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ABSTRACT

These studies support the development studies for atmospheric
and pressurized fluidized-bed coal combustion. Laboratory and
bench-scale studies aimed at providing needed information on
combustion optimization, regeneration process development, solid
waste disposal, synthetic SOj;-sorbent studies, emission control,
and other tasks are included. Characterization of a variety of
limestones and dolomites from various parts of the country for
suitability in fluidized-bed combustors is also included. Reduc-
tion in solid waste volumes to reduce the environmental impact of
the waste sulfated limestone is one of the major goals of this
program. These studies are designed to supply data essential for
the application of fluidized-bed combustion units to public utility
and industrial systems.

This report presents information on: 10-cycle combustion-
regeneration PDU experiments using Greer limestone and Tymochtee
dolomite, bed defluidization, flowsheet development, preparation
of synthetic SOjp-sorbents containing metal oxides, limestone charac-
terization, coal combustion reactions, the enhancement of the
sulfation of limestone by NaCl, evaluation of on-line particle size
analyzers, and status of the flue-gas cleaning studies.

SUMMARY

Task A. Regeneration Process Development

The feasibility of a sorbent regeneration process will depend on (1)
the ability to regenerate the stones and to generate an SOp-rich off-gas
which can be treated in a sulfur recovery process, (2) the reactivity of
the regenerated sorbent during subsequent sulfation (coal combustion) cycles,
and (3) the availability of a sorbent that will not decrepitate beyond
acceptable levels.

In the sorbent regeneration process being investigated, CaSOy is
reductively decomposed in a fluidized bed at ~1100°C. The heat and the
reductants required are produced by incomplete combustion of coal in a



to

fluidized bed of sulfated stone. A solid-gas reaction by which regeneration
occurs is:

CaSO, + CO »+ Ca0 + CO, + SO, (1)

The ability of the reductive decomposition process to fulfill the above require-
ments of a sorbent regeneration process for FBC boilers is being investigated.

PDU* Regeneration Rate Experiments with Tymochtee Dolomite. A series
of regeneration experiments using once-sulfated Tymochtee dolomite and
Triangle coal has now been completed, and the effects of regeneration temper-
ature, solids residence time, and regeneration pressure on (1) the regeneration
of Ca0 and (2) the SO, concentration in the dry off-gas have been evaluated.
These data are being used in a model for the one-step regeneration process
to find process conditions that are optimum from technical and economic points
of view.

In experiments made at bed temperatures of 1000, 1050, and 1100°C, in
which the solids residence time was varied from 35 min to 7 min, the extent
of Ca0 regeneration decreased with decreasing solids residence time at all
temperatures. Nevertheless, at 1100°C the extent of regeneration remained
quite high (v75%), even at the lowest investigated solids residence time.

At 1000°C, the SO, concentration in the dry off-gas was relatively
unaffected (remaining at ~2%) as the solids residence time was decreased from
37 min to 11 min. At 1050°C, the concentration of SO, in the dry off-gas
increased from 3.0% to 4.8% when the solids residence time was decreased
from 34 min to 12 min. At 1100°C, the SO, concentration increased to a
greater extent than at 1050°C as the solids residence time was decreased.

It was predicted that the SO, concentration at 1050°C and 1100°C would be
at a maximum for a solids residence time of ~2.5 min. At 1100°C, the
maximum predicted SO; concentration in the dry off-gas would be 11.5%.

Also, the experimental regeneration data were statistically analyzed
to obtain an equation for the extent of Ca0 regeneration as a function of (1)
sorbent residence time in the reactor and (2) regeneration temperature. This
equation was used in the mass and energy constrained regeneration process
model to predict expected SO, concentrations in the off-gas in and beyond the
experimentally investigated temperature range (Z.e., at temperatures up to
1200°C). At 1100°C the SO, concentration in the off-gas from a pressurized
(1000 kPa) regeneration process was estimated to be 2%, and 127 at atmo-
spheric pressure (101.3 kPa).

In still another series of experiments, the regeneration pressure was

decreased by ~25%, from ~150 kPa to 115 kPa. The extent of regeneration was
not affected by pressure; the dependence of extent of regeneration on solids

Process development unit.



residence time was equivalent at the two pressures. Regeneration pressure
did, however, affect SO, concentration in the off-gas via the extent of
dilution. At the lower pressure, higher SO, concentrations, up to 10.4%,
were obtained.

Temperature, solids residence time, and pressure had no significant
effect on the CaS content of the bed, which was low in all experiments.

PDU Regeneration Rate Experiments with Greer Limestone. A series

of regeneration experiments was performed to obtain Ca0 regeneration

rate data for Greer limestone. The dependence of Ca0 regeneration

on regeneration temperature and solids residence time in the reactor was
determined. The regeneration rate of Greer limestone was found to be equal
to that of Tymochtee dolomite. The experimental results were used to obtain
a "best fit" model equation for the dependence of CaO regeneration on
temperature and solids residence time in the reactor. This relationship
will be used in a process computer model to optimize the design process
conditions for a pilot plant.

The effects of bed temperature, 1050 or 1100°C, and solids residence
time, ~20, 11, and 7 1/2 minutes, in the regenerator on S0, concentrations
in the off-gas were determined using sulfated Greer limestone as the feed
material. At the longest residence time little effect of temperature was
found, but at the shortest residence time the SO, concentration was twice
as high at the higher temperature. To obtain the highest SO, concentrations,
a short residence time and a high bed temperature are required.

Two experiments were performed to test the effect of combustion system
pressure on the reactivity of Greer limestone, one at a system pressure of
308 kPa (3 atm) and the other at 610 kPa (6 atm); both were at a bed temper-
ature of 855°C. It was found that, although the extent of calcination was
much lower in the higher pressure experiment, the reactivi y of the stone was
approximately the same in both experiments.

Characterization of Defluidization Causes during Regeneratio . The
effects of experimental variables on the defluidization characteristics
(agglomeration) of the regenerator fluid bed are being investigated in the
PDU regenerator. Sulfated Greer limestone obtained from PER and Sewickley
coal are being used. A statistical experiment has been completed (a full
23 factorial experiment plus two replicate experiments) in which the effects
of bed temperature (1050 and 1100°C), total reducing gas concentration in
the off-gas (2.5 and 5.0%), andi feed sorbent particle size (-10 +30 mesh and
-14 430 mesh) on the defluidization velocity (minimum velocity required to
prevent agglomeration) were determined. Regeneration temperature and total
reducing gas concentration in the off-gas were found to have the greatest
statistical influence on the defluidization velocity. A model equation was
obtained that can be used to predict the minimum operable fluidizing-gas
velocity at which an industrial regenerator can be operated without agglom-
eration of the fluid bed.

Cyclic Sorbent Life Studies with Tymochtee Dolomite. The rffe:t of
repeated utilization cycles on the performance of Tymochtee dolomite as an




SOz-acceptor was evaluated in a ten-cycle combustion-regeneration experiment.
Combustion in each cycle was performed at a 900°C bed temperature, 810 kPa
pressure, 1.5 Ca0/S mole ratio (ratio of unsulfated calcium in sorbent to
sulfur in coal), Vv177% excess combustion air, 0.9 m/s fluidizing-gas velocity,
and a 0.9 m bed height. Regeneration in each cycle was at a nominal system
pressure of 158 kPa, a bed temperature of 1100°C, and a fluidized-bed height
of 46 cm. The required heat and reductants for regeneration were provided
by incomplete combustion of Triangle coal.

During sulfation, the sorbent exhibited a steady loss in reactivity
with increasing utilization cycle. The results of TGA sulfation experiments
on samples of regenerated sorbent from the ten regeneration half-cycle
experiments are presented. They show that both the rate of sulfation and
the extent of sulfation decreased with utilization cycle. The TGA results
indicate a leveling-off of the loss of reactivity after the eighth sulfation
cycle which was not apparent from sulfation results obtained in the PDU
cyclic study.

The extent of regeneration remained at acceptable levels (v70%) for all
ten cycles, and SO, concentrations in the dry off-gas measured "8,5% up
through cycle 7. In the three final cycles, the SO, concentration upon
regeneration was <77% because of a lower sulfur content of the sulfated
sorbent fed to the regenerator.

