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SUPPORT STUDIES IN FLUIDIZED-BED COMBUSTION

Quarterly Report
January—March 1979

by

Irving Johnson, S.- H. D. Lee, J. A. Shearer,
E. B. Smyk, W. M. Swift, F. G. Teats, C. B. Turner,
W. I. Wilson, and A. A. Jonke

ABSTRACT

This work supports the development studies for atmospheric and
pressurized fluidized-bed coal combustion.. Laboratory and process
development studies are aimed at providing needed information on
limestone utilization, control of emission of alkali metal compounds
and SOy, particulate loadings of flue gas and other aspects of
fluidized- bed coal combustion.

This report presents information on: the removal of gaseous
alkali metal compounds from hot flue gas using granular sorbents,
results of tests of the efficiency of a commercial high-efficiency
cyclone (TAN-JET), information on particulate emissions from FBCs,
and the effect of CaCl, and Naj;CO3 on the sulfation of lime-
stone. .

SUMMARY

Task A. Hot Gas Cleanup

Removal of Alkali Metal Compounds from Hot Flue Gas of Coal Combustion.
In the potential application of pressurized fluidized-bed combustion of coal
for power generation, corrosion of blades of associated gas turbines due to
alkall metal cowpounds prescnt in the flue gas may be a problem. The objec-
tive of this task is to develop an effective sorbent for use in a hot fixed-
bed filter to remove alkali metal compounds from a hot flue gas.

Diatomaceous earth and activated bauxite have been found to be very
effective sorbents. The effects of sorbent bed temperature, superficial gas
velocity, and gas hourly space velocity on sorbent reactivity are reported.
Presented are the results of additional experiments (1) to measure the effect
of NaCl-vapor concentration in the flue gas on the sorption efficiency of
.diatomaceous earth and (2) to determine the regenerability of activated bauxite
for NaCl vapor capture. ‘

At gas hourly space velocities of 18,600 and 33,500 h'l, the average
rate of NaCl vapor sorption by diatomaceous earth increases as a linear func-
tion of increasing NaCl vapor concentration. As expected, however, the effi-
. ciency, in terms of percent NaCl vapor captured by the sorbent in a fixed bed,



decreases with increased experiment duration. Lower NaCl vapor concentrations,
lower gas velocities, and longer contact times of the flue gas and diatomaceous
earth result in substantially increased removal efficiency.

To investigate the effect of regenmeration on the sorption performance
of activated bauxite, ten cycles of NaCl-vapor sorption and water-leaching
regeneration experiments have been performed. It was found that over the ten
cycles, the reactivity of the sorbent for NaCl vapor capture remained unaffec-
ted by regeneration. Removal efficiency was between 95 and 98%. Attrition
. losses were low, averaging only 2% per cycle.

Particle Removal from Flue Gas. In PFBC, the hot flue gas from the com-
bustor must be expanded through a gas turbine to recover energy. To protect"
the turbine from damage, the particle mass loading must. be reduced to acceptably
low levels. Reported are the results of testing a high-efficiency cyclonc for
particnlate removal in the flue gas system of ANL's 15.2-cm-dia pressurized
fluidized-bed combustor. Presented are (1) an analysis of data on the effect
on cyclone efficiency of pressure drop at the secondary air inlet nozzle, (2)
the resulls of experiments measuring cyclone efficiency at 810-kPa system
pressure, and (3) the results of an attempt to determine TAN-JET size selec-
tivity. ‘

The results of experiments measuring cyclone efficiency at ambient and
300-kPa system pressure were correlated, using a power curve least squares fit
of the data. The data were correlated against the mass loading in the flue
gas entering the cyclone at three different levels of pressure drop across the
secondary air inlet nozzle. Loadings in the flue gas leaving the TAN-JET when
operating at a nozzle pressure drop of 105 kPa or 140 kPa and with an inlet
loading of 2.5 to 3.5 g/m3 were on the order of 0.15 g/m3.

During experiments measuring cyclone performance at 810-kPa system
pressure, problems of gas leakage from the cyclone pressure shell and of sulids
plugging the cyclone ash discharge line were encountered. After oteps were
taken to correct these problems, additional experiments at 810-kPa system
pressure resulted in erratic results which were inconsistent with the corre-
lations of the low-pressure data. A new ash receiver vessel is being fabri-
cated to permit modification of the ash discharge line in an attempt to improve
the high-pressure performance of the cyclone.

Samples of fly ash recovered from the TAN-JET ash receiver and from a
sintered metal filter downstream from the cyclone were split into fractions
and analyzed for size distribution at two independent laboratories, using
Coulter counters. The discrepancies between thc distributions repurted for the
samples were very large (about one order of magnitude in mass mean diameter).
As a matter of interest, the two separate sets of size distribution data were
used to generate size selectivity curves for the TAN-JET cyclone. One set of
data indicated a cut diameter for the cyclone of 0.9 ym, well below the theo-
retical cut diameter of 2.1 pm. The other set of data gave an estimated cut
diameter of 5.9 um.



Task B. Trace Pollutants

Assessment of Particulate Emissions from Atmospheric Fluidized-Bed
Combustors.® The state of knowledge of particulate emissions from AFBCs has
been assessed. Information was obtained on the effects of various parameters
on dust loading, particle size distribution, and chemical composition. Since
the results reported vary over broad ranges and since most of the results were
not obtained in large units, much more work needs to be done before a particu-
late emission control system could be designed for an AFBC with any degree of
confidence.

Task C. Limestone Utilization

Enhancement of Limestone Sulfation. To decrease the amount of limestone
needed for the control of SO7 emission levels in the off-gas from fluidized-
bed combustion systems, various salts are being investigated as sulfation
enhancement agents. It has been found that these sulfation enhancement agents
operate by means of the effect that they produce on the porosity of the calcined
limestone. Larger pores have been observed in a limestone calcined (i.e., con-
verted from CaCO3 to Ca0) while various salts (e.g., NaCl and CaClp) were in
contact with the limestone than in stones calcined without salts present.

These large pores permit gaseous SOj to penetrate deep into the limestone
particle and to react and form CaSO4. Where pores are small, CaSO4 that forms
rapidly at the mouths of pores plugs them and hinders the penetratlon of gas
into the interior of limestone particles.

In this report, scanning electron microphotographs (SEMs) of the surface
and interior of calcined limestones which had been treated with various amounts
of CaCly are shown. The remarkable effect of the CaCly on the grain size and
the porosity of the calcined stones is clearly seen in these SEMs. -

‘Other SEMs show particles from a sample of limestone which was first sul-
- fated with no salt present and then treated with NaCl and reheated. Sulfur
scans of particles from the initial sulfation showed sulfur confined to the
surface; after salt treatment and heating, sulfur was distributed throughout
the particle. These results help explain earlier observations that addition
of salt to a FBC bed of spent limestone (which had ceased to sorb 502) reac-
tivates SO2 removal.

Most studies have been done with calcitic limestones. However, the
addition of salts to dolomitic limestones also can increase SO7 reactivity.
The effects of CaCly additions (between 0.1 and 5 mol %) are reported for nine
different dolomitic limestones whose extent of reaction (when not treated with
CaClj) varies from 18 to 92%. The addition of 0.1 mol % CaCl; had a signi-
ficant effect on increasing sulfation for all stones. As the amount of CaCl,
added was further increased, the effect on sulfation decreased until there was
a minimum effect at 0.5 to 1 mol % CaCly. Then, addition of larger amounts
of CaCly caused the extent of sulfation to increase. The latter results,
which are similar to those observed with CaCly for calcitic limestone, can be
explained as due to the postulated formation of a liquid CaCl-Ca0 solution



which is very reactive with gaseous S07. SEMs show the large effects of CaClj
treatment on the porosity of calcined dolomites. :

Preliminary data are reported which show that NajCOj is<very.effective
in enhancing the sulfation of limestones. This enhancement agent is under
study since it is believed to be less corrosive than NaCl.

