°C in
5.0% 0p, 20% COp, and the Balance Np. ANL Neg. No. 308-79-55
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ANL-9501 ANL-9501 + 0.5 mol %
369X Nap CO3
369X

ANL-9501 + 1.0 mol 7% ANL-9501 + 2.0 mol 7%
Nay CO3 Nay CO3
369X 369X

Fig. 14. Cross Sections of ANL-9501 (1359, Grove) Limestone
Particles Containing Na,CO3 Additive. Calcined
1 h at 850°C in 5% 05, 20% CO,, and the Balance
N,. ANL Neg. No. 308-79-72
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638X (1359, Grove)
638X

ANL-9701 ANL-8001
(Germany Valley) (Greer)
638X 638X

Fig. 15. Cross Sections of Limestone Particles, Each
Treated with 2.0% Na,CO3 and Fired at 850°C
1 h in 5% 0,, 20% COp, and the Balance Nj.
ANL Neg. No. 308-79-68
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In conjunction with the sulfation experiments using Na;CO3 as a
sulfation enhancement agent, porosity distribution measurements were done
using a mercury porosimeter. The sulfation results reported earlier in
Fig. 12 showed that in contrast to NaCl and CaCl, addition, sodium carbonate
addition did not result in maximum reactivity at low salt concentrations but
that instead the reactivity of each type of stone increased gradually as the
concentration of the salt increased. Only Greer limestone (ANL-8001, con-.
taining ~207% impurities) showed a slight decline at 1 mol % salt additionm.

Porosity distributions for three limestones have been completed
and are shown in Figs. 16, 17, and 18. The limestones are calcite spar
(a highly crystalline CaCO3), ANL-9701 (Germany Valley, a high purity lime-
stone), and ANL-9501 (Grove, a stone with about 5% impurities). Comparison
of the three series of curves shows a very large shift in pore diameter with
even a small addition (e.g., 0.1 mol %) of Na,CO3. Calcite spar shows very

little effect after 0.5 mol % NapyCO3 addition, whereas the less pure lime-

stones are affected by greater Naj;CO3 additions. From the results reported
earlier for émall'amounts of NaCl or CaCly, the peak of sulfur reactivity is
at an optimum average pore diameter 0.3 um. With Na,COj3, however, even

0.1 mol % is enough to increase the average pore diameter beyond 0.3 pm and
hence beyond an optimum pore structure. However, the low volatility of the
salt and the presence of a liquid melt allows sulfation to occur via this
liquid phase; as salt concentration increases, the amount of liquid increases
with a subsequent rise in reactivity. A series of porosity measurements will

" be made on a very impure limestone so as to have a complete set of represen-

tative limestones and their responses to Na,COj addition.
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Fig. 16, Porosimetry Curves for Calcite Spar Treated with
’ Indicated mol % Na,CO3 and Calcined at 850°C in
5% 0o, 20%Z COp, and the Balance Nj.
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f. Effect of Temperature on Sulfation Enhancement
‘and Sulfation Rate

In conjunction with the salt additive work in horizontal tube
furnaces, a series of TGA runs were made to investigate the effects of tem-
perature on sulfation enhancement and rate of sulfation of limestone ANL-9501
(Grove). Figures 19 and 20 are bar graph plots of the sulfation data .for
NaCl-treated ANL-9501 and CaCl,-treated ANL~9501 stones, respectively. Also
shown in each case are conversions for untreated limestone at each tempera-
ture. Thesé were all precalcined at the temperature of sulfation. For both
salts, there is a pronounced decrease in sulfation in the 850-900°C range
and very high sulfations at lower temperatures, At high temperatures (>900°C
or >950°C, the increase in sulfation of salt-treated samples in comparison to
the-increased sulfation of untreated stones is much greater than at lower
temperatures due to the -increased dissolution of CaO. ,

100 - _
90+ S 1% NaCF .
804 | BER UNTREATED

701
601
501
40+
304
20+
0+

\

%,

CONVERSION OF CaO TO CaS0y, %

0 = i ;
700 750 800 850 900 950 1000 1050

TEMPERATURE,°C

Fig. 19. Sulfation of ANL-9501 Limestone as a Function
of Temperature. Precalcined stones treated
with 1 mol % NaCl (5 h)
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Fig. 20. Sulfation of ANL-9501 Limestone as a FunCtioh
of Temperature, Precalcined stones treated
. with 0.1 mol % CaCly (5 h)

A series of TGA measurements is under way to obtain conversion
values under simultaneous calcination/sulfation conditions at various temper-
atures with and without salt addition.  The data shown for precalcined stones
exhibit a definite minimum reactivity in all cases near 800-950°C and a high - -
reactivity at 750°C for both treated and untreatéd samples, -At higher temper-
atures (>1000°C), the salt effect is enhanced--presumably by the enhanced
mobility of the phases when liquid salt is present. The untreated stone,
however; continues to have a low reactivity at higher temperatures due to the
loss of surface area from solid-solid sintering.

The reaction curves for the previous “bar graphs are shown for
untreated NaCl-treated, and CaCly-treated samples, in Figs: 21, 22, and 23,
respectively. In all three cases, there is a very high rate of reaction
. initially with a rapid leveling-off at the lowest temperatures. At the next
higher temperatures, the rate of initial reaction decreases (because the

surface area decreases), but reaction continues longer (because the pore size
.increases). At still higher temperatures when a salt is present (either NaCl
or CaCl,), the reaction rate again increases 'and significant reaction con-
tinues for.a longer time due to the presence of large amounts of liquid.

For untreated stone, however, the reactivity, initially high, rapidly falls
off until there is no further reaction, suggesting that only the 1mmed1ate1y
‘available surface is reacting. A more detailed discussion of these data will

be made when they can be compared with results obtained with 81multane0us
calcination and sulfation,
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. , .

Work to .characterize coal combustor overflow samples. and steady-
state samples is continuing. This work will be extended to include labora-
tory simulation of combustor variables (such as water content and ash
content) not considered prev1ously.

The. occurrence of transient reducing conditions in the laboratory

_combustor as a possible source of sulfation enhancement will also be investi- -

gated. In an effort to more clearly define conditions in a fluidized-bed
coal combustor, duplication of. combustor varlables in a small quartz fluidized
bed will be attempted. :

Extensive work in this laboratory on characterizing the effects of
1norganic salts on limestone sulfation has shown that for all limestones
investigated, maximum sulfation is achleved when the average pore diameter

" of the calcined material is near 0.3 um. >4 Previous work on limestone sulfa-

tion demonstrated that pores larger than 0.3 um appear to be most important in
reactions. with S0,/0, mixtures.® In our work, surface areas, as well as
porosities, have been measured for the untreated limestones investigated.

Table 3 lists total surface areas, of pores >0.3 um for limestones calcined

1 h in 5% 02, 20% CO,, and the balance N,. The stones are listed in the

order of their increasing CaCO3 content. (indicated by. the first two digits of

their number designations).
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Table 3. Pore Volumes and Surface Areas for 18-20 Mesh
Limestones? Calcined 1 h in 20% CO,, 5% 05,
and the Balance N, at 850°C ‘

Surface Area Pore Volume
Total Surface for Pores . "Total Pore - " for Pores

Area, >0.3 um, Volume, >0.3 um,
Stone : em?/g em?/g cmd/g cm3/g
ANL-6702 87,742 . 12,510 0.423 0.219
-ANL-7401 89,795 6,764 0.423 0.130
ANL-8001 . 58,114 8,868 - 0.325 ' 0.118
ANL-8101 129,121 3,612 0.453 ~ 0.175
ANL-8301 163,603 2,108 . 0.403 - 0.058
ANL-8701 68,297 14,537 0.396 A 0.161
ANL-8901 109,217 6,253 0.357 0.109
ANL-8902 92,397 3,236 0.310 0.055
ANL-8903 91,923 - 6,478 0.369 0.107
ANL-9201 134,793 - 1,315 0.325 . 0.080
ANL-9401 87,146 29,066 0.508 0.280
ANL-9402 124,779 . 1,370 0.277 . . 0.050
ANL-9501 . 188,442 A 877 0.375 ' 0.051
ANL-9502 ‘ 73,057 12,770 0.382 0.]156
ANL-9503 . 113,907 ' 9,227 . 0.512 0.243
ANL-9504 112,596 2,981 0.351 - 0.055
ANL-9505 80,099 4,660 ~ 0.338 0.130
ANL-9601 ~ * 197,599 2,099 0.454 0.160
ANL-9602 116,824 4,251 0.345 0.092
ANL-9603 90,043 3,297 0.295 0.070
ANL-9701 120,202 2,090 0.351- ' 0.051
ANL-9702 175,777 2,285 0.353 0.090
- ANL-9703 108,540 9,736 0.519 . 0.281
. ANL-9704 82,474 8,378 0.388 0.120
ANL-9801 - 113,486 4,393 | 0.430 0.144
ANL-9802 93,698 6,727 .0.488 0.260
ANL-9901 110,056 6,187 0.392 0.116
ANL-9902 - 100,952 : 9,655 0.473 0.214

Calcite 285,350 619 0.281 0.038

a i .. . . :
Stone compositions are given in Reference 4,

No correlation of either area or pore volume with CaCO3 content is
apparent, The porosity of the calcined stones reflects the original porosity
of. the natural limestones, as well as the effects of impurities on the resul-
tant porosity of the calcined material.

As ﬁentioned'earlier, literature data on the reactivity of calcium
carbonate-containing rocks with SO indicated that porosity and reactivity
are related. Data collected during this investigation on sulfation reactivi-
ty of limestones exposed to a simulated flue gas at 850°C are plotted against
total pore surface area (Fig. 24) rather than porosity or pore volume. There
‘is no correlation of reactivity with total porosity. However, there is an
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obvious relationship (Fig. 25) of the percent conversion to sulfate and the

meter).
0.3 um diameter increases, sulfation of the lime increasés, leveling off at
50-60% conversion (the apparent maximum range of sulfation for pure

.surface area of pores >0.3 um 1n diameter (as measured with a mercury porosi—‘
The data indicate that as the surface area of pores larger than

limestones).
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When these limestones.are treated with either NaCl or CaCl,, their
surface areas change greatly. At low levels of salt addition, pore surface.
area increases, but with greater salt additions and subsequent enlargement
of pores and loss of micropores, pore. surface area decreases. Figure 26
shows conversion vs. surface area of pores >0.3 um for (1) untreated stones
(also given in Fig. 25) and (2) salt-treated stones having a wide variety of
reactivities. Conversion for all treated stones approaches 50%, a conversion
exhibited by only the most reactive of untreated limestones.

100 T 1 I

90— o . —
O UNTREATED LIMESTONE

80— O TREATED WITH LO mol % NaCl ' ]

70— 4 TREATED WITH O.I mol % CaCl, -

60— o E GNA—
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A aP S0ofod Oy g A Ba
a0l— 248 gaAO Dp%ﬁj T
30—098 O . L —
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SURFACE AREA x10°3 (FOR PORES 2 0.3 um), cm /g

Fig. 26. Percent Sulfation vs. Surface Area of Pores
>0.3 um for Untreated 18-20 Mesh Limestone
and Limestones Treated with NaCl and CaCl,.
Sulfation at 850°C for 6 h in 0.3% 502,

5% 02, 20% CO,, and the balance Nj.