Based on the results of the cyclic study, an analysis was made of the
effect of makeup rate (ratio of makeup Ca0 to total Ca0 entering combustor)
on the total Ca0/S ratio required during continuous recycle operation for
a sulfur retention of 75%. For example, a makeup rate of 0.18 requires a
projected makeup Ca0/S ratio of ~0.27 and a total Ca0/S ratio of ~1.5 for a
sulfur retention of 75%. Decreasing the makeup rate to 0.1 reduces the
required makeup Ca0/S ratio to ~0.2 but increases the total Ca0/S required
to 2.0 because of the lower reactivity of the recycled CaO.

The porosity of regenerated dolomite decreased with cyclic use, as did
its capacity to act as an SOp-acceptor during combustion. The loss of
porosity and loss of reactivity towards SO2 could be due to either or both
of the following: (1) the buildup of an ash layer around the particles or
(2) high-temperature (1100°C) exposure during regeneration. Sintering, which
begins to occur at the regeneration temperature, decreases the reactivity
by decreasing the beneficial effect of porosity.

It was found that after ten utilization cycles, V13 g of coal ash had
accumulated with the sorbent for every 100 g of starting virgin dolomite.
Photomicrographs of particle surface and cross-section features revealed
the formation of shells on the dolomite particles. Electron microprobe
analyses were performed on cross sections of sulfated and regenerated dolomite
samples from the tenth utilization cycle to determine the composition along
cross sections of the particles and the role of the constituents during
sulfation reactions. The analyses confirmed the existence of the ash shell.
It was found that the coal ash shell was enriched in iron and calcium
(relative to the silica concentrations in the pure coal ash). The sulfur
concentration profiles in the tenth-cycle sulfated particles suggested that



diffusion through the ash shell is not the limiting factor during sulfation
and that the loss of reactivity was within the dolomite particles--perhaps
due to sintering and loss of local porosity.

The carbonate level of sulfated and regenerated samples is also given.
It further indicates the decrease in reactivity of the sorbent during com-
bustion with increasing utilization cycle. The extent of recarbonation
steadily decreases, as does the extent of sulfation,

Over ten cycles, sorbent losses during each regeneration cycle have aver-

aged a relatively low 2% of the material fed. The combined losses due to
attrition and/or elutriation have been found to be 8% per complete cycle of

combustion and regeneration. This is the minimum expected makeup rate for
Tymochtee dolomite in an FBC process utilizing sorbent regeneration at the
operating conditions used in these tests. A still higher makeup rate may be
required to maintain sufficient reactivity in the recycled sorbent.

Cyclic Sorbent Life Study with Greer Limestone. A cyclic sorbent
utilization experiment was performed with Greer limestone, which is the
stone that will be used by Pope, Evans and Robbins (PER) in the Rivesville
pilot plant, and Sewickley coal. All ten combustion/regeneration cycles
have been completed. The regenerability of the sulfated limestone was not
affected by cyclic utilization and ranged from 49 to 71%; this appears to
be acceptable. The SO; concentrations in the regenerator off-gas ranged
from 8.6% in an early cycle to 6.1% in a later cycle.

The reactivity of the regenerated limestone with SO, decreased with
cyclic use. The Ca0/S mole feed ratio required to maintain a 84% sulfur
retention increased from 2.9 in the first cycle to 8.2 in the tenth
cycle. TGA sulfation experiments confirmed the reactivity loss as a function
of cyclic use. The porosity of the regenerated stones decreased with cyclic
usage due to sintering in the high-temperature reducing environment of the
regenerator reactor. The loss of beneficial porosity is believed to be the
primary cause of reactivity losses.

The total and cyclic calcium utilization in the regenerated stones
decreased with cyclic usage. Calcium utilization decreased from ~30% in the
first cycle to ~9% in the tenth cycle. These results on reactivity and
utilization of Greer limestone as a function of cyclic usage will be used
to predict fresh limestone makeup rates and to make flowsheet calculations
optimizing FBC processes which include sorbent regeneration.

It has been found that after ten utilization cycles V25 g of coal ash
had accumulated for every 100 g of starting virgin limestone. Photomicro-
graphs of utilized limestone particles revealed ash adherence but no ash
encapsulation.

The averaged combined loss of limestone per cycle due to attrition and
elutriation is 10%~-87% during the combustion steps and 27 during the
regeneration steps. This is the minimum fresh limestone makeup required for
~a FBC process with sorbent regeneration. Higher makeup rates may be required
to maintain the reactivity of the stone in the fluid bed of the boiler.



Regeneration Process Scale-up and Flowsheet Determination. A process
flowsheet for a FBC process with sorbent regeneration is presented in which
a fresh dolomite makeup Ca0O/S mole feed ratio of 0.2 is used. A 10-MWe FBC
boiler module is used as the basis and Tymochtee dolomite is the sorbent.
The calculations in the flowsheet are based on the performance of Tymochtee
dolomite as a function of utilization cycle, which was established in a
previously completed cyclic experiment. The effect of varying the fresh
sorbent makeup rate to the boiler on the regeneration system performance and
size was also evaluated. However, the results confirm that a final flowsheet
can be established only after economic evaluations are performed.

Regeneration System Modifications. Installation of a fluidized-bed
sorbent preheater for the regeneration system has been completed. The pre-
heater will be used to evaluate the effect of sulfated sorbent feed temperature
on the regeneration process.

Task B. Regeneration Process Alternatives

No report for this period.

Task C. Synthetic Sorbents for SO, Emission Control

Synthetic sorbents for SO, emission control in FBC have been under
development as replacements for limestones. It was hoped that these synthetic
sorbents would result in a significant reduction in the environmental impact
that would occur if large amounts of limestone for SO, concentration were
quarried and disposed of. 1In this final report on this topic, data are
presented which indicate that the attrition resistance of Ca0-Al,03 type
sorbent is superior to that of natural stones.

The results of a brief study of the use of unpurified bauxite as an
alumina source for the preparation of synthetic sorbents are reported. The
sorbents had about half the 50, capacity of synthetic sorbents prepared from
purified alumina.

The probable cost of synthetic sorbents developed in these studies has
been estimated. It is shown that the anticipated reduction in environmental
impact which might be achieved by using these sorbents is not great enough
to justify their additional cost.

Task D. Limestone Characterization

A study is under way of the characteristics of limestones which influence
their utility as SO sorbents in fluidized-bed combustion systems. Results
are reported on the S0, capacity of ten different limestones as measured
using a TGA method. Conversions of Ca0 to CaSOy, varied from about 12% to 96%
for the ten stones. It was found that the calcium utilization can be corre-
lated with the internal surface area of the calcined limestone if the pore
area is measured only down to a minimum pore diameter. The minimum pore



diameter is a linear function of the CaCOj3 content of the stone. Stones
having lower CaCO3 contents can utilize smaller pores.

Precalcination and heat treatment were studied as a possible way of
enhancing the S0; capacity of limestones. The energy cost for a precalcination
process (in mills per kWh) has been estimated.

The attrition of limestones is being studied using a small room-temper-
ature fluidized-bed test rig. Results are reported on the effect of fluidi-
zation velocity, the L/D ratio of the bed, and the compositions of ten
different stones. It was found that the impurity content had a large effect
on the attrition characteristics of the stone. Stones with high impurity
contents had lower attrition rates.

Task E. Trace Elements and Combustion Emission Studies

The Effect of Additives on the Calcination/Sulfation of Limestone. The
objective of these studies is to investigate the application of chemical
additives for enhancing the SO, reactivity of limestone. These studies are
based on the discovery made by Pope, Evans and Robbins that addition of
common salt to a spent partially sulfated limestone bed rejuvenated its
ability to capture SOy from the hot flue gas. In present work the mechanism
of action is being investigated, other substances are being tested for
their enhancement activity, and the practical aspects of the application
to AFBC systems are being studied.

To study the mechanism of the action of NaCl on sulfation, large
crystals of pure calcite were exposed to a SOp-air gas mixture at 900°C
both with and without treatment with NaCl. It was found that the NaCl
treatment markedly increased the extent of the calcination and the sulfation
reactions. Highly crystalline forms of both Ca0 and CaSO, were formed as
a result of NaCl treatment. It was concluded that NaCl aids these reactions
by facilitating the crystallization process, thereby leading to a product
(Ca0 or CaSOy) composed of larger crystals. The system is therefore more
porous, and diffusion of the reactive gases into the limestone particle is
facilitated. It has been hypothesized that the NaCl acts by forming a
surficial liquid film which provides a ready path for recrystallization.