The effect of temperature (over the range 750-1050°C) on the extent of
sulfation possible for a calcitic limestone was measured, using a laboratory
TGA. Results are given for virgin stone and for stone treated with 1% NaCl
and 0.1% CaCly. For the untreated stone, the extent of sulfation decreased
as the temperature was increased. For the salt-treated stones, the extent of
sulfation passed through a minimum as the temperature was increased.High con-
versions were obtained at high temperatures. If the same results are obtained
in an actual FBC, alternative salts may permit the vperating temperature to
be increased. This would be expected to lead to higher combustion efficiencies.



TASK A. HOT GAS CLEANUP

1. Removal of Alkali Metal Compounds from Hot Flue Gas of Coal Combustion
(S. H. D. Lee and W. A. Boyd)

In the prospective application of pressurized fluidized-bed combustion
of coal to power generation, the corrosion of turbine blades in a gas turbine
due to the attack of alkali metal compounds in the hot flue gas from the com-
bustor appears to be a potential problem. This problem can be eliminated by
reducing the concentration of alkali metal compounds in the hot flue gas to a
level tolerable for a turbine blade. A way to accomplish this is to use a
hot fixed-bed filter containing a sorbent that removes the alkali metal com-
pounds from the hot flue gas before the gas is expanded into a turbine.

The objective of this task is to develop an effective sorbent as bed
material for the filter. Several types of materials have been tested as can-~
didate sorbents in this work. Among them, diatomaceous earth and activated
bauxite were found to be the most effective sorbents. Studies have been con-
tinued to obtain the technical data base needed for the design of granular
sorbent fixed-bed filters in which either diatomaceous earth or activated
bauxite as sorbent would remove gaseous alkali metal compounds from hot flue
gas. The effects of sorbent bed temperature, superficial gas velocity, and
gas hourly space velocity of flue gas were studied, and the results were pre-
sented in an earlier report of this series, ANL/CEN/FE-78-10. 1In a continua-
tion of the work performed during the previous quarter, the effect of NaCl
vapor concentration in flue gas on the sorption efficiency of diatomaceous
earth and the effect of the regenerability of activated bauxite on the sorp-
tion performance of NaCl vapor as a function of the sorption-regeneration
cycle were established. The sorption tests for all of these studies were
carried out using the laboratory-scale, batch-unit combustor system.* The
details of this system have been described (ANL/ES-CEN-1016). Sorbents were
tested at 800°C and atmospheric pressure using a simulated dry flue gas of
PFBC. The flue gas has a volumetric composition of 3% O3, 167% COj, about
300 ppm SOj, about 180 ppm Hy0, various amounts of NaCl vapor, and the balance
No. The superficial gas velocity of flue gas passing through the sorbent bed
was 66 cm/s, and the particle size of the sorbents tested was -8 +10 mesh.

a. Effects of NaCl Vapor Concentration in Flue Gas, Experiment Duration,
and Gas Velocity on the Sorption Efficiency of Diatomaceous Earth

Some results of this series of studies were reported in the previous
report of this series (ANL/CEN/FE-79-3). To allow comparison of the earlier
and new results, the earlier results are also included in this section. For

_this serics of studies, NaCl vapnr sorption by diatomaceous earth was tested

as a function of experiment duration, NaCl vapor concentration in the simulated

*The combustion system consists of a horizontal tube furnace and associated
gas feed lines and product gas analysis instrumentation. The first sector of
the tube furnace is a gas preheater; the next sector contains a sample pan
which can be heated along with its salt contents; next -is a packed granular
bed sorbent tilter, followed by could Lraps and a bacllup glass wool filter.



flue gas, and gas hourly space velocity (GHSV) of the gas. The distributions
of NaCl obtained from this series of tests are tabulated in Table 1, and the
results are further plotted in Figs. 1 and 2. Figure 1 is a plot of the
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Table 1. Distribution of NaCl from Testing Diatomaceous Earth (~8 + 10 mesh)
for NaCl Vapor Capture as a Function of Experimental Duration, NaCl
Concentration in the Flue .Gas, and Gas Hourly Space Velocity
The sorbent was tested at 800°C and atmospheric pressufe in a
simulated flue gas of PFBC at a linear gas velocity of 66 cm/s.
Experiment HGC-
47 66 65 57 S7R 58 5S8R 56 62 55 ° 52R 68 67 75 74
Experiment ‘
Duration, h 2 2.5 3.5 2 2 3 3 5 5 8 2 3 5 3 5
Avg NaCl Conc.
in Flue Gas, .
pPpm 96 97 105 37 24 33 28 27 27 29 93 43 59 34 38
‘Quantity of
Sorbent, g 30 30 30 13 13 13 13 13 13 13 50 22 122 22 22
‘GHEV, h~l 33500 -~ 18600
NaCl, mg
(1 NaCl Collected by
(a) Cold Trap 29 - 58 100 5 3 4 7 7 11 51 6 3 11 3 7
(b) Glass-wool
Filter 18 37 65 2 2 1 3 3 S 22 4 1 4 1 .2
(2) NaCl Captured
by Sorbent? 292 334 483 49 31 66 57 Y 89 104 318 93 206 73 132
(3) Total 339 429 648 56 36 71 67 100 105 177 328 97 221 77 141
(4) Rate of Sorption,
mg NaCl/h-g
sorbent 4.9 4.4 4.6 1.9 1.2 1.7 1.5 1.4 1.4 1.0 3.2 1.4 1.9 1.1 1.2
(5) % of NaCl Vapor
Captured, [(2)/
(3)] x 100 86.1 77.9 74.5 87.5 86.1 93.0 -85.1 90 84.8 58.8 97.0 95.9 93.2 94.8 93.6

8NaCl concentration of the sorbent was measured by dissolving representative samples of the sorbent in a mixture of H950,,

HF, and HNOj and then analyzing the solution, using flame emission spectrometry (FE).

FE analysis was done by R. W. Bane.



average rate of NaCl vapor sorption by diatomaceous earth as a function of
NaCl concentration in the flue gas. In Fig. 2, the percentage of the NaCl
vapor captured is plotted as a function of experiment duration.

As shown in Fig. 1, for both of the gas hourly space velocities used
(GHSVs of 18600 and 33500 h~ 1) the average rate of NaCl vapor sorption by
diatomaceous earth is a linear function of NaCl vapor concentration. This
indicates that the utilization of diatomaceous earth (in terms of the amount
of NaCl captured per unit weight of sorbent) decreases with decreasing NaCl
concentration in the flue gas. It is also noted that for NaCl vapor concen-
trations lower than 60 ppm, this linear relationship holds up to an experiment
duration of 5 h; however, when NaCl concentration exceeds about 90 ppm, this
linear relationship collapses after the first 2 h.

Of practical importance in the development of a sorbent is the effec-
tiveness of the sorbent in removing alkali mctal compounds from Flue gas. The
effect of NaCl concentration in the flue gas on the sorption efficiency of
diatomaceous earth is shown in Fig. 2. " As expected, the efficiencies (in terms
of percent of the NaCl vapor captured by diatomaceous earth) decrease with
experiment duration. When NaCl concentration in the flue gas is high, the
efficiency is noted to drop sharply with experiment duration; however, when
NaCl concentration is lower, the efficiencies remain at significantly higher
levels for longer periods of time than at high NaCl concentrations. Fig. 2
also shows that for a given experimental duration, when gas hourly space velo-
city is reduced (i.e., when the contact time of the flue gas and diatomaceous
earth bed is increased), the efficiency is substantially increased. Further-
more, the sorption efficiency is not reduced by reducing the NaCl concentra-
tion in the flue gas.