Pore volumes (determined directly from mercury porosimetry measure-
ments) are related to surface areas of limes, Whereas Fig., 27 shows a weak
correlation between total pore volume and conversion to sulfate of the avail-
able Ca0, the correlation with sulfation reactivity is greatly improved by
considering only the volume of pores with diameters larger than 0.3 um
(Fig. 28). This correlation allows the reactivity of a given limestone with
S0,/0, to be roughly predicted relative to the reactivity of other liwestones
being considered. This has application to fluidized-bed coal combustion for
which the choice of limestone is limited more by geographlc location of lime-
stone formations than by any other factor.
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2. Pétrographic Examination of Limestones
(W. I. Wilson and J. A. Shearer)

Petrographlc analyses of several calcareous rocks were made and compared
w1th their SO, reactivities to determine the basic structural reasons for
wide variations in calcium utilization for carbonate racks which have essen-
tially the same chemical composition. The calcareous rocks studied have . -
CaCO3 contents ranging from 95 to 100 wt % (Table 4). One limestone has a
total calcium utilizdation of approximately 20%. Four have total calcium
utilizations ranging from approximately 31 to 38%, and three have total cal-
cium utilizations ranging from approximately 52. to 66%.

FolloWing vacuum impregnation with epoxy resin of particles from each of
the eight rocks, polished sections were made. These sections were examined
in reflected polarized light. Average-grain sizes were estimated. (These
estimates may be in error by a factor of two to three.,) To obtain an esti-
mate, the predominant size of the grains present in the sample was deter-
‘mined with the microscope, and these values were assigned to one of three
size categories: (1) fine, 4 to 63 um across; (2) medium, 63 to 250 um
across, and (3) coarse, 250 um across. More quantitative grain size measure-
ment will be made by point-counting several hundred grains in thin sections
of each sample (to be prepared later).

a. ANL-9802

Because the. finer gfains in this stone tend.to pluck out during
polishing, it is difficult to estimate the average grain size from the
polished section of this limestone, Crushed particles viewed in transmitted
light show that the average size-is 3 to 6 um, Normally, the vacuum impreg-
nation treatment promotes greater retention of grains unless the permeability
".to epoxy is very low. The high reactivity of this limestone is probably
linked with its high porosity, yet is limited somewhat by its apparently low
gaseous permeability.

b. ANL-9801 Limestone

This coarse-grained calcitic -limestone is gray and contains a few
dark gray seams which are probably carbonaceous stylolites, This limestone
appears to be an equigranular rock (grains are all approximately the same
size). The low reactivity of this stone is probably linked with its coarse
granularity and its low porosity, '

c. ANL-9703 Limestone

This stone appears to be a fine-grained porous carbonated limestone.
The texture is somewhat loose, making it more highly reactive. The high reac-

tivity of this stone is probably linked with its high porosity and fine grains.

* .
Examined by L. H. Fuchs, Chemistry Division, ANL.
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Table 4. Compositions of Limestones.

. A . ) : : TGA Total Ca
. CaCos, MzCO3, -- Feo03, - Al,03, Si0,, Najyd, K»0, -~ Utilization,

Limestone wt % wt % ot % . Wt % we . owe® - wt % %
ANL-9802 98.2 0.47 0.18 10.10 0.29 0:04  0.01  61.8
ANL-9801 98.3 0.6 0.15 0.16  0.20 0.04 . 0.20 35.3
ANL-9703 97.6 0.58 0.19 0.50  1.08 0.03 0.17° . 66.2
ANL-9702 - - 97.5 " 0.68 0.05 ©0.05  0.217  0.01 0.01 - - 31.0
ANL-9701 97.8 0.6 .10 1.8 0.2 0.25 - . 18.7

(Germany Valley) . R : : _

ANL-9603 - 96.4 1.56.  €.10° - 0.30 0.70 0.05 0.11 - 32,1

ANL-9602 - 96.2 C.43 .12 0.21  1.19°  0.03 0.01 51.7

ANL-9501 95.3 " 1.3 C.09 0.25, 0.77 0.03 - . 37.5
(Grove) ’ . . S ' ‘ .

8¢
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d. ANL-9702 Limestone

‘This sample, more than any of the others, shows a distinct twinning
characteristic (groups of two or more crystals in which the individuals grow
together symmetrically so that they share a common plane). The grains vary
greatly in size from medium to coarse. The coarse grains show the twinning
characteristic of the liméstone. ' Co ‘

It is not certain what caused twin crystals in this limestone.
However, the nature of this texture, as well as the low stone- por031ty, may
be 51gn1f1cant in causing the low reactivity of the stome.

- ANL-9701 '(Germagy Valley) Limestone

This limestone is fine grained and dense, but contains some coarser
vein-deposited calcite. Grain sizes are predominantly near 5 um. The fine-"
grained texture of this limestone is not conducive to high reactivity. The 4
densely packed crystallites probably indicate a low porosity.

f. °~ ANL-9603 Limestone

' The grain sizes of this limestone vary from fine to coarse. The
coarse grains show a twinning characteristic similar to that of the ANL-9702
limestone sample. The total calcium utilization is also essentlally the same
as that of ANL-9702. Therefore, the nature of this stone's texture, as well
as its porosity, may be significant in determining the low reactivity of the
stone.

g. ANL-9602 Limestone

. The grains of this sample appear to have uniform sizes for the most
part. They appear to be loosely packed crystallites, 1ndlcat1ng high poros1—
ty and hlgh permeability. . : .

h. ANL—9501 (Grove) L1mestone

This fine-grained limestone is uniformly gray and equigranular.
The grains appear to be tightly interlocked. A few veinlets of calcite .occur
in some particles. ‘The low react1v1ty of this stone probably results from
its grains being tightly interlocked.

i. Conclusion

‘ It remains uncertain whether the petrographic properties of the
limestones account for their differences in reactivities. The data do not
clearly indicate that petrographic texture influences S0, reactivity.

Further work, in which crystal defects such as intracrystalline or intra-
granular voids, fluid inclusions, and twin lamellae will be studied, may
enable us to predict sulfur reactivity more accurately from petrographic data.

* . : .
Examined by L. H. Fuchs, Chemistry Division, ANL.
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3. PDU, Studies
(J. F. Lenc, G. W. Smlth R, W. Mowry, F. G, Teats, and K. M. Myles)

Laboratory—scale experiments have demonstrated that the degree of sulfa-
tion of the partially sulfated lime solids within a fluidized-bed combustor
is increased either by the addition of chemical additives (sulfation-enhance-
ment agents) to virgin limestones or by water treatment of partially.sulfated
limestones (see ANL/CEN/FE-78-10, -79-3, and -79-5). Chemical additives such
as NaCl, CaClp, and NapCO3 added in small quantities increase both ‘the rate
and the extent of sulfation for .many virgin limestones. Water treatment of
partlally sulfated limestones also increases the degree of sulfation.

In a commercial FBC, increased SO,.retention would result in a decrease
in the lime solids requirement for the combustion process. Such a decrease
would reduce both the process cost and the environmental impact of solid
waste dlsposal. :

To verify the results of the 1abordtorv scale experiments on a largor
scale and under actual coal combustion conditions (the laboratory-scale
"experiments were conducted with a simulated flue gas), an experimental pro-
gram is being carried out in the recently constructed automated PDU-scale
atmospheric-pressure fluidized-bed coal combustion facility (AFBC). This .
facility, including its process-control system for automated operation, was
described in ANL/CEN/FE-78-13. The experimental program consists of a series
of short-term (<24 h) runs to evaluate (1) various concentrations of lime-
stone sulfation-enhancement agents and (2) water treatment of partially sul-
fated limestones.

a. Sulfatlion Enhancement by CaCl, and NaCl Additives

In the first series of runs, the effects on S0, retention by Grove
limestone (ANL—QbUl stone) sorbent due to the addition of 1.0 mol % or less
of CaCly or NaCl were evaluated. Sew1ckley coal (either -6 +100 mesh or
-12 +100 mesh) was combusted at a bed temperature of 850°C, a pressure of
101.3 kPa .(1 atm), a fluidizing-gas velocity of 1 m/s, and a fluidized-bed
height of 813 mm, with 3% O, in the dry off-gas. The above variables were
maintained -at the values stated in all of the runs; only the composition of
the sorbent and the Ca/S mole ratio were altered. In all runs, Grove lime-
stone (-10 +30 mesh), with or without CaCl, or NaCl addition, was the sorbent
used.

Particle size distribution and chemical characteristics of the
Sewickley coal (-12 +100 mesh) used for all runs except SAL-1 through SAL-10,
and the Grove limestone sorbent used in these runs and subsequent runs are
presénted ip Tables 5 and 6, respectively.

' A total of 31 runs were conducted in this series at Ca/S mole ratios
ranging from 1.0 to 4.4. The percent sulfur retention and the percent cal-
cium utilization for each of the 31 runs as a function of the CaCl, or NaCl
concentrations in the sorbent and the Ca/S mole ratios are listed in Table 7.
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Table 5. Particle-=Size Distribution and

Chemical Characteristics of

‘Sewickley Coal (-12 +100 mesh)

Sieve Analysis

U.S. Sieve No.

% on Sieve

+12
“12 420

-20 +30
~30 +60
-60 +80

-80 +100
~100

Mass mean particle dia: ~560.um

0.0
22.5

25,1

42,0
4.2
1.8
4.4

‘ProximatE'Ahélysis, wt 7

As Received

Dry Basis

Moisture
Ash
Volatile Métter

Fixed Carbon

Sulfur, wt % '
Heating value, Btu/lb

1.11
19.06
36.56

43.27

100.00

5.46

11969

19.27
.. 36.97
43.76
100.00
5.52
12103

. Ultimate Analysis, wt 7%

| As‘Reqeived Dry Basis
Moisture 1.11 -

. Carbon 64.88 . 65.61
Hydrogen 4.41:_ 446
Nitrogen 1.04 1.05
Chlorine’ 0.04 0.04

Sulfur 5.46 5.52

~ Ash 19.06: 19.27
Oxygen (by difference) 4.00 4.05

' ' 100.00 100.00
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Table 6. Particle—Size,Distribution.and
: ' . Chemical Characteristics of
Grove Limestone,(ANL-9501 stone)

Sleve Analy31s

U.S. Sieve No. - - . % on Sieve
| a8 - | 0479
-18 +20 | . ..10.23
~20 +25 ‘ . 25.27
=25 430 . 31.46 A }
-30 +40 . B .29.89 C '
-40 460 » - . 2.36

60 o - 0.00
Mass mean particle dia: ~v640 pm '

Component Chemical Analysis,‘wt %
ca - 38.12
Mg L . . 0.37
o, - ; 42,61
H,0 SR . 1.56°

Derived Composition, wt %

cacos . . 195.3
MgCO; — 1.3

Three concentrations (0.1, "0, 3, and 0.5 mol /) of CaC12 additive
and two concentrations .(v0.5 and 1. 0 mol %) of NaCl additive were evaluated.
- Two methods were, used to prepare the CaCl, or NaCl-containing Grove lime-
'stone. In the first method, which wae uscd for preparing nominal 0.1 and 0.5
‘mol % CaCls, and nominal 0.5 and 1.0 mol % NaCl material, a batch of Grove

limestone particles was spread in a shallow stainless steel tray. The parti-
cles were then sprayed with a water solution containing the weight of CaCl,
or NaCl that would give the desired concentration after evaporation of the

- water by air drying. In the second ‘method, which was used for preparing

. nominal ‘0.3 mol % CaCl, material, a batch of Grove limestone particles was
soaked in a heated water solution containing CaCl, in excess of that required
to obtain the desired concentration. After soaking, excess CaCl; solution
was drained from the limestone particles through a screen., The particles

were then oven-dried at 232°C to. evaporate residual water,
. K - ~
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Table 7. Eight-hour Runs to Evaluate the Effects of

CaCl, or NaCl Addition on Sulfur Retention .
of Grove Limestone -(ANL-9501)

Run
Designation

Ca/s SO, in Sulfur ~ Calcium
Mole Off—Ggs, - Retention, Utilization,
Ratio - . ppm - % _ Z '

Grove limestone (ANL-9501) with no CaClz or NaCl addition

SAL-1A2
saL-9%
SAL-11C1
SAL-13 -
SAL-1B
SAL-12
sAL-8%
SAL-11C2
“sar-i0¢

1.3 2200  37.1 28.5 (76.9)
1.4 2100 40.0 28.6 (71.4)
2.1 11300 72.9 . 34.7 (47.6)