Results are reported on the effect of the concentrations of NaCl,
Na,S0y, NayCO3, CaCl,, and KCl on the sulfation of Greer limestone. These
salts are shown to decrease in effectiveness in the order XKC1 > NaCl %

CaCl, > Na,CO3 > NaSO,. Results are reported on the change in SO capacity
produced by a 2% NaCl addition to eleven different limestones or dolomites.
It was found that limestones with the lowest SO, reactivities in the natural
~ state were most affected by NaCl addition.

To gain an understanding of the reasons for the large differences in
the effect of NaCl on different stones, porosity measurements were made on
each stone after calcination, both with and without prior NaCl treatment.
It was found that the NaCl treatment increased the mean pore diameter. The
increase, found to depend on the amount of salt added, is specific for each



stone. The magnitude of the effect of NaCl on the mean pore diameter depends
on the impurity content of the stone, the effect being greater the smaller

a stone's impurity content. For stones treated with 2% NaCl, the conversion
of Ca0 to CaSOy was inversely proportional to the average pore diameter.

The Determination of Inorganic Constituents in the Effluent Gas from
Coal Combustion. Some chemical elements carried by combustion gases are
known to cause severe metal corrosion (for example, to turbine blades). A
study is under way to quantitatively determine which elements and chemical
compounds are present in the hot combustion gas of coal that may be important
to metal corrosion. A laboratory-scale batch fixed-bed combustor has been
designed and constructed for these studies. 1In this combustor, a sample
of coal can be burned under controlled conditions and the combustion gases
hot filtered and then cold trapped.

The results are reported for a series of experiments in which the
vaporization of sodium and potassium was studied. The sodium content of
the fuel was increased by the addition of 0.5 wt % NaCl prior to the com-
bustion. Experiments were done using, in different experiments, a bituminous
coal, a lignite, and charcoal as fuel. These three fuels had high, medium,
and low ash contents. The fraction of the sodium in the fuel which was
vaporized varied from about 207% for the low-ash (27%) charcoal to 1% for the
high-ash (16%) bituminous coal.) Analysis of the ash residue indicated
that the sodium was found as a complex silicate. When the hot (800°C)
alumina filter was used, between 80 and 95% of the sodium vaporized from
the fuel was captured by the filter. It is believed that the silicious
binder of the filter reacted with the vaporized sodium compound (probably
NaCl) to form a silicate. In runs in which the hot filter was not used,
both NaCl and KCl1 were detected by X-ray diffraction analyses of the residue
deposited on the cold trap, which suggests that sodium and potassium are
carried as their chlorides in the hot flue gas.

Task F. Flue-Gas Cleaning Studies

Evaluation of On-Line Light-Scattering Particle Analyzers. 1In a
pressurized FBC, a continuous on-line analyzer capable of instantly measuring
the efficiency of particulate-removal equipment would be useful since such
an analyzer could be incorporated into a flue-gas control and alarm system
that would prevent gas turbine damage from high particulate loadings. Two
on-line particle size analyzers, each using a laser light source, are being
evaluated--a Spectron Development Laboratory split laser beam particle morpho-
kinetometer and a Leeds and Northrup single laser beam particle analyzer.

The experiments with the Spectron Development Laboratory particle
morphokinetometer (PM) have been completed, and the instrument has been
returned to the manufacturer. Preliminary results are reported. Spectron's
PM analyzer measurements are compared with those obtained on steady-state
particle samples with an Anderson cascade impactor and with a Coulter counter.
The results obtained with the Anderson cascade impactor and Coulter counter
were in good agreement, whereas the results obtained with the Spectron PM
analyzer 'diverged from Anderson/Coulter results for the larger diameters.



An empirical calibration curve has been developed for the Spectron PM
which is based on comparative measurements obtained with the Spectron PM
and those obtained by Coulter counter and cascade impactor analysis. The
empirical calibration improved the agreement of the different measuring
methods, especially in the 1.5-23 uym measuring range.

Delivery of the Leeds and Northrup (L&N) analyzer has been postponed.
because final tests by L&N revealed that the laser unit was not performing
satisfactorily. This analyzer is now being tested by Leeds and Northrup.

Particle Removal from Flue Gas. In pressurized fluidized-bed combustion,
the hot flue gas from the combustor must be expanded through a gas turbine.
To prevent erosion (and possibly corrosion) of the turbine blades by partic-
ulate matter entrained in the flue gas, the particulate loading must be
reduced to very low levels. A program has been initiated at ANL to test
and evaluate promising flue gas cleaning methods for application in the
off-gas system of the ANL, 6-in.-dia fluidized-bed combustor. The techniques
which have been identified for investigation are acoustic conditioning of
the flue gas, granular-bed filters using the limestone or dolomite sorbent
as the granular bed material, and a Donaldson TAN-JET cyclone.

A small granular bed filter has been fabricated to study the use of
either fresh limestone or sulfated sorbent as the filter medium. Using these
materials, the filter cake would not have to be removed by blowback. Instead
the entire bed would be replaced when it has become loaded. With sulfated
sorbent, the discharged bed including the cake would be discarded. With
fresh stone, the stone plus cake would be fed to the combustor bed where
agglomeration of the particles in the cake could occur. Or the cake could
be separated from the stone prior to adding the stone to the combustor.

Initially, testing of the granular bed filter was performed at ambient
conditions to determine the pressure drop characteristics of the sorbent
and the possible contribution of dust from the sorbent to the effluent gas
from the filter. The pressure drop data was correlated with the Ergun
equation for fluid flow through a packed bed, and the values for €, bed
void volume fraction, and ¢g, particle sphericity factor, were determined.
When a clean gas was passed through the granular-bed filter, dust loadings
exiting from the filter ranged from 0.0016 to <0.0001 grain/scf (0.0037 to
<0.0002 g/m7).

Acoustic conditioning of the flue gas is a technique to enhance the
natural tendency of polydispersed particulates to impact upon each other.
Thereby, the mean size of the particulate matter is increased (and the
number of particles is decreased). The process is designed to increase
the collection efficiency of downstream dust collectors.

A suggested procedure has been prepared by a consultant for developing a
resonant manifold system for the evaluation of acoustic conditioning in
the FBC system at ANL. The principal components of the proposed system are
(1) a pulse-jet sound generator, (2) a resonant manifold for "splitting"
the resultant acoustic power, and (3) an acoustic treatment section where
agglomeration of the aerosol occurs.
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A high-efficiency Donaldson TAN-JET cyclone would provide a means of
evaluating how effective upstream acoustic agglomeration is in increasing the
collection of dust in high efficiency collection devices. It is planned,
therefore, to proceed with the design, procurement, and installation of a
Donaldson TAN-JET cyclone as a part of the flue-gas cleaning studies. .
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TASK A. REGENERATION PROCESS DEVELOPMENT

In support of ERDA's national program for the development and implemen-
tation of FBC technology, the feasibility of regenerating and recycling the
S0js-accepting sorbents from the FBC boilers is being investigated.

Natural calcium-based stones such as limestones and dolomites are
receiving primary consideration as sulfur-accepting sorbents (sulfur reacts
with calcium to form CaSO,) in FBC boilers. The primary reasons are their
acceptable reactivity and low costs and the bountiful supply throughout the
United States. Approximately one tonne of natural stone will be sulfated
for every four tonnes of coal (V3 wt %Z S) combusted. In a 1000-MW electric
power plant (70% capacity factor), 2000 tonnes of stone per day will be
sulfated. Using the stone only once would generate large amounts of sulfated
stone for disposal. Regeneration of the Ca0 in the stone and recycling is a
potential solution to the waste disposal problem.

A conceptual power-generating facility utilizing fluidized bed coal
combustion and sorbent regeneration systems is schematically represented in
Fig. 1. Steam is removed from the boiler and is expanded in turbines to
generate power. The flue gas from the boiler meets EPA chemical emission re-
quirements. The partially sulfated sorbent from the boiler is transferred to
the regenerator, where it is regenerated, and then it is combined with fresh
sorbent (to compensate for losses due to attrition and changes in reactivity)
and is recycled to the boiler. The SOz-rich off-gas from the regenerator is
treated in a sulfur recovery plant.