Results from this series of experiments indicate that the utiliza-
tion of diatomaceous earth (in terms of quantity of NaCl captured per unit
weight of sorbent) decreases with decreasing NaCl concentration in the flue
gas; however, the efficiency of NaCl vapor removal from flue gas is not reduced
due to the reduction of NaCl concentration in the flue gas. The efficiency
remains at a higher level for longer periods of experimental duration at low
NaCl concentrations than at high NaCl concentrations.

b. NaCl Sorption and Water-Leaching Regeneration of Activated Bauxite

Nat only is activated bauxite effective for capturing alkali metal
compound vapors (such as NaCl, KCl, and K2804), but also, it can be easily
regenerated by a simple water—leaching process. Its regenerability has been
experimentally demonstrated in three cycles of NaCl-sorption and watcr-leaching
regeneration experiments (ANL/CEN/FE-79-3); however, the sorption performance
of alkali vapors as a function of the sorption-regeneration cycle is yet to
be studied. To investigate that effect, ten cycles of NaCl-vapor sorption
and water-leaching regeneration experiments for activated bauxite were per-—
formed, The experimental procedures for thio asct of experiments are shown in
the flow sheet in Fig. 3. Results are presented and discussed in this section.
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Fig. 3.. Flow Sheet of NaCl-Sorption Step
and Water-Leaching Regeneration
Step for Activated Bauxite (AB)

a. Sorption Test Conditions: 800°C at atmospheric
pressure in a simulated dry flue gas of PFBC con-
taining 3% Op; 16% CO, 300 ppm SO, about
180 ppm H70, about 37 ppm NaCl vapor, and the
balance No; superficial gas velocity = 66 cm/s;
GHSV = 18600 h~l (or ¢ontact time of 0.2 s);

experiment duration = 5 h. !

b. Leaching Conditions: leached with distilled
water at gently boiling temperature (about 95°C)
for 30 min; for fifth and sixth cycles, the sor-
bent was first washed with cold distilled water
and filtered and then was leached.

c. Drying Conditions: 400°C for 1 h in an air flow.

d. Sigved with 10-mesh screen to discard fines.

In the following discussions, the first cycle of sorption and regeneration
represents’ the fresh activated bauxite; the second cycle represents the
regenerated activated bauxite from the first cycle, and so on.
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Attrition of Activated Bauxite. During experimental handling and
water-leaching regeneration, some activated bauxite fines were produced due
to attrition of samples. The amount of attrition not only indicates the
rigidity of a sample but also, more importantly, allows estimation of the
sample loss during handling and water-leaching regeneration of the sample.
Since 50 g of activated bauxite is used for.each sorption test, the amount
of attrition represents the amount of fresh activated bauxite makeup. Table 2
shows the attrition, in percent, of activated bauxite for the complete ten
cycles of tests.

As shown in Table 2, the average attrition was 27%; therefore, except
in the first cycle, the amount of fresh activated bauxite added in each cycle
for making up the loss as fines was only 2%.of the total amount of regenerated
activated activated bauxite (50 g).

Table 2. Attrition of Activated Bauxite in Cyciic
NaCl-Sorption and Water-Leaching Regeneration

Cycle of :
_Sorption and Wt of AB in - Wt of Regen- Wt of AB Attrition,
Regeneration Test Bed,? g erated AB,P g Lost, g %
1 50.00 48.01 1.99 4.0
2 50.00 - 48.53 1.47 2.9
3 50.00 48.83 1.17 2.3
4 . 50.00 48.80 1.20 2.4
5 50.00 A 49.31 0.69 1.4
6 50.00 49.53 0.47 0.9
7 50,00 49.07 0.93 1.9
8 50.00 © 49,24 0.76 1.5
9 50.00 49,31 0.69 1.4
10 50.00 49.61 0.39 0.8
Avg 2.0

Wt of activated bauxite used in the bed for NaCl-sorption test.’

.bWt of =8 +10 mesh regenerated activated bauxite at the end of a cycle.

NaCl Vapor Sorption Performance. The sorbent was tested at.a GHSV
of simulated flue gas of 18,600 h~!; this GHSV gives a contact time of about
© 0.2 s between the flue gas and the sorbent bed. All sorption tests were
carried out for 3 h. ‘Tlable 3 shows the results from testing for NaCl vapor
capture both fresh activated bauxite and activated bauxite regenerated by
water-leaching. The results of experiment HGC-7]1 were obtained previously
from a separate test at the same . conditions as in the ten-cycle test.




Table 3.

Distributions of NaCl from Testing for NaCl Vapor Capture Fresh

Activated Bauxite and Activated Bauxite Regenerated by Water Leaching

Sorbent was tested at 800°C and atmospheric pessure in a simulated dry
gas of 2FBC at a linear velocity of 66 cm/s and a GHSV of 18600 h~l

(or a contact time of 0.2 s). Experiment duration was 5 h,

Experiment HGC-

71 L}l LR2 LR3 LR4 LR5 LR6 LR7 LR8  LR9 LRIO  Avg
Cycle of Sorpticn ,
and Regeneration 1 1 2 3 4 5 6 7 8 - 9 10
Avg NaCl Vapor Conc. . '
in Flue Gas, ppmv 37 43 40 38. 35 - 35 38 . 35 36 36 35 37
NaCl, mg
(1) NaCl Collected on
Cold Traps and
Glass-Wool Filter 3 2 2 3 3 7 5 2 2 2 3 3
(2) NaCl Captured A ~ .
' by Sorbeat?® 136b 15 147 138 - 128 123 136 130 132 132 127 135
(3) Total 139 153 149 141 131 130 141 132 134 134 130 . 138
(4) 7% NaCl Captured
by Sorbent - .
[(2)/(3) x 100] 97.8 98.8 98.7 97.9 97.7 94.6 96.5 98.5 97.7

98.5 98.5

97.8

3Except for experiment HGC-71, the difference between total NaCl vapor transported to the sorbent bed and item (1).

bObtained by chemical analysis of the sodium content of the sorbent.

11
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As shown in Table 3, the sorbent was tested in a simulated dry flue
gas of PFBC containing, on the average, 37 volumetric parts per million (ppmv)
NaCl vapor, and the sorbents, both fresh and regenerated, very effectively
captured about 98% of the NaCl vapor in the flue gas for the first four cycles
(row 4 in Table 3). The efficiency suddenly dropped to 94.6% in the fifth
cycle; however, the efficiencies in the rest of the cycles were back up at
about 98% again. The sudden drop in efficiency in the fifth cycle was probably
due to contamination of the cold traps on which the NaCl vapor that had passed
through the sorbent bed was condensed. On the average, the removal efficiency
was about 98% for all ten cycles. As noted above, the amount of make-up of
fresh activated bauxite added to the regenerated activated bauxite represented
only 2% by weight of the total amount of the sorbent (50 g). The removal effi-
ciencies observed for the regenerated activated bauxites were constantly very’
high, as for fresh activated bauxite, indicating that regenerated activated
bauxite is just -as effective as fresh activated bauxite.

From results of this series of tests it is concluded that activated
bauxite can be effectively regenerated by a simple water-leaching process and
that the NaCl vapor removal efficiency of regenerated activated bauxite is not
affected by the number of sorption-regeneration cycles.

Water Leachant. All water leachant from water-leaching regeneration
was collected for Na* and Cl~ analyses. These analyses were intended to
double-check the earlier finding that leachable NaCl is retained by activated
bauxite by an adsorption process. Tables 4 and 5 show, respectively, the
quantities of Na* and C1~ in the leachants of all ten cycles and the
total amount of leachable NaCl captured by activated bauxite for each of the
complete ten cycles.

Within the limits of analytical and experimental errors, the mole
ratio of Na* and C1™ for leachants from all ten cycles is unity on the
average (Table 4). These results confirm that the leachable NaCl had been
"adsorbed" by activated bauxite. As for the proportion of NaCl captured that
was leachable, Table 5 clearly shows that 54% of the NaCl vapor captured by
fresh activated bauxite was leachable. The 46% not leachable is believed to
have been tied up by clay impurities in activated bauxite. On the average,
about 82% of the total NaCl vapor captured by regenerated activated bauxite
was leachable. This information indicates that NaCl vapor is captured by
regenerated activated bauxite mainly by an adsorption process. An adsorptlon
process is a reversible process--that is, an adsorbent can repeatedly adsorb
after desorption of the adsorbate, therefore, regenerated activated bauxite
is as effective as fresh activated bauxite (as demonstrated previously).