2.4 750 84.4 35.2 (41.7)
2.6 11300 1 62.9 24.2 (38.5)
2.8 750 84.4 30.1 (35.7)
3.0 450 . 87.1 29.0 (33.3)
3.4 700 '85.4 25.1 (29.4)
3.6 500 . 85.7°

23.8 (27.8)

e

Grove limestone (ANL-QSOl) plus 0.1 mol % CaCl,

SAL-2B2
SAL-2B1
SAL-2A
SAL-15
SAL-14
saL-7¢
sat-62

1.0 2300 o . 34.3 34.3 (100)

1.6 1700 - 51.4 32.1 (62.5)
2.6 1000 71.4 27.5 (38.5)
2.8 950 80.2 28.6 (35.7)
2.9 900 81.2 28.0 (34.5)
3.0 450 , 87.1 29.0 (33.3)
4.2 450 . 87.1 20.7 (23.8)

Grove limestone (ANL-9501) plus ~0.3 mol 7 CaC12f '

SAL-16A
SAL-19
SAL-18

1.2 2500 47.9 39.9 (83.3)

2.4 ~ 800 N 83.3 ' 34.7 (41.7)
3.3 900 81l.2 - , 24.6 (30.3)

Grove limestone (ANL-9501) plus 0.5 mol % CaClze

'SAL-3B
SAL-3A
SAL-4

' SAL-5

1.4 1800 48.6 34.7 (71.4)
1.9 . 1250 .  64.3 33.8 (52.6) -
3.0 700 80.0° '26.7 (33.3)

4.4 300 91.4  20.8 (22.7)

(pontd)m
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_Table 7. “(coptd)

Ca/s " S0, in - : ' Sulfur Calcium

Run - - “Mole - Off—Ggs," Retentibn, Utilizatic’m,c
Designatién- Ratio - : ppm L S ' %

Grove 11mestone (ANL—9501) plus %0 5 mol / NaCl

NAC-1. 1.3 . .. 1800 . - “62.5°. © 48,1 (76.9). .

1
NAC-3 2.2 1550 . 67.7 ~ 30.8 (45.4)
NAC~4 . 3.0 .1100 771 25.7 (33.3)
NAC-2A, 3.2 1400 . 70.8 | 22.1 (31.2)
Grove limestone (ANL-9501) plus 1.0 mal % Nacl1®
 NAC-8 1.3 2000  58.3 44.8 (76.9)
NAG-5 1.4 2400 ©50.0 35.7 (71.4)
NAC-6 2.0 1300 72.9 ©36.4 (50.0)
NAC-7 3.5 : 900 81.2 23.2 (28.6)

aDry'basis.

bBas_ed on the assumptions of 3500 ppm SO, in dry off-gas if .there
had been zero sulfur retention for runs designated SAL-1 through
SAL-10, inclusive, and 4800 ppm SO, in dry off-gas if there had
been zero sulfur retention for the other runs, Sewickley coal
(4.33% S, 70.75% C, heating value of 13018 Btu/lb, -6 +100 mesh)
was used in runs SAL-1 through SAL-10, inclusive. - Sewickley coal
(5.467%-S, - 64.88% C, heating value of 11969 Btu/lb, —12‘+100 mesh)
was used in the remaining runs.

Percentage of available calcium in the sorbent converted to CaSO0y.
Numbers in parentheses indicate maximum percent calcium utilizations
based on the Ca/S mole ratios (equivalent to the reciprocals of’ the
Ca/S mole ratios, times 100)

Run was conducted following a run madc with a hlgher CaC12 concen-
. tration in the sorbent.

CaC12 or NaCl was added -to the sorbent by a spraying method
(see the text)

fCaC12 was added to the‘sofbent by a soaking method (see the text),

Examination of the data presented in Table 7 indicates that in this
series of rums, sulfation enhancement due to. the addition of the CaCl, or
NaCl was 'generally less than that obtained in previously reported laboratory-
scale experiments (ANL/CEN/FE-78-10). For example, with 0.5 mol % NaCl
addition, calcium utilization was 22-48% in these runs and 52% in a labora-
tory-scale run; with 1 mol %:NaCl addition, calcium utilization was 23-45%
in these runs and 457 in a laboratory-scale run. It is suspected that the °
differences in the two sets of data are.due to different manners of con-
ducting the two series of experiments. The laboratory-scale experiments were
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carried out with a simulated flue gas and no actual coal combustion occurred.
As a consequence, no constituents of the coal ash were present in the reac-
tor. In contrast, combustion runs were conducted in the AFBC.

b. Sulfation Enhancement in PDU-Scale Experiments

A Next discussed (and also discussed in Task B) are four 360-ks
(100-h) corrosion test runs conducted in the PDU-scale AFBC. The Grove lime-
stone sorbent contained no sulfation-enhancement agent -in the first run-’
(CT-1), 0.3 mol % CaCl, in the second run (CT-2), ~0.5 mol % NaCl in the
third run (CT-3), and 1.9 mol % NasCO3 in the fourth run (CT-4). Except for
the Ca/S mole ratio, operating conditions for these four runs were the same
as those reported above for the short-term runs.

The Ca/S mole ratio required to maintain ~700 ppm SO, in the dry
off-gas (equivalent to "85% sulfur retention) was 3,5 in the first three
360-ks runs, indicating that there was virtually no sulfation enhancement of
the Grove limestone sorbent due to addition of low concentrations (<1 mol %)
of CaCl, and NaCl in Runs CT-2 and CT-3, respectively. These results dis-
agree with sulfation enhancements previously reported for laboratory-scale
experiments. The higher treatment level in run CT-4 (1.9 mol % Na,CO3),
however, did enhance sulfation, lowering the Ca/S mole ratio from 3.4 to 2.0.

In an attempt to clarify the disparity between the data from the
laboratory-scale experiments and PDU-scale experiments (CT-1, CT-2, and CT-3),
four additional short-term (8 h) runs were conducted in the AFBC after
CT-3 and before CT-4. Higher concentrations of sulfation-enhancement agents
were added, to the sorbent in the first three of these four runs. The Grove
limestone sorbent contained ~2.3 mol % NaCl in the first run (NAC-10),

2.1 mol % CaCl, in the second run (SAL-20), and ~1.6 mol % Na,CO3 in the
third run (NCO-1). In the fourth run (NCO-2), ~0.6 mol % Na,CO3 was added to
the sorbent since no data had been obtained previously on the effects on
sulfation enhancement of a relatively low concentration of this particular
chemical additive., Experimental conditions for these four short-term runs
were the same as those for the four 360-ks corrosion test runs. ’

Table 8 lists the Ca/S mole ratios required to maintain 700 ppm
S0, in the dry off-gas during nominal 8-h steady state periods in the
four short-term runs. To allow comparison, the Ca/S mole ratios for the
four 360-ks corrosion test runs (discussed in a following section) are
included in this table. The data in Table 8 suggest that (1) the concentra-.
tion of a chemical additive required to enhance sulfation of the sorbent in
actual coal combustion experiments is greater than in laboratory experiments
conducted with a simulated flue gas and (2) on a mole basis, Na,CO3 is a
better sulfation-enhancement agent than either CaCl, or NaCl at both rela-
tively high (v2.0 mol 7) and relatively low (0.5 mol %) concentrations.
(On a weight basis, CaCl, is 5% heavier than an equal number of moles of
Na,C03 and NaCl is 55% lighter than an equal number of moles of Na,C0j3.)

Each of the four short-term runs (SAL-20, NAC-10, NCO-1, and NCO-2)
was conducted in two steps. The first step consisted of sulfating a starting
bed of untreated Grove limestone by combusting Sewickley coal without sorbent
addition. Sulfation of the bed was terminated when the SO, concentration in
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Table 8. ‘Ca/S Mole Ratio Required to Maintain
~v700 ppm 802 in the Dry Off-Gas

Experimental Condltlons

Temperature: 850°C . Excess Air: 3% 02 in dry off-gas

Pressure: 101.3 kPa (1 atm) =  Coal: Sewickley (-12 +100 mesh),
Fluidizing-gas velocity: 1 m/s 5.46% S -
Fluidized-bed height: 813 mm . Sorbent: Grove limestone (ANL-

9501) (-10 +30 mesh),
95.3% CaCOj

Run - ' Sulfation ’ : Cals

Designation Enhancement Agenta ' Mole Ratio
CTle o ' None ' - B A

Cer-2® o 0.3 mol % CaCl, - R W
sAL-20° - . 2.1 mol % CaCla n 2.6
cr-3° R 20,5 mol % NaCl 3.6

' NAC-10¢ ~ A2.3 mol % NaCL 2.9

©cT-4P - A1,9 mol % NapCOj 2.0
NCO-1¢ o 1.6 mol % NayCO3 _ 2.2
NCO-2° ..~ -a0.6 mol % NapCO3 - 2.9

®Added to Grove' limestone sorbent. .
bNominal 100-h run. V

®Nominal 8-h steady state.run. =~ -

1

the dry off-gas increased -to 2000-3000 ppm. In the second step, steady state
conditions were established by adding sufficient Grove limestone sorbent con-
taining a sulfation-enhancement agent to the fluidized bed to maintain the
S0, concentration in the dry off~gas at 700 ppm, -

4 In an effort to gain some insight about the chemical composition of
the bed as a function of time during the first sulfation stép, in Run NAC-10,
samples of the bed material were taken at 0.5-h intervals at a height

254 mm:above the coal injection point. Following withdrawal from. the

bed, each sample was sealed in a glass jar containing an inert nitrogen
atmosphere.to prevent reaction with oxygen ‘and/or water in the air. Grinding
and weighing of the samples for analyses was Rerformed in a helium-atmosphere
glove box. The. samples were analyzed for ca? S ", SO ", and CO3<. Changes
in the pore structure of the bed samples were also analyzed by mercury poros1-
meter measurements.

Analytical results indicate that very little sulfide was present in
the bed during the first sulfation step of Run NAC-10. The first sample,
obtained 0.5 h after the start of sulfation, contained 100 ppm S2~ and
the next-to-last sample, obtained 0.5 h before the end of the sulfation
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period, contained <70 ppm $2~., Based on SO%' analyses of bed samples taken
during the first sulfation step of Run NAC-10, the CaSO, contents of the bed
samples were calculated and are plotted as a function of time 'in Fig..29.
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Fig. 29. CaS0O, Content of Fluidized Bed versus Time Based
on Sulfate Analyses of Bed Samples Obtained
during First Sulfation Step of Run NAC-10

As shown in Fig. 29, the CaSO, content of the bed samples in-
creased to V45 wt 7 during the first 7.5 h of the first sulfation step and
leveled off at this wvalue between the 7.5-h and the final 9.0-h samples. - It
should be pointed out that these data are based on grab samples taken at only
one height in the bed. Consequently, it is not certain that the compositions
of these bed samples are representative of the entire bed. However, it can
be seen that the sulfation in the fluidized bed shows the sSame trends as in
the laboratory-scale TGA.