For sulfur recovery, a ?rocess using coal as reductant, such as the
Foster Wheeler RESOX process® is recommended. Since the volume of the off-
gas from the regenerator and sulfur recovery system is much less than that
from the boiler, it is proposed that the off-gas from the sulfur recovery
process be recycled to the boiler. In this manner, the gas emission stream
from the regenerator which could contain some trace elements due to volatil-
ization from the sorbent during regeneration (not yet investigated) will be
eliminated, and the tail gas from the sulfur recovery system will not have
to be processed.

In the sorbent regeneration process being investigated, CaSO, is reduc-
tively decomposed in a fluidized bed at temperatures of ~1100°C. The heat
and the reductants required are produced by incomplete combustion of coal
in the fluidized bed of sulfated stone. Two solid-gas reactions by which
regeneration occurs are:

CasSOy + CO » Ca0 + COy, + SO 1)

CaS0, + H, » Ca0 + Hy0 + SO, (2)
At lower temperatures and under more highly reducing conditions, the formation
of CaS is favored:

CaSOy + 4CO -+ CaS + 4CO, (3)

CaSO, + 4H, + CaS + 4H,0 (4)
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Fig. 1. Conceptual Fluidized-Bed, Coal Combustion, Power-
Generating Facility Having Sorbent-Regeneration
and Sulfur-Recovery Capabilities

An oxidizing zone which forms at the bottom of the fluidized bed, where the
fluidizing gas (02 and Ny) is introduced, minimizes the buildup of CaS.

The feasibility of a sorbent regeneration process will depend on (1)
the ability to regenerate the stones and to generate an SO;-rich off-gas
which can be treated in a sulfur recovery process, (2) the reactivity of the
regenerated sorbent during subsequent sulfation (coal combustion) cycles,
and (3) the availability of a sorbent that will not decrepitate above
acceptable levels.

_In this section of this report, (1) regeneratieon rate results (process
development unit-scale) for Tymochtee dolomite and Greer limestone are pre-
sented in which the effects of key variables on regeneration of the sorbents
were evaluated; (2) the effects of process operating variables on the tendency
of the fluid bed in the regenerator reactor to defluidize and agglomerate have
also been evaluated; (3) for Tymochtee dolomite and for Greer limestone, the
effects of repeated utilization cycles on the reactivity and the resistance
to decrepitation were evaluated in ten combustion (sulfation)/regeneration
cycles which were performed without fresh sorbent makeup; and (4) some process
flowsheet calculations for a FBC process with sorbent regeneration are
presented and discussed.
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1. Experimental

a. Materials--Sorbents

Tymochtee dolomite which had been sulfated during coal combustion
experiments (using Arkwright coal) at ~900°C and 810 kPa was regenerated.
Also, some Greer limestone which had been sulfated by ANL and some by Pope,
Evans and Robbins (PER) at 940-900°C and atmospheric pressure during
combustion of Sewickley coal was regenerated.

The sulfated Tymochtee dolomite contained ~9 wt %Z S as CaS0, (no
MgSOy, present), 26 wt % Ca, 9.5 wt % CO,, and had a nominal size distribution
of ~-14 +30 mesh before regeneration., In its virgin state, its main constit-
uents were CaCO3 (50 wt %) and MgCO3 (39 wt 7). The virgin Tymochtee
dolomite had been obtained from C. E. Duff and Sons, Huntsville, Ohio.

The virgin Greer limestone used for this study contained 41.2 wt %
Ca0, 32 wt % COp, and 4.3 wt 7 Si, and its size was (nominally) -14 +30 mesh.
When sulfated, it contained 5-9 wt % S in the cyclic experiment and 8 wt 7
in the remaining experiments.

b. Materials;-Coals

The coal used in the sulfation of Tymochtee dolomite was a Pittsburgh
seam coal obtained from the Consolidation Coal Company Arkwright mine. As
received, the coal contained 2.8 wt % sulfur, ~7.7 wt % ash, and v2.9 wt %
moisture and had a heating value of 7,610 kcal/kg and an average particle
size of 320 um. Triangle coal was combusted under reducing conditions during
the regeneration of Tymochtee dolomite. It is a bituminous high-volatile
coal (32.67% volatile matter, dry) and has a high ash fusion temperature
(1390°C, initial deformation under reducing conditions). As received, it
contains 73.5 wt Z C, 9.4 wt % ash, and 0.98 wt % S.

The coal used in the sulfation of Greer limestone was a bituminous
coal, Sewickley. As received, it contains 4.3 wt ¥ S, 12.7 wt % ash, and
1.1 wt % moisture and has a heating value of 7,220 kcal/kg; sizes were (nomi-
nally) -6 +14 mesh during ANL sulfation and -1/4 in. during PER sulfation.
This same coal was combusted under reducing conditions in the regeneration
step of each cycle. It does not have a high ash fusion temperature (initial
deformation is at ~1120°C under reducing conditions).

Additional data on the above sorbents and coals are presented in
Appendix A.

c. PDU--Combustion System and Procedure

The experimental equipment and instrumentation of the PDU (process
development unit) at Argonne consist of a 6-in.-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 feeders for metering solids into an air stream fed
into the combustor, two cyclone separators and two filters in series for
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solids removal from the flue gas, associated heating and cooling arrangements
and controls, and temperature- and pressure-sensing and display devices. A
simplified schematic flowsheet of the combustion equipment is presented in
Fig. 2.

Details of the PDU combustor are presented in Fig. 3. The reactor vessel
consists of a 15-cm—dia, Schedule 40 pipe (Type 316 SS), approximately 3.4 m
(11 ft) long. The reactor is centrally contained inside a 2.7-m (9-ft)
section of 12-in.-dia, Schedule 10 pipe (Type 304 SS). A bubble-cap type
gas distributor is flanged to the bottom of the inner vessel. Fluidizing
air inlets, thermocouples for monitoring bed temperatures, solids feed line,
and solids removal lines are accommodated by the bubble cap gas distributor.
The coal and sorbent are fed in a common line which extends 2 in. above the
top surface of the gas distributor plate and is angled 20° from the vertical.
A constant bed height is maintained in the combustor by use of a 36-in.-high
standpipe. The 6-in.-dia pipe is alternatély wrapped with resistance-type
heating elements and cooling coils onto which a layer of heat-conducting
copper and then an overlay of oxidation-resistant stainless steel have been
applied. Additional cooling capacity is provided by three internal, hairpin-
shaped coils that extend down from the flanged top of the combustor to within
12 in. of the top surface of the gas distributor. The coolant is water
entrained in air.

TO GAS ANALYSIS
SYSTEM

TEST FILTER
STAINLESS STEEL

PRESSURE

CONTROL
VALVE
) i: VENTILATION
EXHAUST
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FILTER
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AODITIVE SECONDARY

CYCLONE

PRIMARY
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Ny EEDER
PREHEATER
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e
é:ﬂ]::_

Fig. 2. Simplified Equipment Flowsheet of PDU Fluidized-
Bed Combustor and Associated Equipment, The
"additive feeder" is actually a "sorbent feeder."
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The flue gas (off-gas) is sampled continuously and is analyzed for
the components of primary importance. Nitrogen oxide and total NOyx are
analyzed using a chemiluminescent analyzer; sulfur dioxide, methane, carbon
monoxide, and carbon dioxide determinations are made using infrared analyzers;
oxygen is monitored using a paramagnetic analyzer; and total hydrocarbons are
analyzed by flame ionization. Prior to and during each experiment, the res-
ponse of each amalytical instrument is checked, using standard gas mixtures
of flue-gas constituents in nitrogen. Batch samples of flue gas can be taken
and analyzed for constituents of secondary importance.

The combustion system is equipped with a Hewlett-Packard 2010C data
acquisition system to monitor and record the temperature, pressure, gas flow,
and flue-gas concentration for subsequent data handling and analysis.

Although the experimental procedure was subject to minor variatioms,
it was basically as follows: a preweighed amount (~15 kg) of (1) partially
sulfated sorbent from a previous experiment, (2) fresh unsulfated sorbent,
or (3) regenerated sorbent was charged to the reactor to provide an initial
bed of material. The starting bed temperature was then raised to about
430°C by passing fluidizing air (preheated to 430-480°C) through the combustor
and simultaneously employing the resistance heaters on the combustor wall.
Once the bed temperature reached 430°C, the system was brought to the desired
operating pressure, and coal (entrained in a transport air stream) was in-
jected into the bed. To prevent carbon accumulation in the fluidized bed
during startup, coal was initially injected in small amounts intermittently
until a rapidly increasing temperature and a changing flue-gas composition
confirmed ignition and sustained combustion. Continuous injection of coal
was then initiated, and the bed temperature was raised to a selected combustion
temperature. The desired temperature was maintained by the use of external
and internal cooling coils.