Both diatomaceous earth and activated bauxite sorbents are being
developed for application to the pressurized fluidized-bed combustion of coal,
So far, the sorbents were tested only at atmospheric pressure. Theory indi-
cates that increasing the system pressure will increase the sorption effici-

. ciency of the sorbent.
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Table 4. Sodium and Chloride Ions in the Water
Leachants from Regeneration of NaCl-
Sorbed Activated Bauxite

NaCl-sorbed activated bauxite was leached
with distilled water at gently boiling
temperature (about 95°C) for 30 min.

Total Amount, mmol

Cycle of .
Regeneration . Na* ' Ccl~ Mole Ratio
1 1.48 1.39 1.06
2 1.95 - 1.79 o 1.09
3 2.00 1.86 "~ 1.08
4 “1.96 1.79 1.09
s e
S - SR
7 1.64. 1.70 0.96
8 | .1.79 ’ 1.93 0.93
9 , 1.77 1.82 -0.94
10 1.8 1.94 0.95 .
- ‘Avg  1.04 ‘

30btained by washing the sorbent with cold dis-
tilled water.

bobtained by leaching the. washed sorbent at
standard leaching conditions (Fig. 3).

Rat1o of the sum of sod1um ion to the sum of
chloride ion.

To study the effects of pressure and the effects.of the moisture
content of the flue gas on the sorption- pertormance of both sorbeuls, a
pressurized sorption test unit has been designed. This unit will allow sorp-
tion testing of candidate sorbents at up to l10-atm pressure. The engineering
drawings of. the unit have been completed, and are being reviewed. The items
needed for this unit for which delivery times are long have already been
ordered. The electrical, ‘water, and ventilation line services needed for the
setup of the unit also have been requested
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Table 5, Leachable NaCl in NaCl-Sorbed

Activated Bauxite as a Function
. of Sorption-Regeneration Cycle

Cycle of

Sorption and Total Sorbed Leachable’ ‘ NaCl
Regeneration NaCl,2 mg NaCl,P mg Leachable, 7%

1 161 87 54.0

"2 147 114 . 77.6

3 138 117 84.8

4 128 115 89.8

5 123 107 _ 87.0

6 136 111 81.6

7 130 96 71,8

8 132 . 105 . 79.5

9 132 : 103 . 78.0

10 127 108 .85.0

Cycles 2 to 10, Avg 81.9

2From Table 3, row 2.

bCalculated from total sodium in leachant (Table 4).

2. Particle Removal from Flue Gas

(W. M. Swift, F. G. Teats, A. R. Pumphrey, S. D. Smlth, and J. J. Stockbar)

In PFBC, the hot flue gas from the combustor must be expanded through a
gas turbine to recover energy and make the process economic. To prevent
erosion of the turbine blades by particles of limestone and fly ash entrained
in the flue gas, the particle mass loading must be reduced to acceptahly low
levels.

Although the air quality requirements for a gas turbine have yet to be
experimentally demonstrated, estimates have been made of what constitute
"acceptably low levels" of particle mass loading for a gas turbine. Westing-
house, for examgle, has suggested that loadings in the range of about 0.05 to
about 0.005 g/m” (depending on the particle size distribution) would be
'acceptable.l Since the particle mass loadlng in the flue gas leaving the
combustor is on the order of about 30 g/m the total particle-removal effi-
ciency required to meet the turbine alr—quallty requirements would be between
99.8 and 99 98%.

Existing devices readily adaptable to high-temperature, high-pressure
particle removal such as conventional cyclones are not very efficient in
removing particles with diameters smaller than about 10 ym. Thus, achieving

the very low loadings necessary for PFBC rcquires that highly efficient methods

be developed for removing from hlgh-temperature/hlgh-pressure flue gas those
particles having diameters between 2 and 10 ym.
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Flue gas cleaning methods being tested and evaluated in the off-gas system
of the ANL 15.2-cm-dia fluidized-bed combustor include granular-bed filtration
and high-efficiency cyclones. Work has been temporarily discontinued on the
development of a pulse-~jet acoustic dust conditioning system for improved
particle removal from a high-temperature/pressure gas stream. Progress in
the development of the pulse-jet system was summarized in a previous report
(ANL/CEN/FE-79-3). This report presents the results of testing a high-
efficiency cyclone. :

a. High-Efficiency Cyclone

A Donaldson Co. TAN-JET cyclone, claimed to have better dust-removal
efficiency than conventional cyclones, has been installed in the flue gas
system of the ANL 15.2-cm-dia pressurized combustor and is undergoing testing
and evaluation. The cyclone will also be useful in the testing of the ANL
granular-bed filter concept and possibly in the testing of the pulse-jet
acoustic dust conditioning concept.

Equipment. Figure 4, which illustrates the present arrangement of
the PDU combustion test system, is republished here. Fluidized-bed combustion
equipment and instrumentation of the PDU (process development unit) at Argonne
includes a 15.2-cm-dia, fluidized-bed combustor that can be operated at
pressures up to 1014 kPa, a compressor to provide fluidizing-combustion air,

a preheater for the fluidizing-combustion air, peripheral-sealed rotary valve
feeders for metering solids into an air stream fed into the combustor, two
cyclone separators and a filter (in series) for solids removal from the flue
gas, associated heating and cooling arrangements and controls, and temperature-
and pressure-sensing and display devices. As is evident in Fig. 4, the TAN-JET
cyclone is installed as the secondary cyclone in the PDU flue-gas system.

A schematic of the TAN-JET cyclone is shown in Fig. 5. The TAN-JET
employs a secondary flow of clean air to improve gas—solid separation in the
primary gas flow. The pressure drop across the secondary air inlet nozzle for
the unit being tested is designed to be about 100 kPa. In a commercial appli-
cation, a TAN-JET would require a booster compressor and air tubes in a PFBC
to provide the required flow of clean, high-temperature secondary air.

Experimental Results. .The preceding quarterly report presented the
results of experiments to measure the TAN-JET cyclone particle-removal effi-
ciency during (1) the fluidization of limestone in the combustor at ambient
conditions and (2) the combustion of coal in a fluidized-bed of limestone at
300 kPa and 850°C bed temperature (ANL/CEN/FE-79-3). This report presents
(1) an analysis of the previously reported data for the effect on cyclone
efficiency of pressure drop across the secondary air inlet nozzle, (2)
TAN-JET particle removal efficiency in experiments with coal combusted in a
fluidiced bed of dolomite at 810 kPa and 870°C bed temperature, and (3) the
results of an attempted determination of the TAN-JET size selectivity.

Figures 6, 7, and 8 illustrate, for secondary air nozzle pressure
drop values of 70 kPa, 105 kPa, and 140 kPa, respectively, the effect of
particle loading in the flue gas entering the TAN-JET cyclone on the penetra-
tion and the particle loading of the flue gas leaving the cyclone. The data
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TAN-JET Tube Diagram
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points are previously reported values obtained during fluidization of lime-
stone in the combustor at ambient conditions and during the combustion of
coal in a fluidized bed of limestone at 300 kPa and 850°C bed temperature .
(ANL/CEN/FE-79-3). Each set of data was correlated using a power curve least
squares fit of the form:

Lo = aLib
where
L; is the inlet particle loading in g/m3
L, is the outlet particle léading in g/m3

a, b are constants



Lo, PARTICLE LOADING IN FLUE GAS
LEAVING TAN-JET CYCLONE, g/m3

50
5o 40
z
5 30
o
w 20
= /
o
a’ |0

030

025

0.20

0.15

0.10

005

0
IFig, 6.

18

o

L 1 1 ! 1 ! [ !

T I | 1 I i 1 |
Curve isa power curve least squares
~ fit of experimental data

Ly 013L,046, 12079
- / -1
- ’ -
o
/ ° '
i DATA CONDITIONS .
AN Limestone Fluidization, Ambient
Conditions
- 4 Coal Combustion, 300 kPa .
0 05 10 5 20 25 30 35 40
- Li, PARTICLE LOADING IN FLUE GAS
ENTERING TAN-JET CYCLONE, g/m3
Penetration and Particle Loading in Flue Gas Leaving

TAN-JET Cyclone as a Function of Particle Loading
Entering TAN-JET Cyclone for Secondary Air Nozzle.

AP Y 70 kPa. See text for definitions of symbols.