Gas chromatography was used to determine the CO, concentration in
two of the bed samples from the initial sulfation step of Run NAC-10. The
two samples were obtained at 1 h and 9 h, near the beginning and at the end
of the initial sulfation step. From the results of the CO, analyses, the
CaCO3 content was calculated to be 31.8 wt % in the 1.0-h bed sample and
1.1 wt Z in the 9.0-h sample. This indicates that the initial uncalcined
bed undergoes essentially complete calcination during the initial sulfation
period of 9 h.
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C. Comparison of Sulfur. Retention 1n 0l1d . and New
Fluildized-Bed Combustors . :

To compare the Performance of the new AFBC with the performance of
an older atmospheric-pressure fluidized-bed combustor, a series of four runs
(SG-1 to SG-4) were conducted in the new unit with only the Ca/S mole ratio
varied. 1In these runs; a single batch of welle-mixed Sewickley coal
(-12 +100 mesh) was combusted- at a bed temperature of 850°C, a pressure of
101.3 kPa (1 atm), a fluidizing-gas velocity of 1 m/s, a fluidized-bed height
of 813 mm, and 3% O, in the dry off-gas. The above variables were maintained
at the values stated, with only the Ca/S mole ratio varied, :

. In the older combustor, I1linois coal was also combusted in a
fluidized bed of Grove limestone. ~Thus, a major difference in the two sets
of experiments was the different sulfur contents of the coals. The Sewickley
coal used in the recent runs cnntained 5.46% S, compared with 3.7% S for the
I111n01s foal used in Lhe experiments in the older atmospheric-pressure |
combustor. : ‘

In Runs SG-1 to SG-4, the sorbent was from the same. batch of well-~
mixed Grove limestone (-10 +30 mesh) as 1in the earlier rumns, with no CaCl,,
NaCl, or Na,COj3 added. :

The percent sulfur retentions, the percent calcium utillzations,

,and the Ca/S mole ratios for these four runs are llsted in Table 9.

Table 9. Sulfur Retentions and Calclum Utillzatlons
for Run Series SG

‘ . Cal/s S0, in Sulfur - Calcium
Run - a . Mole 0ff-Gas, Retention, Utilization,
Designation Ratio ppm Z %
56=2 . 1.3 - 3310 31.0 23.8 (76.9)
$G-3 2.1 . 1730 64,0 30,5 (47.6)
SG-4 2.9 1030 78.5 27.1 (35.5)
SG-1 3.2 ~ 760 B 84.2 : 26,3 (31.2)

e designates runs with Sewickley coal (5.46% S) and Grove limestone
(ANL-9501, 95.3% CaCO3) sorbent. Run numbers indicate the chrono-
'logical order of the runs.. ‘ )

.bDry ba51s.

®Based on the assumption of 4800 ppm SO, in the dry off-gas at zero
sulfur retention. (Sewickley coal, 5.46% S, - 64.88% C, heatlng
value of 11969 Btu/lb, -12 +100 mesh) :

dPercentage of available calcium in the sorbent converted to 'CaSO,.
Numbers in parentheses indicate maximum calcium utilizations based
on Ca/S mole ratios (numbers in parentheses are equivalent to 100
times the reciprocals of the Ca/S mole ratios),
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Figure 30 is a plot of the percent sulfur retention for the four rums as a
function of the Ca/S mole ratio. The plot of sulfur retentions for this
series is in general agreement with that for previous atmospheric-pressure
fluidized~bed combustion experiments.6 For a Ca/S mole ratio of 3, Fig. 30
" shows a sulfur retention of about 80% for the recent run series, compared
with about 87% for the earlier reported experiments.

30 T T T T T T T
RUN SG-1
80 -
RUN SG-4
70 1

Rwscg Fig, 30.

80 Sulfur Retention by Grove Limestone
as a Function of Ca/S Mole Ratio.

4 Temperature, 850°C; pressure,

101.3 kPa (1 atm); gas velocity,

1 m/s; coal, Sewickley (5.46% S),

7 - =12 4100 mesh; sorbent, Grove lime-
stone, ANL-9501, (95.3% CaCOj3),

-10 +30 mesh.

SULFUR RETENTION,%
o\
o
T

a0l

RUN $6-2
3o/ ©

201 -

10 1 1 1 ' i 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5

Ca/S, mole rotio

Carbon, sulfur, and calcium material balances, as well as. combustion
efficiencies during a 16.2-=ks (4.5-h) steady state period for each of the four
runs, are listed in Table 10, Carbon balances ranged from 118 to 128%, sulfur
balances from 78 to 101%, and calcium balances from 96 to 114%. Combustion
efficiencies ranged from 86 to 88%. These results are similar to the results
obtained with the old atmospheric combustor,

d. Effect of Temperature on Sulfur Retention

A series of tests was begun to determine, as a function of combus-
tion temperature, Ca/S mole ratios required for 85% sulfur retention for
various untreated sorbents (Z.e,, containing no sulfation-enhancement agents);
Two sorbents have been evaluated to date. The first sorbent was Grove lime-
stone (ANL-9501), ~10 +30 mesh, containing 95.3% CaCO3, Four short—term runs
were conducted with this sorbent, Run SG-6A at. 800°C, Run SG-5R1 at 850°C,
and Runs.SG=7 and SG-7A, both at 900°C. Figure 31 is a plot of the Ca/S mole’
ratios required for 857% sulfur retention as a function of temperature for
these four runs, The second sorbent evaluated was Pfizer dolomite (ANL-5301),
. =12 +30 mesh, ‘containing 53.4% CaCO3. Three short-term runs were conducted



50

Table 10. Carbon,.Sulfur, and Calé¢ium Material Balances and
Combustion Efficiencies for 4.5-h Steady—State -

Periods of SG Runs

Exggrimehtal Conditions

Temperature: 850°C - - Fluidized-Bed Height: 813 mm

Pressure: 101.3 kPa (1 atm) ' Excess 02: 3% (in dry off-gas)
Gas Velocity: 1 m/s "
. ca/s Combustion
Run . Mole Percent Accqqnted for_ Efficiency,
Designation Ratio Carbon Sulfur Calcium . A
SG-1 3.2 120 - 78 96 . 88
SG-2 1.3 ., 118 101 114 88
$G-3 2.1 C128 89 100 87
SG-4 2.9

127 93 99 : 86

- Ca/S MOLE RATIO FOR 85% SULFUR RETENTION

e designates runs with Eewickley coal contalning 5.46% S (=12 +100
mesh) and Grove limestone (ANL-9501) sorbent containing 95.3% CaC0j
(-10 +30 mesh). )

bDeflned as the-pefcentage.of total combustible carbon fed that was
completely burned to CO,.

" Fig. 31.

'Ca/S Mole Ratio for 85% Sulfur
Retention as'a Function of
Temperature (Sewickley coal,
5.46% S, and Grove limestone
sorbent, ANL-9501,.95.3% CaCQj3).

| 1 .
800 850 300
TEMPERATURE,°C
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with this sorbent, Run SP-3 at 800°C, Run SP-1 at 850°C, and Run SP-2 at
900°C. = Figure 32 is a plot of the Ca/S mole ratios required for 85% sulfur -
retention as a function of temperature for these three runs.
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As seen in Fig., 31, the lowest Ca/S mole ratio giving 857% sulfur
retention for Grove limestone was 3.4 at -850°C, Temperatures either lower or
highér than 850°C required higher Ca/S mole ratios., For Pfizer dolomite sor-
bent, the pattern (shown in Fig, 32) is quite different.. The lowest Ca/S mole
ratio giving 857 sulfur retention was 1.2 at 800°C., This ratio was 1.7 at-
both 850°C and 900°C. Similar tests are planned to determine the effect of
temperature on the Ca/S mole ratios required for 85% sulfur retention for
other sorbents,

e. Sulfation-Enhancement by Water Treatment of Sorbent

Another short-term run (HYS-1) was conducted to determine whether
the addition of water to untreated, partially sulfated Grove limestone sor-
bent would increase its sulfur retention capability., The source of the
untreated, sulfated Grove limestone was (1) the bed overflow material from
two short-duration runs (SG-5 and SG-5R1) and (2) the final bed from



Run SG-5R1l in which virginfGrove limestone was the.SOrbent,:.Sulfur retention
during these two runs was 85%. ‘ ‘

Water was added to this material by the spray method described near
the beginning of this section (PDU Studies). Heating of a sample of the
water—~treated sulfated mater1a1 to 850°C resulted in a weight loss of 14.5%.
This weight loss was assumed to be the water content of the sulfated material
due to decomposition of the Ca(OH), that had formed during water treatment by
the following reaction:

Ca0 + H,0 +Ca(0H)2

Run HYS~1 was conducted in two steps under the same experimental
conditions as those listed in Table 8. To minimize startup difficulties, a
starting bed of untreated Grove limestone was sulfated by combusting Sewickley
coal at 850°C until the SO, level in the dry off-gas increased te ~2500 ppm.
Steady-state operaltivn was then established by adding the water-treated par-
tially sulfated Grove limestone as the sorbent at a feed rate required to’
achieve the 85% sulfur retention which was obtained in previous runs (CT-1
and SG-5R1) in which virgin Grove limestone was the sorbent. With the
water-treated partially sulfated Grove limestone .as. the sorbent in Run HYS-1,
the S0, level in the dry off-gas was 470 ppm (equivalent to 907 sulfur reten-
tion). Thus, the water treatment not only increased the degree of sulfation
of the partially sulfated material but also increased the percent sulfur
retention above that previously achieved in tests made with virgin Grove
limestone. This increased sulfur retention capability is attributed to the
structural rearrangement of the partially sulfated limestone that occurs
when its Ca0 content is converted to Ca(OH)> upon water treatment. The
Ca(OH), subsequently decomposes at thé temperatures used in flu1d1zed—bed
ccombustion, providing additional reaction sites for sulfatlon.

Percent calcium utilizations (percent calcium converted to CaSOy)
were calculated for the startlng bed, for theé water-treated partlally sulfated
sorbent inlet solids streams, and for the final bed and bed overflow outlet
solids streams for the second step of Run HYS-1. . Except for the startlng bed
material, these calculations were based on calcium and sulfur analyses of
representative samples of the various solids streams. Since the bed material
was not drained after the first step of Run HYS-1, calculation of the percent
calcium utilization for the starting bed for the second step was based on
estimated calcium and sulfur contents. The calculations indicate that cal-
cium utilization increased from ~23% in the 1n1et solids streams to "40% in
the outlet solids streams, an increase of m74/ which is attrlbuted to water
treatment of the partially sulfated sorbent.
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. - TASK B. CORROSION STUDIES
(J. F. Lenc, G. W. Smith, R. W. Mowry, F. G. Teats, F. F. Nunes
S. D. Smith, A. R. Pumphrey, J. R. Falkenberg,
J. J. Stockbar, and K. M. Myles)

There is concern that volatilization of sulfation-enhancement agents
(alkali metal compounds) might cause unacceptable corrosion of the metal
components of a commercial fluidized-bed coal combustion system. To measure
the corrosion rates of candidate metals of construction in the presence of
sulfation-enhancement agents in a PDU-scale unit, a series of long-term
(2100-h) corrosion test runs are being conducted in the AFBC. Compositions
and geometries of corrosion specimens, as well as locations of exposure, in
these long-term runs were selected. Parameters to.be measured during the
corrosion tests were identified. :

1. 100-h Corrosion Tests

Four 100-h corrosion test rums (CT-1, -2, -3, and -4, also discussed on
p. 45) were successfully conducted in the recently constructed AFBC. In
these four runs, Sewickley coal (-12 +100 mesh) containing 5.46% S was com-
busted at a bed temperature of 850°C, a pressure of 101.3 kPa (1 atm), a
fluidizing-gas velocity of 1 m/s, a fluidized-bed height of 813 mm, and with
3% 0, in the dry off-gas. The sorbent was Grove limestone (-10 +30 mesh,
containing 95.3% CaC0O3) with or without CaCl,, NaCl, or Na,CO3 addition. In
the first run (CT-1), the Grove limestone sorbent contained no sulfation-
enhancement agent. The sorbent contained 0.3 mol % CaCl, in the second run
(CT-2), ~0.5 mol % NaCl in the third run (CT-3), and 1.9 mol % Na,CO3 in the
fourth run (CT-4). The Ca/S mole ratio in each of the four runs was adjusted

.to maintain ~700 ppm SO, in the dry off-gas in order to meet the EPA emission

standard of 1.4 g §0,/105 cal (1.2 1b S0,/10% Btu).