Injection of the sulfur-accepting sorbent (virgin or regenerated)
was begun when the bed reached operating temperatures. The air, coal, and
sorbent feed rates were adjusted to give a specified mole ratio of calcium
in the sorbent to sulfur in the coal, a specified superficial gas velocity,
and a specified level of oxygen in the flue gas leaving the combustor.
Sulfated sorbent was removed from the combustor by means of a standpipe to
maintain a constant fluidized-bed level.

d. PDU--Regeneration System and Procedure

Figure 4 is a schematic diagram of the regeneration system used in
this work. The reactor ID is 10.8 cm (4.25 in.), and the height of the
fluidized bed (v46 cm) is regulated by an overflow pipe that is external to
the fluidized bed. The pressurized, fluidized-bed reactor is lined with a
4,8-cm-thick castable refractory. The coal and the sulfated sorbent are
metered separately (for independent control) to a common pneumatic transport
line which discharges into the fluidized bed above the gas distributor.

Other components of the experimental system are an electrically
heated pipe heat exchanger for preheating some of the fluidizing gas and
for preheating air (used in startup only) to "400°C and a solids-cleanup
system for the off-gas. Continuous analyses of pertinent constituents (SO,
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Fig. 4. Experimental Sorbent Regeneration System

0,, CO, Hyp, CHy, and NO) in the off-gas was performed. Solids transport air
constituted V40% of the total fluidizing gas in the reactor. The remaining
fluidizing gas was a mixture of pure nitrogen and oxygen. Oxygen and nitrogen
were metered separately and mixed to produce the required oxygen environment
in the reactor. Thus the oxygen requirement at different experimental condi-
tions could be satisfied without changing the fluidizing gas velocity. Oxygen
concentrations in excess of that in air were used in the feed gas for most

of the reported regeneration experiments. Large amounts of heat (per unit
capacity) were required to compensate for (1) the heat losses in the relatively
small experimental system and (2) the heat load imposed by feeding cold
sulfated sorbent to the system. In a large-scale industrial regeneration
system, such heat requirements would be absent and oxygen enrichment of the
fluidizing air would not be needed.

2. PDU Regeneration Rate Experiments with Tymochtee Dolomite
[J. Montagna (Principal Investigator), G. Smith, C. Schoffstoll,
R. Mowry, and J. Stockbar]

A requirement of a sorbent regeneration process is that Ca0 (SO, acceptor)
be regenerated sufficiently while an SO,-rich off-gas is generated which can
be treated in a sulfur recovery process. The dependence of (l) regeneration
of Ca0 and (2) SO, concentration in the dry off-gas on key variables (such as
regeneration temperature, solids residence time in the reactor, and system
pressure) has been determined for the regeneration of once-sulfated Tymochtee
dolomite sorbent. This data is being used in a model for the reductive decom-
position regeneration process to find the optimum process conditions from
technical and economic points of view.
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a. Effect of Solids Residence Time and Temperature on Extent of Ca0
Regeneration '

The experimental conditions and results for thirteen experiments
are given in Table 1. Data on six of these experiments were reported earlier
in ANL/ES-CEN-1016. The experiments were performed at three temperatures:
1000°C, 1050°C, and 1100°C. Solids residence times ranged from 7 to ~35 min.

Regeneration of Ca0 was calculated from chemical analyses of the
steady~-state products. It was based on the sulfur to calcium ratios in (1)
the sulfated dolomite feed and (2) the steady-state product after regener-
ation. These calculated regeneration values are compared in Table 1 with
values based on off-gas analyses. The latter values are the ratios of the
total sulfur released into the off-gas stream to the total sulfur contained
in the sulfated dolomite feed. The off-gas flow rate was calculated using
the feed gas rate and the model of the regeneration process (discussed in a
later section) in which the gas volumetric expansion in the reactor is pre-
dicted. The Ca0 regeneration values obtained by chemical analyses of the
regenerated products generally agree within analytical accuracy with the
values calculated from off-gas analyses. The extents of regeneration (based
on off-gas and regenerated solids analyses) are plotted in Fig. 5 as a
function of solids residence time for the three temperature levels. The
solids residence time was varied by changing the solids feed rate and not
by changing the reactor volume.

At 1000°C, as the solids residence time was varied from 37 min to
11 min, the extent of regeneration decreased drastically from 77% to 11%
(based on solids analyses). The SO; concentration in the dry off-gas
decreased from 2.5% to 1.4%. At this relatively low temperature, the rate
of regeneration of Ca0 is low, and therefore long solids residence times
are required to obtain acceptable (>50%) regeneration levels.

At 1050°C, decreasing the solids residence time from 34 min to 12
min decreased the extent of Ca0 regeneration from 90% to 56%. The SO, concen-
tration in the dry off-gas increased from 3.0% to 4.8%. At 1100°C, the
highest temperature level investigated, decreasing the solids residence time
from 37 min to 7.0 min caused the extent of Ca0 regeneration to decrease
from 95% to 75% and the SO, concentration to increase from 2% to 8.7%. (The
SO0 concentration for Exp CCS-1 for which the solids residence time was 7 min,
was adjusted from 6.5% to 8.7% to compensate for the dilution due to the
higher fluidizing-gas velocity.) Because the rate of regeneration of CaO
is high at 1100°C, the extent of regeneration remained relatively high when
the solids residence time was as low as 7 min.

An improved rate of CaSQO, decomposition at higher temperatures
(>1100°C) for the reductive decomposition of gypsum has also been reported by
numerous workers, including Martin et al.? who used carbon as the reductant and
Wheelock et al.? who used CO as the reductant. As expected, the oxygen
required in the feed gas increased with sulfated sorbent feed rate and with
total amount of reductive decomposition, which is represented by the S0,
concentration in the off-gas.



Table 1. Experimental Conditions and Results for the Regeneration of Sulfated Tymochtee
Dolomite by the Incomplete Combustion of Triangle Coal in a Fluidized Bed.

Nominal Fluidized-Bed Height: 46 cm Pressure: 153 kPa

Reactor ID: 10.8 cm

Coal: Triangle coal (0.98 wt Z S) Ash fusion temp. under reducing
conditions, 1390°C (initial deformation)

Sorbent: (1) ~14 +50 mesh, 9.0 wt %2 S (CS=6, -7, -8)

(2) =14 +50 mesh, 9.4 wt % S (CS-10, -11, -12)
8.5 wt Z S (CC-13 through -18 and CCS-1)
Measured S0,

Bed Fluidizing- 0, Conc in Feed Solids Reducing Gas in Dry Ca0
Exp. Temperature, Gas Velocity, in Feed Rate, Residence Concentration Effluent Regeneratjon,
No. °C m/s Gas, % kg/hr  Time, min in Effluent, % Gas, % %2 | %P
Cs-6 1000 0.98 18 5.0 37 1.4 2.5 83/77
Cs-8 1000 0.92 22 10.0 18 2.2 2.5 39/30
Cs-17 1000 1.04 24 16.1 11 2.4 1.4 18/11
Ccs-7 1050 0.92 21 5.4 34 1.9 3.0 84/90
CS-16 1050 1.0 26 11.1 16 2.2 3.3 53/53
Cs-10 1050 0.98 29 15.0 12 2.5 4.8 53/56
CS-15 1100 1.02 22 5.0 37 1.5 2 82/95
CS-14 1100 1.05 28 10.0 18 2.2 4.8 94/82
CsS-11 1100 1.07 .33 14.3 13 2.9 6.4 80/85
Css-13 1100 1.09 33 31.6 13 2.2 6.1 89/72
CSs-18 1100 1.07 33 13.2 14 2.4 6.3 93/80
CS-12 1100 1.16 36 19.5 9.4 2.9 7.8 79/77
CCS~-1 1100 1.43 27 26.4 7.0 2,7 6.5¢€ 67/75

a ,

Based on off-gas analysis.