4.5



Lo, PARTICLE LOADING IN FLUE GAS -

P, PENETRATION, %

LEAVING TAN-JET CYCLONE, g/m3

50

19

40 -
30} J
20 r

10 ¢

0 : } F—rt f +— 1

. Curve isapower curve least squares . -
030 fit of experimental data: .
Ly 012L 024:12=090

025}
020
OISt 1
olo b DATA- CONDITIONS _
| " o Limestone Fluidization ‘Ambient
Conditions
005 ® Coal Combustion, 300kPa

O 1 ' L L 1 - 1 Ao e A -

{ 05 10 15 20 25 30 35 40 45
' L,, PARTICLE LOADING IN- FLUE GAS
- ENTERING TAN-JET CYCLONE, q/m
7. ‘Penetration and Partlcle Loadlng in Flue Gas Leaving

Fig.

TAN~JET Cyclone as a Function of Particle Loading
Entering TAN-JET Cyclone for Secondary Air Nozzle.

- ».4&P ¥ 105 kPa. See text for definitions of symbols.



40 |

50
=
S 30
o
[0 -4 .
m 20
=
a.
a” |0
0
Lo
<% 030
w S
> -
= w025
=z 9
QO
2 35 020
S5
3 37015
u_,Z
- =
1=
E—:g 0.10
< ->» c
QA <
81 005
0

Fig. 8.

20

L;, PARTICLE LOADING IN FLUE GAS
ENTERING TAN-JET CYCLONE, g/m3

Penetration and Particle Loading in Flue Gas Leaving
TAN-JET Cyclone as a Function of Particle Loading
Entering TAN-JET Cyclone for Secondary Air Nozzle.
AP ¥ 140 kPa. See text for definitions of symbols.

L, -
P=—x|00 %
L; o
= 11L70.69
I i | g
i T
1 | | l 1 [l i ]
| T T T I | 1 |
Curve is a power curve least squares
fit -of experimental data. |
Lg 003 ;122084 |
L 4
" _ -
= .
" DATA CONDITIONS -.
o Limestone Fluidization; Ambient
I : Conditions '
@  Coal Combustion, 300 kPa
0 05 10 15 20 25 30 35 40 45



21

Since penetration, P, is simply equal to (Ly,/L;) x 100%, the equation for
the penetration correlation curve is:

The correlation equations and the respective coefficients of determination,
r2, for each correlation are also given in Figs. 6-8.

Figure 9 compares the three independently calculated correlation
curves for the three experimental levels of secondary air nozzle pressure
drop. The curves for nozzle pressure drops, of 105 and 140 kPa are very
similar, indicating that nozzle pressure drop has no effect above the de51gned
operating- level of 105 kPa. At the lowest nozzle pressure drop tested (70 kPa),
" however, the level of particle penetration and the resulting mass loading in
. the flue gas leaving the TAN-JET were 31gn1f1cant1y greater than at the higher
nozzle pressure drop levels.

Loadings in the flue gas leaving the TAN-JET during operation at a
nozzle pressure drop of 105 kPa or 140 kPa and with an inlet loading of 2.5
to 3.5 g/m3 (typlcal loadings for experiments with combustion) were on the
order of 0.15 g/m Cyclone efficiency (100% minus percent penetration)
under these conditions was about 95%. Overall efficiency of the primary and
TAN-JET cyclones in series was about 99.5%.

A number of experiments have also been performed to evaluate the
performance of the TAN-JET cyclone during the combustion of coal in a
fluidized bed of dolomite at 810 kPa and 870°C bed temperature. Following
the completion of several experiments at a combustor pressure-of 810 kPa
and a nozzle pressure drop of 70 kPa in which the solids loadings in the
flue gas leaving the TAN-JET cyclone were measured to be unusually high
(0.20 to 0.39 g/m3) for the inlet loading conditions, the cyclone was
removed from the pressure vessel and disassembled for examination. At this
time, two separate problem areas that potentlally affect cyclone performance
were discovered.

The first problem concerned plugging of the discharge line between
the TAN-JET cyclone and the ash collection hopper. The opening of the dis-—
charge line, normally 10 cm in diameter, had been reduced to an about 1l.5-cm
diameter by accumulation of dust on the wall of the discharge line. Plugging
has tentatively been attributed to condensation of moisture during startup,
when the metal surface temperatures are below the dew-point temperature of
the FBC flue gas. The discharge line of the TAN-JET was wrapped with heating
mantles in an attempt to alleviate this problem.

The second area of concern was the discovery of a large quantity
of fly ash in the annular space between the TAN-JET cyclone tube and the
surrounding pressure shell. The system, designed as a balanced pressure
unit, allows the pressure to equilibrate across the cyclone wall as the FBC
system pressure is changed. It was evident, however, that dust accumulation
in the annular space had resulted from gas leaks in the pressure shell and
continuous bleeding of gas from the cyclone into the annular volume. Upon
reassembly of the pressure shell, a significant gas leak at the flanged
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opening to the unit was confirmed. With the use of new gasketing materials
and sealing compounds, the leaks in the pressure shell were reduced consid-
erably.’

Following the above modifications, additional experiments were
performed to measure TAN-JET particle-removal efficiencies at 810 kPa with
coal combustion. The data from these additional tests are given in Fig. 9
where they may be compared with the correlated results of the experiments at
ambient and 300-kPa pressure. It is quite evident from the comparison that
the performance of the TAN-JET cyclone at high pressure was quite erratic and
was inconsistent with the previous results obtained at lower pressure. For
example, of the five data points for experiments at 810-kPa system pressure
and 70-kPa secondary air nozzle pressure drop, only two are in reasonably
good agreement with the correlation for the corresponding low-pressure experi-
ments (broken line in Fig. 9). The other three data points indicate consid-
erably poorer performance (greater penetration and higher loadings leaving
the cyclone) than does the correlation curve. Although somewhat poorer per-
formance would be expected from theoretical considerations, both the degree
of performance variation and the inconsistency of the results indicate that
other factors are responsible. It is suspected that plugging of the ash
discharge line between the TAN-JET and the ash receiver hopper continues to
be a problem. A new ash receiver is being fabricated to permit the discharge
line to be modified in an attempt to improve the consistency of the cyclone
performance measurements.

In a first attempt to determine the size selectivity of the TAN-JET
(cyclone efficiency as a function of particle size), samples of fly ash
recovered from the TAN-JET ash receiver and from a sintered metal filter down-
stream from the cyclone were analyzed for size distribution by Coulter counter
measurement. Representative samples were sent to two independent laboratories
("A" and "B") for comparative analyses. When results were obtained from the
laboratories, very large discrepancies were found between the reported distri-
butions for the two samples (about one order of magnitude). This is illus-
trated in Fig. 10, which compares (1) the Coulter counter analyses from the
two laboratories for fly ash recovered from a sintered metal filter downstream
from the TAN-JET cyclone with (2) our cascade impactor analysis of flue gas
particle size distribution at.-a point between the TAN-JET cyclone and the
filcer. :

The slope of the Coulter counter distribution from laboratory "B"
is similar.to that for the flue gas particle size distribution determined by
cascade impactor analysis. However, the mass mean particle diameter for the
Coulter counter analysis is an order of magnitude greater--about 25 um as
compared with about 3 ¥m. This could indicate that the fly ash sample was not
satisfactorily dispersed in the electrolyte for the Coulter counter analysis.

By comparison, the mass mean diameter (about 1 um) of the Coulter
counter distribution from Laboratory "A" is much closer to that of the impactor
distribution. 1In this comparison, however, the slopes of the distributions
are quite dissimilar. It is noted that laboratory "A" reported the distribu-
.tion to particles as small as about 0.6 Mm. Distributions below about 1 um
are difficult to determine with a Coulter counter and are subject to sizable
error. :
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. As a matter ‘of interest, the two sets of Coulter counter data were
used to generate size selectivity curves for the TAN-JET cyclone., To develop
composite distributions (not shown) for the fly ash entering the cyclone, the
size distributions of material from the sintered filter (Fig. 10) were com-
bined with their respective distributions (not shown) for fly ash recovered
from the TAN-JET ash receiver. The two independent sets of data were then
used to develop size selectivity curves for the TAN-JET cyclone which illus-
trate the cyclone particle-removal efficiency of the cyclone as a function of
particle diameter. The results are given in Fig. 11 along with the theoretical
cyclone efficiency curve supplied by Donaldson Co., developer of the TAN-JET.