For each corrosion test, three air-cooled probes and four coupon holders,
each holding seven corrosion specimens; were installed at various locations
in the fluidized-bed and freeboard sections of the combhustor. The composi-,
tions of the candidate materials evaluated in the corrosion studies are given
in Table 11, Two types of corrosion specimens were fabricated from the
various materials. Tubular ring specimens (22.2-mm diameter and 22.2-mm
long) were used with the air-cooled corrosion probes and “8-mm-thick circular
disk specimens were used with the uncooled corrosion coupon holders. Sche-
matic diagrams of the air-cooled probe and the coupon holder are shown in
Figs. 33 and 34, respectively.

The temperatures along the length of an air-cooled probe were recorded
at three locations, Z.e., at the two end corrosion specimens and at the
center specimen. The temperature gradient between the cooling-air inlet and
the outlet for the air-cooled probes was approximately 100°C, The materials,
specimen locations, and temperatures of the corrosion probes for the four

runs are listed in Tables 12, 13, 14, and 15.

The temperature of the air-cooled probe located in the freeboard sections
(Probe AC-3) was intended to be controlled at 649°C (1200°F) during the 100-h.
test runs. However, the highest actual temperature of this probe (observed in
Run CT-3) was only 645°C (1193°F), and so no coolant air was required for this



Table 11. Compositions (in wt %) of Candidate Matzrials

Fe - N Cr © Co Mo - Mo .- SL . C . . Other Elements

-Cobalt-Base Alloy ) . ‘ v

Haynes 188 : 1.6 22.9  21.5 Bal, - 0.9 0.4 0.12 13.6 W, 0.06 La

Nickel-Base Alloy . , '

Inconel 601 "14.1 'Bal. . 23,0 - . - . = 0.5 0.25 - 0.05 .1.35 Al, 0.25 Cu

Inconel 617 - 3al. 22.0 12.5 9.0 - - 0.07 1.0 Al

Inconel 625 © 2.5 Bal. 21.5 - 9.0 0.25 0.25 ~ 0.05 3.6 Nb, 0.2 Al, 0,2 Ti
Inconel 671 ) - Bal. 48.0 - - - - - 0.05 0.35 Ti ) ‘
Inconel 718 a 18.5 Bal. - 19.0 - 3.0 0.18 0.18 0.04 5.1 Nb, 0.9.Ti, 0.5 Al, 0.2 Cu
Alloy 713C (c)? - Bal. 13.5 - 4.2 - - 0.10 2.0 Nb, 0.8 Ti, 6.1 Al, 0,1 Zr
IN 738 (c) - Bal. 16.0 8.1 1.6 - - 0,16 2.6 W, 0.8 Nb, 3.4 Ti, 3.4 Al,
: . S . : 1.8 Ta, 0.04 Zr S '
Hastelloy-X = 19.2 Bal. = 21.7 2.1 8.8 0.7 0.5 0.08 0.7 W S '
RA 333 ' 18.0 Bal. = 25.0 3.0 3.0 1.5 1.25 0.05 ‘3.0 W

Austenitic Steel — . ’ .

Type 304 S§ . - Bal. 9.5.  19.0 - - 2.0 0.5) 0,08

Type 309 SS Bal. -  13.5 . 23.0 - - 2.0 1.0/ 0.20,

Type 310 SS Bal. 20.5° 25.0 - - 2.00.  L.5) . 0.25)

Type 316 SS Bal. 12.0 17.0 - 2.5 2.0p 0.5 0.10;

Type 321 SS Bal. 10.5 18.0 - - 2.0 - 0.08, Ti

Type 347 SS . Bal. ' 11.0 18.0 - .- 2.0 .- . 0.08 Nb, Ta

Incoloy 800 Bal. .32.5 21.0 - - 4 1.5 1.0 0.10 0.38 Al, 0.38 Ti

HK-40 (c) - Bal. 19.8 26.4 - ©0.5° 0.6 0.8 0.38 T

Ferritic Steel ] )

2Y, cr-1Mo . - Bal. L . 2.25 - 1.0. 0.5 0.5 0.15)

9 Cr-1 Mo Bal. Co- 9.0 - 1.0 0.5b 0.6b O.le-

Type 446 SS . Bal. - 250 - - 1.5 1.0 10.20

€12 (c) : Bal. -. 8.2 - 1.1 0.35 0.35 0.16

HC (c) ‘ " Bal. 3.1 . 26.9 - - 1.0 0.7 0.12

CA-40 (c) Bal. 0.4 12.9 - - 0.4 0.7 0.31

"8(c) = cast alloy.
bMaximum.

LAY
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Table 12. Materials, Locations, and Temperatures of Corr031on Specimens for Run CT-1.
No sulfation-enhancement agent added. -

. Corrosion ‘ .' ' o Mean
. Probe - a . : o : b : L Temperature,
Designation , Specimen Material » Probe Location =~ = - °C

Al

Bed Section

c-1 : Inconel 601, Inconel 671, Hastelloy—x, Type 310 S8 ‘ 102 =m above gas © 848

Haynes 188, RA'333”'Type'347 SS : ‘distrlbutor plate
AC-2 Type 321. SS, Inconel 601, Type 310 SS, Incoloy 800, . 305 mm_above gas 598; 675, 724
- Inconel 617, RA 333, Type 3C9 sS : ‘ distributor piate‘ : ‘
AC-1 Type 304 SS, Type 446 ss, 2L, Cr-1 Mo Steel, 508 mm above gas 429, 699, 727
" Incoloy 800, 9 Cr-1 Mo Steel, Type 316 SS, Type 309 SS distributor plate, e
c-2 - Inconel 625,.Inconel 718, Inzoloy.800, Type 310 SS, . 610 mm above gas ' - 844

' Inconel 617, Type 304 SS, Type 316 SS ' distributor plate

- Freeboard Section

C-4 Type 304 SS Incoloy 800, Al_oy 713C Type 310 SS, . 394 .am above 673
' IN 738, Haynes 188, Type 347 SS . .top Of bed-. : :
AC—3d . Type 321 SS, Inconel 601, Type 310 ss, Incoloy 800 , 1003 mm above 466, 471, .585
o o Inconel 617, RA 333, Type 30¢ SS§ L top o bed. .
c-3 ‘ Inconel 601‘ Hastelloy-X, "Inconel 617, Type 310 SS,- - 1308 mom above v 566
: Inconel 671, Haynes 188, RA 333 » " top of bed.

8xC = air-cooled probe; C = uncooled cpupou nolder.

bMaterials listed according to stacking sequence on tHe probe: _first specimen near the pipe bushing,
last specimen near the end cap. . .

¢ The temperatures listed for air—cooled probes were measured in specimens of Type 321 SS, Type 304 SS,
Incoloy 800, and Type 309 SS,.

d .
No coolant air was required for this probe.



Table 13. Materials, Locations, and Temperatures of Corrosion Specimens for Run

"““..»:‘;w Sl R e

n0.3 mol 7 CaCl, added.

CT-2.

Corrosion "Mean
Probe b Temperaturec
Designation . Specimen Material Probe Location . ,.°Q
_ Bed Section
Cc-2 Inconel 625, Inconel 718, Incoloy 800, 102 mm above gas 819
Type 310 SS, Inconel 617, Type 304 SS, distributor plate
Type 316 SS ' o
AC-2 Inconel 601, Type 321 SS, Type 310 SS, Incoloy 800, 305 mm aBove gas 590, 646; 681
A Inconel 601, RA 333, Type 309 SS dlstributor plate - )
AC-1 Type. 446 SS, Type 304 SS, 2%, Cr-1 Mo Steel, 508 mm above gas 528, 545, 599
Incoloy 800, 9 Cr-1 Mo Steel, Type 316 SS dlstglbutor plate ’
Type 309 SS ' :
Cc-1 Inconel 601, Inconel 671, Hastelloy-X, Type 310 ss, 610 mm above gas 844
Haynes 188, RA 333 Type 347 SS distributor plate
Freeboard Sectlon .
" C=4 Alloy HK—4O Alloy HC, Alloy CA—4O ‘Alloy C-12, 394 mm above 693
Alloy 713C, IN 738, Incoloy 800 top of bed
AC—3d Inconel 601, Type 321 SS, Type 310 ss, ineeloy 800, 1003 mm above 604, 609, 614
- Inconel 617, RA 333, Type 309 SS top of bed ’ )
c-3 Haynes 188, Hastelloy-X, Inconel 601, Inconel 617, 1308 mm above 587
Inconel 671 RA 333, Type 310 SS ' top of bed

8AC = air-cooled probe; C = uncooled coupon holder.

Materials listed according to stacking sequence on the probe:

last specimen near the end cap.

first specimen near the pipe bushing,

“The temperatures listed for alr—cooled probes were measured. in specimens of Type 321 SS, Type 304 SS,
Incoloy 800, and Type 309 SS. ~ :

dNo coolant air was required for this pfobe. < -

LS



Table 14. Materlals, Locations, and Temperatures of Corr051on Specimens for Run CT-3.
0,5 mol 7 NaCl added.

Corrosion ‘ . - " S ‘ © .Mean .
- Probe a ' b ' ' Temperature,
Designation o Specimen Material _ " Probe Location . °C

. . . Bed Section
C-2  1Inconel 625, Inconel 718, Incoloy 800, ’ - 102 1 above gas . 852

Type 310 SS, Inconel 617, Type 304 SS, S " distributor plate
Type 316 SS T .
AC-1 Type 446-SS, Type 304 SS, 2lf Cr-1 Mo Steel, | 305 mm above gas 588, 631, 613
: Incoloy 800, 9 Cr-1 Mo Steel, Type 316 Ss, . distributor plate ’ '
Typé 321 SS . , . |
AC-2 Inconel 601, Type 321 SS, Type 310 SS, o 508 mm above gas 552, 596, 597
"~ Type 304 SS, Inconel 617, RA 333, Type 309 SS distributor plate '
c-1 ~ Inconel 601, Inconel 671, Hastelloy-X, . 610 mm above gas 851

Type 310 SS, Haynes 188, RA 333, Type 347 SS _ ‘ distributor‘plate ,

Freeboard Sectlon

»

C-4 Alloy HK-40, Alloy HC, Alloy CA-40, Alloy C-12, : 394 mu above 701

Alloy 713C IN 738, Incoloy 800 top of bed
ac-3¢ " Inconel 601, Type 321 SS, Type 310 SS, Incoloy 800, 1003 mm above 621, 640, 645
Inconel 617, RA-333, Type ‘309 SS " top oZ bed
c-3 Haynes 188, Hastelloy—X Inconel 601, Inconel 617, 1308 mm above . T 605
’ .~ Inconel 671 ‘RA 333, Type 310 SS- . _ top of bed

86

1aAC = air-cooled probe, C= uncooled coupon holder. -

bMaterials listed according to stacking sequence on the probe: first specimer. near the pipe bushing,"
last specimen near the end cap. ' :

“The temperatures listed for alr—cooled probes were measured 1n spec1me1s of Type 321 sSs, Type 304 SS,
. Incoloy 800, and Type 309 SS.

9No coolant air was required for this probe.