Based on chemical analysis of dolomite samples.

The S0, concentration adjusted for a 1.08 m/s fluidizing gas velocity is ~8.7%.
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b. Regression Analysis of Regeneration Data

A best fit has been obtained for the experimental extent of Ca0
regeneration as a function of regeneration temperature and solids residence
time by regression analysis. The equation is

In(l - R) = AT + B-72 (1)
where R = extent of CaO regeneration (Z.e., at complete regeneration, R = 1)

T particle residence time in the reactor, min
A,B functions of temperature.

The temperature-dependent constants A and B were evaluated at the
three regeneration temperature levels investigated (1000, 1050, and 1100°C)
by a least squares technique. From these values, a quadratic equation was
obtained to represent the functional dependence of A and B on regeneration
temperature, as given below. '

A x 102 = -5.05 - 8.72T - 4.00T2 (2)
B x 10% = -2.94 +18.64T + 10.65T2 (3)
T = (t - 1050)/50

where t = regeneration temperature, °C
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The values calculated by the model equation, equation 1, compare
well with the experimental results. A correlation coefficient ranging from
0.96 to 0.99 was obtained for the experimental data and the results calculated
- from the model equation. Equation 1 with the calculated coefficients was
found to be a good mathematical model of the dependence of the extent of Ca0
regeneration on regeneration temperature and solids residence time in the
reactor for the investigated experimental range. This relationship for the
rate of Ca0 regeneration is being used in a mass and energy-constrained model
for the regeneration process to predict sorbent behavior within and outside
the investigated operating range. .

The extent of Ca0 regeneration as a function of temperature and
sorbent residence time as calculated by equation 1 has been plotted in Fig. 6.
The plot has been extrapolated to 1200°C, which is beyond the experimentally
investigated temperature range of 1000-1100°C. On the basis of these pre-
dictions, it is expected that the extent of Ca0 regeneration would increase
considerably (by ~1/3) if the temperature were increased from 1100°C to 1150°C
at a solids residence time of 5 to 7.5 min. At yet higher temperatures, the
extent of regeneration increases more slowly.
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Fig. 6. The Extent of Ca0 Regeneration for Tymochtee Dolomite
as a Function of Temperature and Residence Time as
Represented by the Model Equation, Equation 1
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c. Effect of Solids Residence Time and Temperature on SO, Concentration
in the 0Off-Gas

A least-squares best-fit relationship was obtained from the experi-
mental regeneration data for the functional dependence of Ca0 regeneration
on solids residence time and regeneration temperature. It was used in a
mass and energy constrained model for the regeneration process (equation and
model are described in a following section). The SO, concentration in the
dry off-gas was predicted with the process model for solids residence times
ranging from 40 min to ~2.5 min. In the model, gas volumetric changes due
to combustion and decomposition reactions (which affect the extent of dilution)
are included in the off-gas composition predictions. The predictions were
made for the three investigated temperature levels, a pressure of 153 kPa,
and a Sluidizing-gas velocity of 1.07 m/s. A sulfur content of 9.5 wt %
was assumed for dolomite. The predicted SO, concentrations in the dry off-
gas (the curves) are plotted in Fig. 7, together with the experimentally
obtained concentrations.

O A O EXPERIMENTAL
— PREDICTED SO, CONCENTRATIONT]

L ADJUSTEDSOZCONCENTRKHON 7]

1100 °C

1050°C

/|000°c/ o=
L e e b b b Iy

5 10 15 20 25 30 35 40
SOLIDS RESIDENCE TIME, min

SULFUR DIOXIDE CONCENTRATION IN DRY OFF GAS, %

Fig. 7. Predicted and Experimental S0z Concentration as
a Function of Solids Residence Time at Three
Regeneration Temperatures (pressure: 153 kPa)
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At 1000°C, the SO concentration in the dry off-gas was predicted
to continually decrease as the solids residence time decreased, in agreement
with the experimental data. At this temperature, the regeneration rate was
low. At 1050°C and higher temperatures, the maximum SO, concentrations were
predicted at the lowest permissible solids residence time of ~2.5 min, at
which point oxygen that would be required would be greater than the total
fluidizing gas.

At 1100°C much higher SO, concentrations were obtained. Based on
the experimental data obtained for the extent of regeneration, an SO, con-
centration in excess of 107 is predicted for a 5-min solids residence time
(realistic). The experimental and predicted SO, concentrations in the
dry off-gas for all three temperature levels were in good agreement. These
experimental results show that for temperatures >1050°C, as the solids
residence time in the reactor decreased (Z.e¢., at higher rates of sulfated
sorbent throughput) extent of regeneration is sacrificed but SO, concentration
in the dry off-gas is increased. The effect of introducing room temperature
sorbent in the reactor for very short solids residence times, <7 min, has
not yet been evaluated.

Using equation 1 for the functional dependence of extent of Ca0
regeneration on temperature and solids residence time in the above-mentioned
model for the regeneration process, the SO, concentrations in the dry off-
gas at three different system pressures are predicted in Fig. 8 for the
experimental conditions given. These predictions, also, were extrapolated
beyond the experimentally investigated temperature range of 1000-1100°C. The
effect of pressure on S0, concentration is very great, as discussed below.

It is predicted that with a system pressure of 1000 kPa (10 atm), SO, concen-
trations no greater than 4% can be obtained, even with regeneration temper-
atures as high as 1200°C and solids residence times as low as 5 min. At a
pressure of 100 kPa (1 atm), SO, concentrations as high as 207% are predicted
at regeneration temperatures up to 1200°C. However, based on the experience
to date with the regeneration process, it is expected that regeneration
temperatures in excess of 1100°C will not be feasible because of the increased
tendency of the sulfated sorbent (a mixture of sorbent and residual coal ash)
to agglomerate at high temperatures.

High temperatures were found to increase both the extent of CaO
regeneration and the SO, concentration in the off-gas. This effect of
temperature agrees with previous results presented by Montagna et al." in
which methane was used as the fuel for the regeneration of dolomite by
reductive decomposition. Higher SO, concentrations in the off-gas at higher
regeneration temperatures have also been reported by Hoke et al.® for the
reductive decomposition of pure CaSO, in a fluidized-bed batch reactor.
Although at higher temperatures (above 1100°C), the regenerability of the
sorbent would be further improved, the probability of agglomerating the
sorbent and residual coal ash would be increased, as reported by Skopp et al.®
Based on the above results with Tymochtee dolomite, an industrial regeneration
process should be operated at 1100°C and a solids residence time of "5-8 min.
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d. Effect of System Pressure on Extent of Ca0 Regeneration and Off-
Gas S0, Concentration

Thermodynamically, from an equilibrium standpoint, when the system
pressure is lowered, the SO; concentration in the off-gas will increase. In
the fluidized-bed process, the SO, concentration in the off-gas is determined
by the rate of total gas flow through the reactor and the rate of Ca0 regen-
eration in the reactor. Because of high air (fluidizing gas and/or combustion
oxygen) and energy (sensible heats of gas and solids, and the heats for the
decomposition reactions) requirements of the process, equilibrium SO, concen-
trations in the off-gas cannot be achieved practically. At lower pressures,
less fluidizing gas is required and thus the extent of dilution is reduced.

The effect of system pressure on the extent of regeneration of CaO
and SO; concentration in the dry off-gas has been evaluated in six experi-
ments in which sulfated Tymochtee dolomite from the second and sixth regen-
eration cycles of a ten-cycle experiment (discussed in a following section)
was regenerated. The experimental conditions and results are given in Table
2. 1In experiments CCS-2A, -2B, and -2C, the pressure was V115 kPa or +75%
of that in CCS-2. 1In the experiments at the lower pressure, decreasing the
solids residence time from 8.8 min to 5.3 min caused the extent of Ca0 regen-
eration to decrease from 80% to 60% (based on solids analysis). These
results on extent of regeneration are in agreement with those obtained at
the higher pressure of 153 kPa (see Fig. 5) and equivalent solids residence
times. Specifically, results for CCS-2B and CCS-2 agree well.