Two important parameters which help to characterize cyclone perfor-
mance and which can be obtained from the curves in Fig. 11, are cut size,
(dp)sg, and the sharpness index, (dp)s5/(dp)ys, where (dp), corresponds
to the particle size having a size selectivity of n percent.

_ Table 6 lists the values fof cut size and sharpness index from the
three curves in Fig. 11. For high-efficiency cyclones, a low cut size and a
high sharpness index are desirable characteristics. '

It is impossible, of course, to make any conclusions regarding the
performance of the cyclone based on the numbers 'in Table 6 because of the vast
descrepancy in the measured parameters. Efforts are continuing, however, to
obtain more reliable estimates of cyclone performance. “
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Table 6. TAN-JET Performance Parameters

Size Selectivity Cut Size, Sharpness
Data Basis um , Index

Coulter Counter, '
Lab "A" 0.9 0.53

Theoretical . 2.1 0.56

Coulter Counter, ’
Lab "B" - 5.9 0.33
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TASK B. TRACE POLLUTANTS

1. Assessment of Part1cu1ate Emissions from Atmospheric Fluidized-Bed
Combustors
(E. B. Smyk)

Atmospheric fluidized-bed combustion (AFBC) is a technology by which coal
can be burned to generate electric power and/or steam while meeting EPA SO
and NO, emission regulations with no add-on equipment. However, AFBC must
also meet particulate emission regulations. In order to design adequate con-
trol devices, these emissions must be analyzed and characterized.

a. Dust Loading

In general, the dust loading trom AFBC has been found to be higher
than that from conventional pulverized-coal (PC) firing. However, the dust
loading from an AFBC is quite variable and can vary over a much greater range
than PC emissions. The following operating parameters have been found to
affect the dust loading from an AFBC: temperature, superficial gas velocity,
presence and arrangement of cooling tubes in the bed, calcium to sulfur (Ca/S)
mole ratio between the sorbent and the coal, coal size, sulfur content and ash
content, sorbent type and particle size, and combustion efficiency. Most of
these variables are interrelated and each is discussed below.

Temperature. Although temperature has little direct effect on dust
loading, it may affect both the Ca/S ratio selected and the combustion effi-
ciency. Optimum SO7 retention occurs approximately midway in the possible
operating temperature range of AFBC (1000-1250 K). Therefore, employing high"
or low temperatures would necessitate higher Ca/S ratios to meet SOy emission
regulations. As is discussed below, Ca/S ratio may have an effect on dust
loading.

Higher temperatures generally lead to more efficient combustion.
Since a large portion of the unburned carbon elutriates from the bed, tempera-
ture has an indirect -effect on dust loading.

Superficial Gas Velocity. Superficial gas velocity is probably the
single most important parameter in determining -dust loading. High velocities
tend to increase dust loading for three reasons: (1) small particles are-
elutriated when gas velocity rises above the terminal velocity of these parti-
cles, (2) increased gas velocity results in more agitated conditions in the
bed, with attrition increasing as 'a result of more violent contact between
particles, and (3) increased gas velocity usually results in decreased combus-
tion etficiency. 'The unburned carbon particles, usually quite small, tend to
elutriate and to show up as particulate emissions.

Presence of Cooling Tubes. The presence of cooling tubes in a bed
tends to decrease bed turbulence, to postpone the onset of "slugging," and
generally to decrease particulate emissions.
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Ca/S Ratio. Ca/S ratio has two effects on particulate emissions.
First, at a higher Ca/S ratio, more sorbent is cycled through the bed. At a
lower Ca/S ratio, although the amount of sorbent present at any one time does
not change, there is less attrition since the attrition rate of sorbent
decreases with time. Therefore, at a higher Ca/S ratio, the rate of attrition
(and thus particulate emissions) is higher. Second, at a higher Ca/S ratio,
there is more unreacted stone in the system. Since sulfation tends to harden
the stone and make it less prone to attrition, there is greater particulate
emission at a higher Ca/S ratio.

Coal Properties. The coal properties relevant to assessing parti-
culate emissions are particle size, ash content, and sulfur content. The
smaller the original coal particles, the smaller the resulting unburned carbon
and ash particles and the more likely they are to elutriate. Also, when coals
with higher sulfur contents are burned, more sorbent must be fed and this tends
to increase partculate emissions.

Sorbent Properties. Sorbent reactivity, hardness, and size are
important to assessing potential particulate emissions. The more reactive a
sorbent, the less needs to be fed to meet S0, emission regulations. A more
reactive stone also is sulfated to a greater degree, which hardens the stone
and makes it more attrition-resistant. Both of these factors decrease parti-
culate emissions. The use of a stonme which is fundamentally harder and thus
more attrition-resistant should also result in lower particulate emissions.
However, the attrition resistance of a stone is not only a function of its
hardness. Some otherwise hard stones decrepitate rather severely when fed. to
an AFBC; the reasons for this are not fully known. If a sorbent with a high
fines contact is fed to a combustor, much of the material will elutriate,
increasing the particulate emissions.

Combustion Efficiency. Combustion efficiency affects particulate
emissions in two ways. First, most of the unburned coal consists of small
carbon particles which are elutriated. Second, since the sulfur contained in
the coal burns preferentially, most of the sulfur in the coal is released as
S07, even if some of the carbon remains unburned. Thus, for a given heat
output, sulfur emissions are increased at lower combustion efficiencies and
more sorbent must be fed to the combustor to limit these. Low combustion
efficiency may also increase particulate emissions for reasons related to
coal sulfur content and Ca/S ratio.

b. Particle Size Distribution

. The particle size distribution of particulate emission from an AFBC
has not been extensively measured, but the general feeling is that the parti-
cles from AFBC are somewhat coarser than those from PC firing. That is, the
effluent from AFBC has greater amounts of coarse particles and fewer fine
particles than the PC effluent. Methods of predicting particle size distribu-
tions from operating parameters are presently unavailable, and work needs to
be done in this area. ‘ 4 ‘
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c. Composition of Particulate Emissions

The particulates emitted from AFBC comprise three categories:
unburned carbon, coal ash, and partially sulfated sorbent. In general, most
of the unburned carbon and ash are elutriated from a bed. The quantity of
partially sulfated sorbent elutriated from a bed depends on all of the para-
meters discussed in the previous section.

Because of the low combustion temperature used in AFBC, the unburned
carbon fraction may also contain condensed polycyclic aromatic hydrocarbons
(PAH), as well as other hydrocarbon derivatives, although the hydrocarbon
derivatives are more likely to be present in the vapor fraction. These com-
pounds are of interest because some of them are carcinogenic and may be pre-
sent in AFBC effluent in greater concentrations than in PC effluent.

The cecal ash portion of AFBGC effluent is chemically similar to that
of PC effluent, i.e., it is a mixture of metal oxides, most notably those of
calcium, magnesium, sodium, potassium, aluminum, silicon, and iron. However,
PC ash but not AFBC ash has generally been sintered (melted and recondensed).
- The AFBC ash thus tends to be softer, more porous, and less "glassy." Different
ashes contain differing amounts of "trace" elements such as mercury, arsenic,
lead, cadmium, boron, bismuth, fluorine, selenium, vanadium, antimony, etc.
These elements have toxic properties, and care should be taken to minimize
their contamination of the environment. Work to date seems to indicate that
the emission of trace elements is lower in AFBC than in PC. In addition, the
tendency of trace elements to preferentially deposit on the finer particles
seems to be more prevalent in PC than in AFBC.