Table 15. Materials, Locations, and Temperatures of Corrosion Specimens for Run CT-4.
~1.9 mol 7% NayCO3 added. -

Corrosion - o L . - 3 ‘ © Mean
Probe a % : Temperature,
Designation : ' ‘ Specimen Material Probe Location- ‘ °c -

Bed Section

c-2 Inconel 625, Inconel 718, Incoloy 800, . 102 mm above gas 854
' Type 310 SS, Inconel 617, Type 304 SS, distributor plate
Type 316 SS : .
AC-2 Inconel 601, Type 321 SS, Type 310 SS, Incoloy 800, 305 mm above gas 626, 648, 673
Inconel 617, RA 333, Type 309 SS distributor plate :
AC-1 " Type 446 SS, Type 304 SS, 2Y, Cr-1 Mo Steel, = 508 mm above gas - 538, 587, 611
Incoloy 800, 9 Cr-1 Mo Steel, Type 316 SS, distributor plate - .
Type 309 SS . '
c-1 . Inconel 601, Inconel 671, Hastelloy-X, Type 310 Sss, ' 610 mm above gas ' 855

Haynes 188, RA.333, Type 347 SS distributor plate

Freeboard Section

C-4 Alloy HK-40, Alloy HC, Alloy CA-40, Alloy C-12, 394 mm above 647
Alloy 713C, IN 738, Incoloy 800 . “' top of bed
AC—3d Inconel 601, Type 321 SS, 9 Cr-1 Mo Steel. Incoloy 800, 1003 mm above 548, 574, 579
. 21, Cr-1 Mo Steel, Type 310 SS, Type 309 SS top of bed
c-3 Haynes 188, Hastelloy-X, Inconel 601, Inconel 617 , 1308 mm above 535
Inconel 671 RA 333, Type 310 SS , top of bed '

"

8AC = air-cooled probe; C = uncooled coupon holder,

Materials listed according to stacking sequence on the probe first specimen towards pipe bushing,
last specimen near the end cap. ‘

“The temperatures listed for air-cooled probes were measured in specimens of.Type 321 SS, Type 304 sS,.
Incoloy 800, and Type 309 SS.

kS

No coolant air was required for this probe.

66¢
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The Ca/S mole ratios required to maintain 700 ppm SO in the dry off-
gas during each of the four 100-h corrosion test runs are given in Table 8.
Based on the Ca/S mole ratios listed in this table, it appears that low-
concentration additions of either CaCl; (Run CT-2) or NaCl (Run CT-3) gave
insignificant sulfation enhancement. of Grove limestone sorbent. As discussed
above, the disparity between these results and those of previously reported
laboratory-scale experiments is attributed to differences in the manner in
which the two types of experimental data were generated.

Chemical analyses of riffled samples of the various solids streams
added to, or removed from, the combustion system during the four 100-h
corrosion test runs were completed. Based on these analyses and the analyses
of the dry off-gas for S0,, CO,, CO, and CHy, calculations were made of car-
bon, sulfur, and calcium material balances, as well as combustion efficien-
cies, for the four runs. Results of the calculations are summarized in -
Tahle 16. o ' - '

Table 16. Carbon, Sulfur, and Calciﬁm Material Ralances
' and, ‘Combustion Efficiencies for 100-h-
‘CoerSion Test Runs

Experimental Conditions

Temperature: 850°C o " Sulfur Retention: n85% (v700 ppm

Pressure: 101.3 kPa (1 atm) S0, in dry off-gas)
Gas Velocity: 1 m/s ' . Coal: Sewickley, 5.46% S,
Fluidized-Bed Height: - 813 mm : =12 +100 mesh
Excess 0,: . 3% dry off-gas Sorbent: Grove limestone (ANL- .
' 9501), 95.3% CaCO3, -10 +30
mesh :
mn. Ml  — Preent Accounted fur - prefeles
No. Ratio - ° Carboné Sulfur calcium® 4
CT-1, 3.4 89 . 88 101 88
CT—2'f 3.5 -.102 101 o 98 87
“CT-3 3.6 99 111 109 , 88,
cT-48 2.0 93 - 107 106 91P

aAﬁdlytical accuracy, *57% relatlve for solid samples..

bFor >5% sulfur, analytlcal accuracy,'iSA relatlve for solid samples
For <5% sulfur, analytlcal accuracy, +107% relative for solid samples.

Analytlcal accuracy, 27 relative._

dDefined as the percent of total combustible carbon fed that was
completely burned to COy. '

®Run conducted with 0.3 mol % CaCl, added to Grove limestone sorbent.
fRun conducted with 0.5 mol % NaCl added to Grove limestone sorbent.
gRuh conducted with ~1.9 mol % NayCO3 added to Grove limestone sorbent,

Questionable value since the CO, analyzer is suspected of being
inaccurate during this run,
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The material balances ranged from 89 to 102% for carbon, from 88 to
1117% for sulfur, and from 98 to 109% for calcium. Since the possibilities
for inaccuracies in weighing, sampling, analysis of the various solids
streams, and analysis of the dry off-gas are numerous, material balances of
100 + 10% are considered acceptable. Of the twelve values shown in Table 16,
nine (or 75%) of the values are within this range and the remaining three
values are only 1 to 2% outside of this range. Combustion efficiency,
expressed as the percentage of total combustible carbon fed to the combustor
that was burned to CO,, varied slightly (87 to 88%) in the first three runs.
The higher combustion efficiency of 91% in the fourth run is questionable
since the accuracy of the CO, analyzer during this run was suspect.,

2. Evaluation of Corrosion Behavior
(0. K. Chopra%*)

a. Introduction

The experimental conditions and the materials, location, and tem-
perature of the specimens for the corrosion tests are given in Section B.1l
above. The corrosion specimens were examined metallographically to evaluate
the corrosion behavior in terms of an average thickness of the surface scale
and average depth of internal corrosive penetration in the specimens. The
surface scale and depth of internal corrosion were measured at several loca-
tions on the specimens to obtain an average value. The distribution and
nature of the corrosion products were evaluated by electron microprobe
analyses.

b. Results

The top and bottom views of the air-cooled probes and uncooled cou-
pon holders from the four corrosion tests are shown in Figs. 35-42. The air-
cooled tubular specimens and the flat coupons which had been placed inside
the fluidized bed had thin oxide scales and 20- to 80-um—-thick surface depos-
its from the bed material. Some of the surface scale spalled during cooling.
The corrosion specimens that had been placed in the freeboard section of the
combustor had a fine powdery deposit on the bottom surfaces and a loose par-
ticulate deposit on the top surfaces,

Uncooled Corrosion Coupons. The corrosion behavior of uncooled
corrosion coupons was evaluated by measuring the thickness of the surface
scale and the depth of internal corrosive penetration at the side surfaces
and the top and bottom edges of the specimens (the side surfaces were parallel
to and the top and bottom edges perpendicular to the flow of fluidizing gas
and bed material). Average values for the thickness of the surface scale and
internal corrosive penetration are given in Tables 17-20. The average tem-—
perature of the specimens in these tests was “v850°C.

The corrosion specimens had 2- to 3-um-thick oxide scale on the
surface. The internal corrosive penetration primarily consisted of internal
oxidation along the grain boundaries and patches of sulfides ahead of the
oxidation front.

*
Materials Science Division, Argonne National Laboratory,
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Fig. 35.

BOTTOM TOP BOTTOM TOP BOTTOM
AC—I AC-2 AC-3

Top and Bottom Views of Air-cooled Probes from Corrosion Test Run CT-1. No sulfation-
enhancement agent added. Specimens stacked from top to bottom in the sequence in
Table 12. ANL Neg. No. 306-79-53.
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TOP

Fig. 36.

BOTTOM TOP BOTTOM TOP
C~1 AC-2

Top and Bottom Views of Air-cooled Probes from Corrosion Test Run CT-2.
added. Specimens stacked from top to bottom in the sequence in Table 13.
306-79-54.

BOTTOM

v0.3 mol % CaCl,
ANL Neg. No.
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P TOP TTH TOP BOTTOM
TO AC—| BOTTOM AC—=2 BOTTOM AC—3

lFig. 37. Top and Bottom Views of Air-cooled Prcbes from Corrosion Test Run CT-3. ~0.5 mol % NaCl
added. Specimens stacked fron top to bottom in the sequence ia Table 14. ANL Neg. No.
306-79-52.

79



TOP BOTTOM TOP BOTTOM TOP BOTTOM

AC-| AC-2 AC-3

Fig. 38. Top and Bottom Views of Air-cooled Probes from Corrosion Test Run CT-4. 1.9 mol 7 Na,COj3
added. Specimens stacked from top to bottom in the sequence in Table 15. ANL Neg. No.
306-79-386.
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TOP  BOTTOM TOP  BOTTOM TOP  BOTTOM TOP  BOTTOM
c-1 c-2 c-3 c-4

Fig. 39. Top and Bottom Views of Uncooled Coupon Holders from Corrosion Test Run CT-1. No
sulfation-enhancement agent added. Specimens stacked from top to bottom in the
sequence in Table 12. ANL Neg. No. 306-79-49.
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TOP  BOTTOM TOP BOTTOM TOP BOTTOM TOP BOTTOM
C=l C~=2 £-3 G4

Fig. 40. Top and Bottom Views of Uncooled Coupon Holders from Corrosion Test Run CT-2.
0.3 mol % CaCl, added. Specimens stacked from top to bottom in the sequence
in Table 13. ANL Neg. No. 306-79-51.
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TOP  BOTTOM TOP  BOTTOM TOP  BOTTOM TOP BOTTOM
C-I c-2 c-3 c-4

Fig. 41. Top and Bottom Views of Uncooled Coupon Holders from Corrosion Test Run CT-3.
0.5 mol % NaCl added. Specimens stacked from top to bottom in the sequence
in Table 14. ANL Neg. No. 306-79-50.
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TOP BOTTOM TOP BOTTOM TOP BOTTOM TOP BOTTOM

Cc-I C-2 Cc~3 c—-4

Fig. 42. Top and Bottom Views of Uncooled Coupon Holders from Corrosion Test Run CT-4, ~1.9 mol 7%
NayCO3 added. Specimens stacked from top to bottom in the sequence in Table 15, ANL Neg.
No. 306-79-385.

69



Table 17. Average Values of the Thickness of Surface Scale and Internal Cerrosive Penetration Measured
in Uncooled Corrosion Coupecns for Run CT-1, No sulfation-enhancement agent added. Average
temperature of the specimens was “845°C,

Surface—scale Thickness, um Corrosive Penetraticr, um
Specimen
Holder Material Top Bottom Side Top Bottom Side Remarks
c-1 Inconel 601 1,7 2,0 2,0 5.3 5.3 4.1 Some grain-boundary
attack, 50 um deep
Inconel 671 3.1 3.4 2.5 6.4 8.5 6.6 Preferential corrosive
attack of one phase
n15 pum deep
Hastelloy-X a 1.2 1:2 el 4,2 8ia 5
Type 310 SS i L.4 2.6 17 .1 11.5 21.2 Internal corrosion--
mainly sulfides
Haynes 188 2.0 a 1.9 9.3 8:5 92
RA 333 1.5 a 2.4 12.7 10.7 15.2
Type 347 SS 1.0 a 19 6.0 6.4 7:3
c-2 ) Inconel 625 14 197 1.4 7.8 9,3 740
Inconel 718 a 3.1 2.0 5.4 S | 5.9
Incoloy 800 1.7 a 27 11:0 21.2 8.8
Type 310 SS a a 1.6 9.1 1249 12,7 Internal corrosion--

mainly sulfides
Inconel 617 3.2 a 3.3 165 16.1 Ge3 Some grain-boundary
attack, V40 um deep
Type 304 SS 3
Type 316 SS 2

qSurface scale spalled.
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Average Values of the Thickness of Surface Scale and InternaliCorrosive_Penetration Measured