At the lower pressure, the measured SO concentration in the dry
off-gas increased from 8.97 to 9.6% as the solids residence time was decreased
from 8.8 min to 5.3 min. These concentrations are higher than those obtained
in the higher pressure experiments (Table 1 and Exp. CCS-2). A larger differ-
ence, and a more accurate comparison of off-gas SO, concentrations from the
lower and the higher pressure experiments, would be obtained by adjusting
the concentrations for a common fluidizing-gas velocity of 1.07 m/s (velocity
used for predictions in Fig. 8). The adjusted SO, concentrations could then
be compared with the results in Fig. 8.

During the regeneration step of the sixth utilization cycle of the
cyclic experiments (reported in a following section of this report), an addi-
tional experiment (CCS-6A) was performed at a reduced pressure, 125 kPa
instead of 153 kPa (CCS-6). The experimental conditions and results for both
of these experiments are also presented in Table 2.- As a result of lowering
the system pressure by ~20% while maintaining the fluidizing-gas velocity
almost constant (V1.2 m/s), the SO, concentration in the dry off-gas increased
by ~20% from 8.7% to 10.4% (the highest SO, enrichment obtained to date). The
SO, concentration in the off-gas increased because of less dilution at the
reduced pressure. :

Relatively high SO, concentrations (v8%) have also been reported by
Gordon et al.’ for the regeneration of limestone at atmospheric pressure.
Although the number of experiments in this evaluation was limited and the
pressure variation was small, the system pressure was found to have a negligible
effect on the rate of Ca0 regeneration because the SO, concentration in the



Table 2. Effect of Regeneration Pressure on the Regeneration of Tymochtee
Dolomite and the SO, Concentration in the Off-Gas

Nominal fluidized-bed heéight: 46 cm
Reactor ID: 10.8 cm
Temperature: 1100°C
Reducing gas concentration in off-gas: 3.0-3.2%
Coal: Triangle coal (0.98 wt % S)
Sorbent: -14 +30 mesh, sulfated dolomite in the second
(10.7 wt % S) and sixth (9.3 wt % S) utilization cycles.

Solids
Fluidizing Residence Cal0 S0, Concentration Minor Sulfur Compounds o
Pressure, Gas Velocity, Time, Regeneration,a in Drg 0ff-Gas, in Off-Gas, % o
EXp. kPa m/s " min % %0/ %¢ H,S cos CS,
CCS-2A 115 1.35 8.8 78 8.9/11.2 0.03 0.1 0.1
CCS-2B 115 1.41 7.4 69 9.5/12.5 0.04 0.1 0.1
CCs-2C 118 1.44 5.3 57 9.6/12.9 - - -
CCs-2 153 1.26 7.5 67 8.6/10.1 0.02 0.1 0.1
CCS-6A 125 1.22 7.5 73 10.4/11.9 0.03 0.1 0.1
CCS-6 153 1.18 7.8 75 8.7/ 9.6 0.03 0.2 0.1

8Based on chemical analysis of dolomite samples.
Measured SO0 concentration.
Adjusted SO concentration based on a constant fluidizing-gas velocity of 1.07 m/s.
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off-gas was not near equilibrium. However, pressure has been found to affect
the S0, concentration in the off-gas via the extent of dilution.

e. Formation of Ca$S

The sulfated dolomite, before regeneration, contained negligible
amounts of CaS. The buildup of CaS during regeneration of Tymochtee dolomite
for all experiments, including those performed at 1000°C, was found to be
<0.1% wt % ($27). The investigated ranges of temperature, solids residence
time, and system pressure had no significant effect on the buildup of CaS$S
because of the existence of an oxidizing zone at the bottom of the fluidized
bed, as discussed by Montagna et al.* The CaS formed in the reducing zone
is oxidized in the oxidizing zone to either Ca0O or CaSO,.

CaS + 20, - CaS0, (5)
CaS + 3/2 0, » CaO + SO, (6)

The beneficial effect of an oxidizing zone on minimizing the buildup of Ca$
has also been observed by Hoke et al.® and Swift and Wheelock.8

3. PDU Regeneration Rate Experiments with Greer Limestone
[J. Montagna (Principal Investigator), F. F. Nunes, G. Smith,
R. Beaudry, and R. Mowry]

The dependence of (1) CaO regeneration and (2) SO, concentration in the
regenerator off-gas on key variables such as regeneration temperature and
solids residence time in the fluid bed reactor was studied for once-sulfated
Greer limestone to aid in optimizing the regeneration process conditions for
the limestone.

A series of regeneration experiments with Pope, Evans and Robbins (PER)
sulfated Greer limestone was performed earlier at regeneration temperatures
of 1050°C and 1100°C. Some of these results have been discussed and compared
to similar results for Tymochtee dolomite in ANL/ES-CEN-1016. The rest have
not been reported because of inconsistencies in the results which are believed
to be due to (1) inconsistency (limestone type) in the (PER) delivered sul-
fated limestone batches and (2) the uncertainty of the history (e.g., salt
added or not) during sulfation.

Consistent regeneration rate data has been obtained in six new regener-
ation experiments in which the same batch of Greer limestone (which contained
7.7 wt % sulfur) was regenerated. This limestone has been sulfated during
combustion of Sewickley coal in the ANL 6-in., PDU combustor (no salt added).
The experiments were performed at 1050°C and 1100°C; solids residence time
in the reactor ranged from 7 to 23 min.

a. Effects of Solids Residence Time and Temperature on Extent of CaO
Regeneration

The six new experiments were performed as a part of the regeneration
step of the first cycle in the cyclic experiment with Greer limestone (reported
in a following section) to determine the effects of solids residence time and
temperature on the extent of Ca0 regeneration., The experimental conditions
and results for these experiments are given in Table 3.



Table 3.

Experimental Conditions and Results for the Regeneration of Greer Limestone
by the Incomplete Combustion of Sewickley Coal in a Fluidized Bed

Nominal fluidized-bed height: ~46 cm

Reactor ID: 10.8 cm

Pressure: 129 kPa

Coal: Sewickley (4.3 wt Z S); ash fusion temperature (initial deformation)
under reducing conditions: 1119°C

Sorbent: -14 430 mesh sulfated limestone (7.7 wt % S)
Bed Fluidizing- Feed Solids Reducing Gas Ca0 Major Sulfur Compounds

Exp. Temperature, Gas Velocity, Rate, Residence Concentration Regener., in Dry Off-Gas, %

No. °C m/s kg/hr Time, min in Effluent, % %2 ;/ %b S0, H,S cos CS,
RGL-1A 1050 1.23 8.2 22.54 3.2 72.2/83.0 3.3 0.09 0.07 0.06
RGL-1B 1050 1.21 15.4 11.93 2.9 43.1/53.3 3.7 0.09 0.08 0.05
RGL-1C 1050 1.21 26.3 6.99 3.4 28.3/27.3 4.3 0.05 0.1 0.05
RGL-1D 1100 1.23 9.1 20.28 3.2 79.5/92.0 3.9 0.2 0.1 0.05
RGL-1E 1100 1.23 15.9 11.59 3.3 72.3/82.8 6.0 0.1 0.1 0.03
RGL-1F 1100 1.29 25.9 7.12 2.9 66.9/70.9 8.4 0.06 0.09 0.02

2Based on flue-gas analysis.
Based on chemical analyses of limestone samples.

8z
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The extent of regeneration values are plotted in Fig. 9 as a
function of solids residence time for two temperatures, 1050°C and 1100°C.
At 1050°C, when the solids residence time was decreased from 22.5 min to
7.0 min, the extent of regeneration decreased from 83% to 27% (based on
solids analyses). At 1100°C, the extent of regeneration decreased from 92
to 71% when the solids residence time was decreased from 20 min to 7.1 min.
The regeneration rate is higher at 1100°C, and therefore the conversion ratio
of CaSO, to Ca0 was less affected by a decrease in reactor particle residence
time. With a residence time of 7 min, the extent of regeneration was still
considerable, ~70%.