Elutriated partially sulfated sorbent contains magnesium and calcium
oxides and carbonates and calcium sulfate, as well as the impurities contained
_in the original sorbent. The compositions of these impurities and of coal
ash are in general similar. Elutriated sorbent is generally sulfated to a
greater extent than is the sorbent that remains in the bed.

d. Methods of Meeting Particulate Emission Regulations in AFBC

Before a system can be designed to control particulate emissions
from AFBC, the resistivity of particles in the stream must be known. Also
dust loading and particle size distribution have already been discussed and
are very important.

If an electrostatic precipitator (ESP) installation is being con-
sidered, the resistivity of the particles must be considered. ESPs function
vplimally if pareticle resistivity is in a range between 107 and 1010 g-cm.
The resistivity of the partially sulfated sorbent is on the order of 1012 @-cm,
The resistivity of coal ash is also too high for proper collection since very
little if any SO is present in AFBC flue gas. There is disagreement as to
how unburned carbon particles would affect the collection efficiency of an
ESP. Carbon is a good conductor; however, the reported measurement (resisti-
vity of 3.5 x 1073 g-cm) was probably made with a crystalline graphite
block rather than the small amorphous carbon particles present in flue gas.
Therefore, how unburned carbon particles are really collected in an ESP is
open to question. '
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It has also been proposed that materials with low and high resisti-
vities be mixed to produce a material which can be collected in an ESP. This
seems doubtful since precipitation is essentially a single-particle phenomena
and the resistivities of separate particles cannot be averaged to obtain a
"characterization resistivity" of the entire system.

It has usually been agreed that one or preferably two stages of con-
ventional cyclones should precede the final particulate-control device. A
cold (425 K) ESP would almost certainly be ineffective and even a hot (600 to
700 K) ESP might not work because of the high particle resistivities. Flue
gas conditioning (adding trace amounts of SO3 to the flue gas) to decrease the
resistivity of the particles has not been studied in relatlon to AFBC. This
technique might make use of ESPs possible.

As an alternative, bag houses may be used as particulate control
devices. This is a promising new technique and has only recently been applied
to utility-scale applications. However, no AFBC unit with a bag house has
been tested.

e. Conclusions

In general (in comparison with PC firing), AFBC produces a consider-
ably greater - dust loading of coarser particles having higher resistivity.
These characteristics can very widely with the specific operating parameters
of the AFBC unit. AFBC particulate emissions have been analyzed and charac-
terized to some degree, mostly on small units, but much work must be done on
large (at least pilot-scale) units before a particulate control system can be
designed with confidence.
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TACK C. LIMESTONE UTILIZATION | .

1. Enhancement of Limestone Sulfation
(J. A. Shearer, C. B. Turner, and W. I. Wilson)

The addition of inorganic additives to limestones in fluidized-bed coal
combustion to enhance SOj removal from the off-gases is being evaluated.
Most of the work has dealt with the effects of sodium chloride addition on
enhancement of the sulfation of limestones and dolomites. Calcium chloride
has also been investigated with promising results, as have other inorganic
salts. '

a. Effect of CaClg on Particle Structure of Limestone

As part of this study, séanning electron microphotographs were taken
for visual confirmation of structural changes indicated by previous poro-
simetry measurements. Figure 12 shows calcite spar which has been calcined
after a very small addition of CaCly. The intent here was to isolate
individual particles of the salt and to note the effects on the limestone af
the site of salt deposition. This figure shows one such site that illustrates
the intense recrystallization occurring during calcination when CaCljp is
present. The salt's effectiveness decreases from the point of contact and
appears to follow structural lines of the original rhombic calcite particle. o
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. 12(b). '

Figure 13 is a series of photographs of ANL-9701 stone calcined
with various amounts of CaCly and illustrating the same structural changes
as in calcite, but modified by the impurities and the less.crystalline nature
of this limestone. At the highest concentrations of salt (1.0 mol % CaClj),
crystal growth begins to be evident, as well as initial fusion of particles.
This fusion is a result of there being sufficient CaCly liquid 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 extend indefinitely since dis-
solution of Ca0 and loss of structural integrity make the Ca0 readily avail-
able for sulfation. :

b. Effect of NaCl on Particle Structure of Limestone

In the case of NaCl, substantial solution of Ca0 does mot occur upon
the addition of large amounts of salt to a structure that is still space
restrictive to CaSO4 formation beyond about 50% conversion.

-~

Figure 14 is a series of photographs showing the effect of sodium
chloride on a previously sulfated sample of ANL-9501 stone (Grove limestone).
Figures 14-1I and l4-Ia show a sample of untreated ANL-9501 stone completely
sulfated at 850°C with 0.3% SO2; a dense layer of CaSO; formed at the
particle surface, as indicated by the sulfur scan in Fig. 14-Ia. Figure 14-II
shows this sam€ sample after treatment with a small amount of powdered NaCl
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and reheating. The structure definitely altered and pores are much larger.
Figure l4-IIa shows the deep penetration of sulfur into the stone. The
enhanced mobility of the system contributed by the low-melting salt caused
the CaSO4 to migrate to the particle interior and to undergo massive recry-
stallization as shown in the closeup (Fig. 14-III). This phenomenon explains
the effects of NaCl in renewing the sulfur-removing capabilities of spent bed
material as reported by Pope, Evans, and Robbins.2 The dense diffusion-
limiting layer of CaSO4 is no longer intact in the treated material and,

with major growth in pore size, there is a more favorable pore distribution
for further sulfur capture.

c. Effect of Calcium Chloride 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
sul fur-capturing species. Since some dolomites are very unreactive, addition
of inorganic salts to these systems to increase their reactivity may be of
interest. Most dolomites react readily with SOp--apparently because at the
conditions 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 S0j.

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. Porosimetry measurements on similarly prepared calcines
are also currently under way. Table 7 lists percent conversions for several
stones treated with 0, 0.1, 0.5, 1.0, 3.0, and 5.0 mol % CaCly (treated by
adding and evaporating an aqueous slurry). The percent conversions were
arrived at from final weight-change measurements and are subject to correction
when analyses for sulfate are complete. The data show that salt addition
tends to enhance sulfation--both at low concentrations (0.1 to 0.5 mol %) and
at higher concentrations (23.0 mol %). Conversions are lower at the
intermediate salt addition. The lowering of conversion at an intermediate
salt addition has been ascribed to the initial increase in porosity (by
increased ionic mobility) becoming offset by a concomitant decrease in sur-—
face area. The second gradual increase in conversion is due to dissolution
of Ca0 in the large amount of liquid salt present, creating an especially
reactive situation for sulfation which is not suppressed by structural
restrictions.

Figures 15-17 show scanning electron microphotographs of dolomites
treated with several concentrations of CaCly. They illustrate that with
very high concentrations of salt (as in Fig. 17 with 5 mol % CaCly) there is
a dramatic increase in average pore size and fused structures develop. Even
a trace of CaClgp (0.1 mol %) causes noticeable pore enlargement, increasing
the sulfation capacity of the stones. Dolomite ANL-5601 is an especially
unreactive stone of microporous original state which responds to salt treat-
ment with dramatic pore enlargement and consequent enhanced sulfation. This
type of highly crystalline stonme, which produces a calcine having very small
pores, is the sort of dolomite that is benefitted most by salt addition, which
affects the pore size of the calcined stone. Very reactive stoncs do not show
as greal a percent increase in reactivity although the enhancement of rate
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Table 7. Conversion of Ca0 to CaSO4 for Dolomites
Treated with Calcium Chloride

Percent Conversion, Ca0 to CaS042

0.1 Q.5 1.0 340 5.0

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

Stone Untreated CaClg CaClyp CaClg CaClyp CaCly

Designation Stone Added Added Added Added Added
ANL-4801 2957 >100.00 99.4 80.8 72.3 89.7
ANL-4902 92.0 >100.00 94.0 70.9 69.7 7.1
ANL-49013 17.:9 83.9 82.2 76.9 77.8 97.8
ANL-5101P 88.6 99.3 96.8 88.6 85.8 90.7
ANL-5102 76.7 79.8 =<7 673 81.7 93,6
ANL-5201 76.0 80.7 76.6 58.7 5551 88.7
ANL-5207 46.3 48.8 357 49.6 59559 64.5
ANL-5501 31.0 3329 38.7 37l 43.9 54.5
ANL-5601 18,1 23.8 54.6 46.8 56.1 570

#A11 stones calcined for 1 h at 850°C in 5% 09, 20% CO9, and the balance Np,
and sulfated in 0.3% SO, 5% 09, 20% CO, and the balance Ng for 6 h at
850°cC.

bTymochtee dolomite,

of reaction achievable by salt addition way be important in a commercial-scale
combustor system. For dolomites, enhancement by CaCly with very high salt
additions can lead to almost complete sulfation of the Ca0 component.