Table 18.
* 1in Uncooled Corrosion Coupons for Run CT-2,. 0,3 mol % CaCl, added. Average temperature of
the specimens was "845°C, ' ' ‘ o S
. Surface-scale Thickness, um Corrosive Penetration, pm
Specimen : - - :
Holder Material Top Bottom "Side Top Bottom Side Remarks : .
c-1 Ihcopel 601 a 2.0 2.0 7.4 6.7 3.0 Some grain-coundary
. . : attack, 33 um deep
Inconel 671 a -’ 5.6 © 6.7 63.0 77.5 11.5 ‘ ' '
Hastelloy-X a a 2.0 20.7 10.7 7.3 ;
Type 310 SS 1.3 a 2.0 7.6 11.0 9.8 Internal corrosion--
: : mainly sulfides
Haynes 188 a a 1.3 11.3 13.3 8.6 .
. RA 333 2.3 a 1.7 8.5 13.5 7.6
Type 347 SS ‘a 3.0 3.4 5.3 9.7 10.2
c-2 . Inconel 625 1.3 1.3 2.1 9.8 9.1 8.8
Inconel 718 2,0 1.7 1.5 5.9 5.9 5.1
Incoloy 800 . 3.7 1.2 1.2 5.3. 7.8 7.6
Type 310 SS 3.4 3.0 2.3 27.1 15.4 14,6 Internal corrosion--
‘ ' . ‘ . : mainly sulfides
Inconel 617 3.3 5.3 3.3 18.7 1%.5 14.4 Some grain-boundary
‘ . ) attack, 25 um deep
Type 304 SS 2,2 "~ 3.0 2.1 13.5 . 11.1 10.1
Type 316 SS 3.4 . 2.5 - 2.5 12,3 - 8.0 12.7

85urface scale spalled.
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Table. 19. Average Values of the Thickress of Surface Scale and Internal Corrosive Penetration Measured
e in Uncooled Corrosion Coupons for Run CT-3. 0.5 mol % NaCl acced. Average temperature of
the specimens was '\185‘0°C~- . . . R N - PN e e e e e .o R

' . Surface-scale Thickness, um Corrosive Pénétration}’um
Specimen . - L ) .
Holder Material Top  Bottom Side Top Bottom Side ... : Remarks.. - -
c-1 . Inconel 601 a- a. 3.8 32.2 40,2 38.1
. Inconel 671 ©a 7.6 6.8 51.9 . 97.4 80.4
Hastelloy-X 1.9 1.7 1.7 14.8 10.6 15.6 .
Type 310 SS 2.0 2.0 2.7 15.2 10.2 15.2 Internal corrosion--
' o - o mainly ‘sulfides
Haynes 188 1.7 a 1.2 11.8 - » 8.5 12.3
RA 333. a a .2.9 22.0 37.2 37.7 Corrosion attack in
' - some regions,
' L : o 80 um deep ..
- Type 347 SS a, = a 2.5 . 11.0: 10.1 - 9.3 e
c-2 Inconel 625 2.5 a 2.4 17.8 16.9 9.8
Inconel 718 2.5 2.4 2.0 7.1. 8.5 5.8
Incoloy 800 a a 3.4 22.9. 19.5 24.6 . S
Type 310 ‘SS " a ‘a 2.9 1 33.9 31.3 3.7 Internal corrosion-~
o ) : mainly sulfides
" Inconel 617 2.6 a 2.4 27.5 32.8 34.8 ,
Type 304 SS 2,2 . a 2.4 10.8 9.3 11.8
Type 316 SS . a- a 3.1 8.1 9.8 18.6

aSurface__scale spalled.
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Table 20. Average Values of the Thickness of Surface Scale and Internal Corrosive Penetration Measured
in Uncooled Corrosion Coupons for Run CT-4. ~1.9 mol % NayCO; added. Average temperature
of the specimens was A855°C.

Surface-scale Thickness, um Corrosive Penetration, -um !
Specimen . —— _
Holder Material Top Bottom Side Top  Bottom Side’ Remarks
c-1 Inconel 601 2.7 2.1 . 3.0 6.8 - 12.3 16.6 Some grain-boundary
: attack, 50 um deep
Inconel 671 7.6 4.7 3.1 50.8 . 46.6 a Corrosion behavior
: X not uniform
Hastelloy-X 3.0 3.0 2.9 b 10.2 12.9 ’
Type 310 SS 3.4 3.4 3.2 13.5 17.8 12.8 Internal corrosion--
: ‘ ' mainly sulfides
Haynes 188 2.1 1.8 2.1 8.0 9.8 9.5 " Some grain-boundary
. ' ' attack, 24 um deep
RA 333 2.0 b 2.4 9.8 11.8 10.2
Type 347 SS 2.7 2.7 2.4 10.2 9.8 9.3 Internal corrosion--
' mainly sulfides
Cc-2 Inconel 625 3.8 3.1 4.1 21,1 .22.9 23,7
Inconel 718 2,2 2,2 2.7 11.0 10.2 14.6
Incoloy 800 3.4 3.6 3.6 21,2 . 25,0 19.5
Type 310 SS 3.4 3.2 3.4 18,2 18.2 19.1
Inconel 617 3.2 3.6 3.6 25.4 21,2 26.5
Type 304 SS 2.9 2.4 3.0 18.6 16.2  22.0
Type 316 SS 3.4 3.4 3.4 16.1 22,2 23.3

a . R s , . . ' . .
Extensive corrosion on one side of the specimen and very little internal corrosive penetration on the
other. ' '

bSurface scale spalled.
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Shown in Figs, 43 and 44, respectively, are the average thicknesses
of surface scale and internal corrosive penetration, measured on the side
surfaces of the specimens that were located inside the fluidized bed at a
distance 102 and 610 mm above the fluidizing-gas distributor plate. In the
absence of salt, total corrosion (Z.e., the combined value .of the thickness
of surface scale and internal corrosive penetration) for the different mate-
rials varied from 7 to 15 pm, The results for the corrosion tests in which
salt was present showed that for all materials, the addition of 0.3 mol %
‘CaCly to the limestone sorbent had no significant effect on corrosion behav-
ior. 1In general, the addition of 0.5 mol % NaCl or 1.9 mol % Na,CO3 increased
the total corrosion for most of the materials. A significant increase in
internal corrosive penetration occurred in the high-nickel alloys, namely,
Inconels 601, 617, and 671; RA 333:; and Incoloy 800. Micrographs of the
cross sections of Inconels 617 and 671 specimens for corrosion tests in which
salt was present are shown in Fig. 45.

Comparison of the corrosion behavior of Type 310 stainless steel in
Figs. 43 and 44 for the four corrosion tests shows that the total corrosion of
this material was‘greager at the location 102 mm above the gas distributor
plate than at the 610-mm position. For Haynes Alloy 188 and Types 310 and
347 stainless steel, total corrosion in the presence and absence of salt was
essentially the same. Micrographs of Type 310 stainless steel specimens
which had been located inside the fluidized bed 102 and 610 mm above the gas
distributor plate are shown in Figs. 46 and 47, respectively.

Metallographic .examination of corrosion coupons which had been
placed in the freeboard section of the combustor 394 and 1300 mm above the
top of the bed (Z.e., coupon holders C-4 and C-3, respectively, Table 15),
revealed no measurable corrosion; only the cast alloy C-12 was oxidized.

The average temperatures of the specimens on.coupon holder C-4 for runs CT-1,
-2, -3, and =4 were 673, 693, 701, and 647°C, respectively. The average
temperatures of the specimensg placed on compan holder C=3 werc 100 to 110°C
lower. Scanning-electron micrographs of the surface region of alloy C-12 for
corrosion tests with salt addition are shown in Fig. 48.- The thicknesses of
the surface oxides for tests CT-2 and -3 were between 100 and 140 um, whereas
in CT-4, the extent of oxidation was less because the temperature was ~A50°C
lower. ' o

Air-cooled Specimens. The corrosion behavior of the air-cooled
tubular specimens was not uniform, and the nature of the deposits on the
specimen surface varied. For example, corrosion was greater under the de-
posits containing a significant amount of ash-than in the regions where the
deposits consisted mainly of limestone material. In a fluidized-bed environ-
ment, the nature of the deposits on the surface of the tubes can differ.
depending on the position of the surface with respect to the flow of the
fluidizing gas and bed material, Consequently, the orientation of the speci-
men surface inside the combustor was marked on each specimen, and the thick-
ness of the surface scale and the depth of corrosive penetration were measured
at intervals of ~20° around the circumférence of a specimen. The average
values for (1) temperature and (2) corrosion of specimens exposed inside the
fluidized bed in the four corrosion tests are given in Tables 21 to 24. For
the air-cooled corrosion probes, the temperature of three of the seven speci-
mens was monitored during the test., The average temperature of the remaining
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INCONEL 617 INCONEL 671

i il

CT-2

CT-3

CT-4

Fig. 45. SEM Micrographs of Inconels 617 and 671 After a 100-h Exposure
Inside the Fluidized Bed. CT-2, 0.3 mol % CaCl,; CT-3, 0.5 molL
% NaCl; and CT-4, 1.9 mol % Na,CO3. ANL Neg. No. 306-79-382.



Fig. 46.
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CT-I _ CcT-2

CcT-3 CT-4

SEM Micrographs of Type 310 Stainless Steel After a 100-h
Exposure Inside the Fluidized Bed 102 mm Above the Gas
Distributor Plate. CT-1, without salt; CT-2, 0.3 mol %
CaCl,; CT-3, 0.5 mol % NaCl; and CT-4, 1.9 mol % Na,CO3.
ANL Neg. Nu. 306-79-383.



Fig. 47.
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CT-2

CcT-3 CT-4

SEM Micrographs of Type 310 Stainless Steel After a 100-h
Exposure Insidec the Fluidized Bed 610 mm Above the Gas
Distributor Plate. CT-1, without salt; CT-2, 0.3 mol 7
CaCly; CT-3, 0.5 mol % NaCl; and CT-4, 1,9 mol % Na,COg3.
ANL Neg. No. 306-79-381.



Fig. 48.

SEM Micrographs of Alloy C-12 After a 100-h Exposure in the Freeboard Section of the Combustor.
CT-2, 0.3 mol 7% CaClp; CT-3, 0.5 mol 7% NeCl; and CT-4, 1.9 mol % NapZO3. ANL Neg. No. 308-79-384
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Table 21. Average Values of the Thickness of Surface Scale and Internal Corrosive Penetration
. Measured in Air-cooled Corrosion Specimens for Run CT-1

Corrosion ' Average Corrosive Total

Probe - : Temp, , Surface-scale Penetration, Corrosive
Designati’ona Material ’ “°C Thickness, um um - Attack, um Remarks
AC-2 Inconel 601 603 ' 2.6 4.7 . 7.3 Maximum corrosive attack,
T . ~1S5 pm :

AC-2 Inconel 617 697 - 2.5 2,6 5.1
AC-2- RA 333 "712 2,4 4,5 6.9
AC-1 Type 304 SS ' ’ 627 2.4 1,0 3.4
AC-1 Type 309 SS 727 2.3 2.7 5.0
AC-2 Type 309 SS 727 5.6 5.9 11,5 Interaction between surface

A o R scale and deposits
AC-2 - Type 310 SS ; 652 4,9 . 6,9 - 11.8 Interaction between surface
S ' . ' o o o , ' scale and deposits ..

AC-1 " Type 316,88 . 712 2.4 4,1 6.5
AC-2 Type 321 'SS ‘ 627 2.9 2.1 5,0 ‘ . o
AC-1 - Incoloy 800 . 677 3.2 3.6 6.8 Interaction between surface

c _ - . . . : scale and deposits
AC-2 Incoloy 800 677 2,5.. 3.9 6.4 Interaction between surface
: ‘ o ‘ scale and deposits

AC-1 Type 446 SS . 603 2.1 2,2 4.3 :
AC-1 9 Cr-1 Mo Steel 697 - - - 18,3 Maximum corrosion, V35 um.
AC-1 Fe-2Y), Cr-1 Mo Steel 652 ) - - 171,9 Maximum corrosion, *320 um

%The air-cooled corrosion probes AC-1 and AC-2 were located inside the fluidized bed at distances 508 and 305 mm,
respectively, above.the fluidizing-gas distributor plate. '

18



Table 22.