A plot of conversion versus average pore diameter is being prepared
for dolomites (both CaCly-treated stones and NaCl-treated stones). Also,
SEMs being taken of all dolomite calcines studied will be added to a file on
limestone and dolomite characterization.
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5101 + 2.0 mol % CaCly 5101 + 5.0 mol % CaCly
Calcined Ih 850°C

638X 638X 638X

5101 + 0.1 mol % CaCly
Calcined 1h 850°C Calcined 1h 850°C

Fig. 15. Cross Sections of Untreated ANL-5101
Dolomite Particles and Particles Trcated
with CaCly at 850°C. ANL Neg. No.
308-78-684



38

5401 Calcined 5401 + 0.1 mol % CaCly
Ih 850°C Calcined |h 850°C
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5401 + 0.5 mol % CaClp 5401 + 3 mol % CaClp 5401 + 5 mol % CaCly
Calcined Ih 850°C Calcined Ih 850°C Calcined Ih 850°C
1276X 1276X 1276X

Fig. 16. Cross Sections of Untreated ANL-5401
Dolomite Particles and Particles Treated
with CaCly at 850°C. ANL Neg. No.
308-78-685
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5601 Calcined 5601 + 0.1 mol % CaCly
Ih 850°C Calcined Ih 850°C
638X 638X

5601 + 0.5 mol % CaClp 5601 + 1.0 mol % CaClp 5601 + 5.0 mol % CaCly
Calcined |h 850°C Calcined Ih 850°C Calcined Ih 850°C
638X 638X 038X

Fig. 17. Cross Sections of Untreated ANL-5601
Dolomite Particles and Particles Treated
with CaCly at 850°C. ANL Neg. No.
308-78-683



40

d. Effect of NajCO3 on Sulfation of Limestones

In addition to sodium chloride and calcium chloride, other salts
were investigated for possible positive effects on sulfation of limestone.
It had been found in materials corrosion studies that the major attack by
NaCl and CaCly was through the chloride ion (ANL/CEN/FE-78-10). Sodium
carbonate had shown promising effects in some early screening experiments.
Since NagCO3 contains no chloride, it is hoped that this salt would

cause considerably less corrosion of materials in a fluidized-bed coal
combustor.

Figure 18 presents a bar graph summarizing the data for three
limestones treated with various amounts of Nag9CO3. Also included are data
for ANL-8001 stonc treated with NapCO3 and then simultaneously calcined and
snl fated: in contrast, the rest of the sulfation is for precalcined material,
as is mosL of the data presented tor other salts. The data show marked pasi-
tive effects due to small additions of NajyCO3 on all three stones. The
effects occurred most readily in ANL-8001 stone, which has the highest impurity
content and the smallest inilial grain size. However, nnder simultaneous
calcination/sulfation conditions, the same stone requires a much larger amount
of salt to obtain the same conversion.
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Large-scale use of NaCl, CaCly, and NapCO3 in a fluidized-bed
coal combustor are presently under way in conjunction with corrosion testing
of materials. The effects of large amounts of coal ash are unknown since in
the laboratory-scale experiments, simulated flue gas, not flue gas from coal
combustion, has been used.

e. Effect of Temperature on Simulation Enhancement and Sulfation Rate

In conjunction with the salt additive work in horizontal tube fur-
naces, a series of TGA runs were made to investigate the effects of tempera-
ture 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 CaClp-treated ANL-9501 stones, respectively. Also
shown in each case are conversions for untreated limestone at each temperature.
These 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), the
salt-treated samples show much greater sulfation compared to the untreated
stones due to the increased dissolution of CaO.

100
90+ Y 1% NaCl
80+ @ UNTREATED

0T
601
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Fig. 19. Sulfation of ANL-9501 Limestone as a Function of
Temperature. Precalcined stones treated with 1%
NaCl (5 h)
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Fig. 20. Sulfation of ANL-9501 Limestone as a Function of

Temperature. Precalcined stones treated with
0.1% caCly (5 h)

A series of TGA measurements is under way to obtain conversion values
under simultaneous calcination/sulfation conditions at various temperatures
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 reacti-
vity at 750°C for both treated and untreated samples. At higher temperatures
(21000°C), the salt effect is enhanced--presumably by the enhanced mobil-
ity of the phases when salt is present. The untreated stone, however, con-

tinues to have a low reactivity at higher temperatures due to loss of surface
area from solid-solid sintering.

Figures 21, 22, and 23 show the reaction curves for the previous bar
graphs for untreated, NaCl-treated, and CaCly-treated samples, respectively.
Tn all three cases, there is a very high rate of reaction initially with a
rapid leveling-off at the lowest temperatures. As the temperature increases,
the rate of initial reaction decreases (surface area decreases), but reaction
continues longer (increased pore size). At still higher temperatures when
salts are present (both NaCl and CaCly), the reaction rate again increases
and remains significant for a longer time due to the presence of large amounts
of liquid. The untreated stone, however, remains at an initial high rate of
reactivity that rapidly falls off with no further reaction, suggesting that
only the immediately available surface is reacting. A more detailed dis-
cussion of these data will be made when comparisons can be made with results
obtained under simultaneous reaction conditionms.



43

1001

(Lo}
o
N

807

1

CONVERSION OF Ca0 TO CaSOg4, %

Reaction

0

Temperature
750°C
800°C
850°C
900°C
—— 950°C
—e— 1000°C

——y———

———

——

|

— D Wb D
OO(lDOOOOO
1 1t i } }

a a a—
. a—8 a a a 4 ' 8
. b
gﬁg—/ﬁ"—'ﬁ § g
$o
1 | l | |
] 1 ¥ T L
0 I 2 3 4 5
' TIME, h
Fig. 21. Sulfation of ANL-9501 Limestone as a Function of Temperature
in Precalcined Stones; Sulfation 0.3% 805, 5% 02, 20% CO3, and
the Balance Njp
1004 Reaction Temperature
90 —— 750°C —— 900°C
2 ggl — 800°C —w— 950°C
- -+
g —o— 850°C —e— 1000°C
S 70+ —— 1050°C -0 ——o—
© _a——— % o —O—
e 801 e e
,,,—ﬂ‘__‘“;": —
o 50+ 0 ‘ —”_v_,——v
S . ‘ /v
L 40'1“ / v/v : .
- © o o — g——o——ag——o——— 9770
= 30 D/D/u o_____o.——-——o °
=] / [ ° 0 —O0—
L 20- 0—0""
s
= 10
o
0 : | } % %
I 2 3 4 5
TIME ,h

Sulfation of 1359 Limestone as a Function of Temperature
in Precalcined Stones Treated with 1% NaCl; Sulfation 0.3%
S02, 5% 02, 20% CO2, and the Balance N



44

100+ Reaction Temperature
2 0T 4 750°C —— 900°C
S 80+ —— B00°C —— 950°C
S .nl  —o— 850°C —e— 1000°C
el —— 1050°C
= 60+
E% 50 a—0 a—a "_—__:__—_:_-——g____E::::E::
% 40-+a”” gy g ——a—a—8~
= u/ /8/ /o %
g 30— ’ O/ — e g T —
Z‘j 20/ g / g T
Z 10
o 1 ] 1 1 1
0 ! T
0 | 2 3 4 5
TIME,h
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S0, 5% 07, 20% CO2, and the Balance N3

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

The occurence of transient reducing conditions in the laboratory
combustor as a possible source of sulfation enhancement will also be inves~
tigated. Duplication of combustor variables in a small quartz fluidized bed
will be attempted in an effort to more clearly define conditions in a fluid-
ized-bed coal combustor.
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