Measured in Air-cooled Corrosion Specimens for Run CT-2

Average Values of the Thlbkness of Surface Scale and Interral Corros1ve Penetratlon

Corrosion . - Average L Corrosive - Total
" Probe Temp., Surface-scale Penetration, Corrosive
Designation Material = °C Thickness, ym um - Attack, um- Remarks
AC-2 Inconel 601 567 1.7 1.8 3.5
AC-2 Inconel 601 663 2,2 2.6 4.8 )
AC-2 RA 333 677 3.0 6.2 9,2 Internal corrosion mainly
: , : sulfides

AC-1 Type 304 SS ) 527 1,2 1,6 - 2.8
AC-1 Type 309 SS . 597 2,0 ) 3.5 5.5 -
AC-2 Type 309 SS§ o 685 2.0 4.1 3.1
AC-2 Type 310 S§§ . 623 2.3 5.0 7.3 -
AC-1 ‘Type 316 SS 583 1.2 2.1 ° ‘3.3
AC-2 Type 321 SS 597 2,1 2.0 8.1
AC-1 "Incoloy 800 560 2.3 3.5 5.8
AC-2 Incoloy 800 646 - 1,7 3.7 5.4
AC-1 Type 446 SS C " 501 2.1 2.8 4.9 S R
AC-1 9 Cr-1 Mo Steel . . 575 Co - ; - 12.9 Maximum corrosion, 25 um
AC-1 Fe—ZyL ‘Cr~1 Mo Steel 544 - o - 142,3 Maximum'corrosion, 7160 pm

%The air-cooled corrosion probes AC-1 and AC-2 were located inside the fluidized bed at distances 508 and 305 T,
- respectively, above the fluidizing—gas distributor plate.. .
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Table 23. Average Values of the Thickness of Surface Scale and Internal Corrosive Penetration

Measured in Air-cooled Corrosion Specimens for Run CT-3

Corrosion Average , " Corrosive Total
Probe Temp., Surface-scale Penetration, Corrosive
Designationa ' Material °c Thickness, um um Attack, um Remarks
AC-2 Inconel 601 -529 1.9 1.7 3.6 Corrosion in some regionms,
. , 210 ym
AC-2 Inconel 617 600 2.7 3.8 6.5 ' :
AC-2- RA 333 605 2,0 1.7 3.7 Corrosion in some regionmns,
: - ~10 pm. ’
Ac-1 Type 304 SS - 588 2.4 1.7 4.1
AC-2 Type 304 SS ° 589 1.6 1,2 3.8
AC-2 Type 309 S§ 605 1.7 1.9 3.6 a
AC-2 Type 310 SS "~ 570 2.5 1.0 3.5 -
AC-1 Type 316 SS 630 1.8 . 2.3 4.1
AC-1 Type 321 SS 634 2.2 3.5 5.7 . .
AC-2 Type 321 SS 550 3.1 3.2 6.3 Intergranular attack
AC-1 Incoloy 800 612 2.4 -4.0 6.4 : '
AC-1 Type 446 SS 577 “3.0 3.2 6,2 Intergranular attack
AC-1 "9 Cr-1 Mo Steel 622 - - 16.5 _Maximum corrosion, 40 um
AC-1 Fe-ZUL Cr-1 Mo Steel 600 - - 101.0 Maximum corrosion, 140 um

3The air-cooled corrosion probes AC-1 and AC-2 were located inside the fluidized bed at locations 305 and 508 mm,
respectively, above the fluidizing-gas distributer plate. '
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Table 24, . Average Values of the Thickness. of Surface Scale and Interrcl Corr051ve Penetratlon
- Measured in Air-cooled Corrosmn Specimens for Run CT-4

Corrosion: Average Corrosive Total

Probe . . Temp., Surface~scale Penetration, Corrosive
Designationa Material °C Thickness, ym um - Attack, um - Remarks

AC-2 Inconel 601 617 2.1 1.4 3.5
AC-2 Inconel 617 - - r 660 1.3 1.4 2.7
AC-2 RA 333 . 667 2,1 3.2 5.3
AC-1 . Type 304 SS 550 2.2 1.7 3.9
‘AC-1 Type 309 SS 605 2.7 3.8, 6.5 .
AC-2 Type 309 SS . b75 4,2 5.3 . 9.5 Interaction between surface
’ ) S scale and deposits
AC-2 Type 310 SS : 640 - 2.1 " 2.6 8.7 '
AC-1. Type 316 SS 605 2,2 2.1 2.3
AC-2 Type 321 SS 628 . 2,3 1.9 4,2

_AC-1 Incoloy 800 589 2,6 3.0 3.6 _
AC-2 - Incoloy 800 - 650 - 2,5 3.1 5.6 Interaction between' surface

' - A - : scale and deposits

-AC-1 _Type 446 SS . 529 2,4 1.0 3.4 , N
AC-1 9 Cr-1 Mo Steel 600 - - 13.2 Maximum corrosion, “25 um
AC-1 Fe-zl/,, Cr-1 Mo Steel . 570 - , - 113.5 Maximum corrosion, ~180 um

3 The air-cooled corrosion probes AC-1 and AC-2 were located inside the fluidiged bed =zt 1ocations 508 and 305 mm,
',respectively, above the fluidizing—gas distribitor plate.

®
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corrosion specimens was obtained from the temperature profile along the
length of the probe. The average temperature of the various corrosion speci-
mens varied from 527°C to 727°C,

The results show that at these temperatures, the addition of salt
(Z.e., NaCl, CaCl,, or NajyC03) had no significant effect on the corrosion
behavior of any of the materials. 1In general, corrosion specimens of the
various iron- and nickel-base alloys contalning >15% chromium had a 2- to
3-um-thick surface scale and 2- to 5-um internal corrosive attack. The total
corrosion in the specimens for test CT-1 with no salt added was somewhat
greater than that for the other corrosion tests because the average tempera-
ture of the specimens during this test was ~50°C higher. Micrographs of
cross sections of Type 310 stainless steel, Incoloy 800, Inconel 601, and
RA 333 specimens from the four corrosion tests are shown.in Figs. 49 and 50.

The corrosion behavior of Fe—ZyL Cr-1 Mo steel specimens from the
four corrosion tests is shown in Fig. 51 and that of Fe-9 Cr-1 Mo in Fig. 52.
For these specimens, the thickness of the surface scale and the depth of
internal corrosive penetration were not measured separately because the
depth of internal corrosion was relatively small compared to the thickness
of the scale. For the various experimental conditions in the four runms,
the average values of the total corrosion at temperatures near 627°C for
Fe—25@ Cr-1 Mo and Fe-9 Cr-l1 Mo specimens were ~135 and 15 um, respectively.
The corrosion scales for these steels were qu1te porous, 1nd1cat1ng 1nter—
action with the deposits from the bed material. Similar behavior was
observed in several high-chromium alloys, e.g., Type 309 stainless steel and
Incoloy 800.

The distribution and nature of the corrosion products in the surface
scales were investigated by electron microprobe analyses. The X-ray images
for Fe, 0, Cr, Ca, S, Si, and K in the scales observed on Fe—ZHQ Cr-1 Mo and
Fe-9 Cr-1 Mo specimens are shown in Figs. 53 -and 54, respectively. The
results indicate that the scales consist of two distinct layers: . an inner
layer of a mixed oxide of iron and chromium- and an outer layer containing
various elements (e.g., Fe, 0, Ca, S, Si, and K) from the bed material. The
presence of these elements indicates that the outer layer of the scale forms
by the interaction of the deposits with the scale, whereas the inner layer:
forms by corrosion of the specimen material. For the Fe-9 Cr-1 Mo steel, the
extent of interaction between the deposits and the scale is less than that
for Fe-2Y, Cr-1 Mo steel., This difference is probably due to the higher con-
centration of chromium in the surface scales.

The corrosion behavior of the specimens installed on air-cooled
type corrosion probes which were exposed in the freeboard region of the com-
bustor is being evaluated. The results will provide a better understanding
of the mechanism of the reaction of the deposits with the scale. Longer
duration (500 to 1000 h) corrosion tests are being conducted to further eval-
uate the effect of salts on the performance of various structural materials
in the fluidized-bed combustion environment.
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310 Ss INCOLOY 800

cT-2

CT-3

Fig. 49. SEM Micrographs of Type 310 Stainless Steel and
Incoloy 800 After a 100-h Exposure Inside the
Fluidized Bed. CT-1, without salt; CT-2, 0.3
mol % CaCly; CT-3, 0.5 mol % NaCl; and CT-4,
1.9 mol % NayCO3. ANL Neg. No. 306-79-681,




INCONEL 60l RA 333

cT=1

CT-2

CT-4

Fig. 50. SEM Micrographs of Inconel 601 and RA 333 After
a 100-h Exposure Inside the Fluidized Bed.
CT-1, without salt; CT-2, 0.3 mol % CaCljy;
CT-3, 0.5 mol % NaCl; and CT-4, 1.9 mol 7% Na,CO3.
ANL Neg. No. 309-79-682.




Fig. 51,
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cT-4

SEM Micrographs of Fe—ZHL Cr-1 Mo Steel After a 100~h
Exposure Inside the Fluidized Bed. CT-1, without salt;
€T~2, 03 mol %:CaClys '€T=3, 0.5 mol: % NaGls and CT-4.,

1.9 mol % N32C03.

ANL Neg., No. 306-79-683,




Fig. 52,

89

cT-3 cT-4

SEM Micrographs of Fe-9 Cr-1 Mo Steel After a 100-h
Exposure Inside the Fluidized Bed. CT-1, without
salt; CT-2, 0.3 mol % CaClp; CT-3, 0.5 mol % NaCl;
and CT-4, 1.9 mol % Na,CO3, ANL Neg. No. 306-79-684.
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Fig. 53a. SEM Micrograph and X-ray Images for Fe, 0, Cr, Ca. S, Si, and K from
an Fe—21/L+ Cr-1 Mo Steel Specimen Exposed for 100 h at 650°C Inside
the Fluidized Bed. ANL Neg. No. 306-79-686.




Fig. 53b. SEM Micrograph and X-ray Images for Fe, O, Cr, Ca, S, Si, and K from
an Fe—21/;+ Cr-1 Mo Steel Specimen Exposed for 100 h at 600°C Inside
the Fluidized Bed Containing 0.5 mol % NaCl. ANL Neg. No. 306-79-685.
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Fig. 54a. SEM Micrograph and X-ray Images for O, Cr, Fe, Ca, and Si from an
Fe-9 Cr-1 Mo Steel Specimen Exposed for 100 h at 700°C Inside
the Fluidized Bed. ANL Neg. No. 306-79-687.
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Fig. 54b. SEM Micrograph and X-ray Images for 0, Cr, Fe, Ca, and Si from an
Fe-9 Cr-1 Mo Steel Specimen Exposed for 100 h at 625°C Inside
the Fluidized Bed Containing 0.5 mol % NaCl. ANL Neg. No. 306-
79-688.
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c. Conclusions

Results from the 100-h tests indicate that at ~850°C, the addition
of 0.3 mol % CaClp to the fluidized bed had no significant effect on the cor-
rosion behavior of the various materials. The addition of 0.5 mol % NaCl or
1.9 mol % NayCO3 increased the corrosion rates of most of the materials. ‘In
general, austenitic stainless steels and Haynes Alloy 188 exhibit better
resistance to accelerated corrosion in the presence of salts than do the hlgh—
nickel alloys. Except for Fe-9 Cr-1 Mo Steel (alloy C-12) which was oxidized,
materials located in the.freeboard section.of the combustor at temperatures
between 525 and 705°C showed no detectable corrosion (Z.e., <2 um).

The results for the air-cooled specimens exposed in the fluidized
bed at temperatures between 525 and 730°C show that salt addition has no
effect on the corrosion behavior of any of the materials. At these tempera=
tureg, the 1nw alloy Fch%& Ci=1 My steel shows .conasiderable vxldacion regard-
less of the presence or absence of salt, and the surface scale interacts with
the deposits from the bed mater1a1
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