A "best fit" equation has been obtained by regression analysis
for the experimental extent of Ca0 regeneration as a function of regeneration
temperature and solids residence time. A similar analysis performed earlier
on regeneration rate data for Tymochtee dolomite was reported above. The
equation for the Greer limestone regeneration rate is

In (1 = R) = Ae1 + Bet? (1)
where
R = extent of Ca0 regeneration (R = 1 for complete regeneration)
T = solids residence time (reactor particle contact time)
A x 102 = -12.4T - 3.98 (2)
B x 103 = 3,25T - 1.24 (3)

T = (£ - 1050)/50
t = regeneration temperature, °C

The values calculated by the model equation (Eq. 1) compare favorably with

the experimental results. A correlation coefficient of ~0.97 was obtained

for the experimental data and the results predicted from the model equation.
Therefore, Equation 1 is a good mathematical model of the dependence of Ca0
regeneration in Greer limestone on temperature and solids residence time for
the investigated experimental range. These best fit results for Greer lime-
stone are compared with results for similar experiments with Tymochtee dolomite
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in Fig. 9. The regeneration rates for these two sorbents compare very
favorably. This relationship for the rate of Ca0 regeneration will be used
in the model for the regeneration process to optimize the design process
conditions and to scale up sorbent regeneration systems.

b. Effect of Solids Residence Time and Temperature on SO, Concentration
in the 0ff-Gas

In the fluidized-bed regeneration process, the SO, concentration
in the off-gas is determined by (1) the feed rate of CaSO, to the regenerator
reactor (solids residence time and sulfur content of sulfated sorbent), (2)
the extent of regeneration of Ca0, and (3) the gas flow rate through the
reactor.

In this series of regeneration experiments, a single batch of
sulfated limestone (containing 7.7 wt % sulfur) was used, and the fluidizing-
gas velocity was varied from 1.21 to 1.29 m/s (a small variation). The gas
flow rate through the reactor was not affected greatly by the fluidizing gas
velocity in the experiments. Therefore, the variation of S0; concentration
in the dry flue gas was due to the mass rate of Ca0 regeneration.

The experimentally obtained SO concentrations in the dry off-gas
are plotted in Fig. 10. At 1050°C, the SO, concentration increased from
3.3% to 4.3% as the solids residence time decreased from 22.5 min to 7.0
min (Z.e., as the sulfated-sorbent feed rate increased). At 1100°C, the SO,
concentration in the dry off-gas increased from 3.9 to 8.47% as the solids
residence time decreased from 20.3 min to 7.1 min. At the longest solids
residence time (>20 min), the SO, concentration was found to be only slightly
higher at the higher temperature. With this long reaction time, most of the
Ca0 was regenerated at both temperature levels and hence the S0O; concentration
in the off-gas was dependent on the CaSO, feed rate. For the shorter reaction
time (7 min), the SO concentration was much higher at the higher temperature
(1100°C) due to the higher rate of Ca0 regeneration.
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c. Effect of System Pressure during Sulfation on the Reactivity of
Greer Limestone

The effect of system pressure on the reactivity of Greer limestone
has been evaluated using the ANL 6-in.-dia combustor. One experiment (SGL-1,
the first cycle in the cyclic experiments discussed in a following section)
was performed at a system pressure of 308 kPa and a bed temperature of 855°C,
and the other (Greer-2C) at 610 kPa and 855°C. The results are given in

. Table 4.

In the 308-kPa experiment, at a Ca/S mole feed ratio of 2.9, a
sulfur retention of ~847% was obtained (656 ppm SO, in the dry flue gas).
This is slightly higher than the 78% retention obtained at the same Ca0/$
mole feed ratio by Pope, Evans and Robbins® at 100 kPa (1 atm) and a higher
fluidizing gas velocity (>3 m/s). The ratio of the CO; partial pressure
(v16% CO, in the dry flue gas) in the flue gas to the equilibrium CO, pressure
at 855°C was 0.78. The ratio of moles of CO, to moles of Ca0 in the sulfated
limestone product was 0.03, indicating that the limestone was fully calcined
during this experiment.

At the Ca/S mole ratio of 3.2 used in the 610 kPa (6 atm) experi-
ment, the sulfur retention was 85.5% (575 ppm of SO; in the dry flue gas).
The ratio of CO, partial pressure in the flue gas to the equilibrium CO,
pressure at 855°C was 1.5. Since the ratio of moles of CO, per mole Ca0 in
the sulfated limestone product was 0.49, considerable calcination did occur.
Although this extent of calcination was unexpected, the results are not
surprising because the high CO, concentration in the flue gas is present
only near the top of the fluid bed. Near the bottom of the fluidized bed,
the CO2 concentration in the gas bed is negligible and therefore calcination
is expected to occur there. The Ca0/S ratios required to achieve a constant
sulfur retention in the two ANL experiments listed in Table 4 are very
similar, which suggests that there was no noticeable effect of pressure on
the reactivity of limestone. On the basis of findings reported by Westing-
housel? on the effect of the ratio of CO» partial pressure to equilibrium
CO, pressure during calcination at atmospheric pressure, it was expected
that the reactivity in the lower-pressure experiment (SLG-1) would be higher.
However, as mentioned above, the conditions are not constant throughout the
fluidized bed, and hence the degree of calcination cannot be controlled. To
enhance the reactivity of the limestones, calcination should be performed in
a separate reactor where the optimum calcination conditions can be maintained.

4. Characterization of Causes of Defluidization during Regeneration
[J. Montagna (Principal Investigator), F. F, Nunes, G. Smith,
R. Beaudry, and R. Mowry]

In the development of a sorbent regeneration process, an understanding
of the process by which a fluid bed agglomerates is necessary so that agglom-
eration may be controlled. During sulfation of sorbent (combustion step),
some coal ash is retained in the fluidized bed and is removed with the
sulfated sorbent. It is believed that in agglomeration in the fluid bed
during regeneration, coal ash is a contributor to initial coalescing of
particles, which is followed by loss of fluidity in the fluidized bed and by



Table 4. Operating Conditions and Flue-Gas Compositions during the Sulfation
of Greer Limestone with Sewickley Coal. Combustion at Two Operating

Pressures
Combustor: ANL, 6-in. dia Temperature: 855°C
Coal: Sewickley, -8 mesh, 4.3 wt %Z S Excess air: ~17%

Sorbent: Greer limestone, =14 +30 mesh Nominal bed height: 0.9 m
Nominal gas velocity: 1.0 m/s

Flue-Gas
Analysis Moles of COy/
System Feed Rate, Ca0/$S (avg. values) Sulfur Calcium Mole of CaO
Combustion Pressure, kg/hr . Mole SO,, 07, Retention, Utilization, in spent
EXp. kPa Coal Sorbent Ratio ppm % ANV % limestone
SGL-1 308 6.36 3.38 2.9 656 3.0 83.6/84.8 29.6 0.03
Greer-2C 610 12.68 - 6.42 3.2 575 3.0 85.5/87.3 31.7 0.49

a
EPA standard for Sewickley coal is ~635 ppm.
Based on flue-gas analysis.

“Based on solids analysis.

[A%
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increases in local temperatures. At these high local temperatures (>1100°C),
the bed agglomerates; reactions occur that form calcium silicates and calcium-
aluminum silicates.

A statistical experiment designed to study defluidization characteristics
(agglomeration) has been carried out in the PDU regeneration system. Sulfated
Greer limestone (from Pope, Evans and Robbins) and Sewickley coal were used
in the investigation. The effects of (1) regeneration temperature, (2) parti-
cle size distribution of the sulfated sorbent, and (3) total reducing gas
concentration (CO, H,, and CH,) in the off-gas on the defluidization velocity
(minimum velocity required to prevent agglomeration) were determined.

a. Experimental Design and Procedure

The statistical experiment consisted of a full 23 factorial design.
The three variables and their corresponding design levels were: regeneration
temperature (1050°C and 1100°C), feed sorbent particle size (-10 +30 mesh
and -14 +30 mesh), and total reducing gas concentration in the off-gas (2.5%
and 5.0%). The effects of these variables on the minimum gas velocity re-
quired to prevent agglomeration (defluidization velocity, V4) were studied.
This velocity (V4q) is greater than the conventional minimum fluidization
velocity of a similar nonsticky particle system. The effect of stickiness
of bed material on the tendency of a fluidized bed to defluidize and agglom-
erate has been previously described by Gluckman et al. 1l

Each defluidization experiment was begun by starting with a
fluidizing-gas velocity of ~2.0 m/s. The other design conditions remained
constant. The velocity was decreased in increments of <0.15 m/s every 30
min until the bed defluidized. Defluidization and agglomeration were indi-
cated by a decrease in the pressure drop through the fluidized bed and the
formation of a vertical temperature gradient in the fluid bed, as illustrated
in Fig. 11. The regenerated sorbent samples taken just prior to agglomeration
in each experiment were saved and are being sized.
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b. Effect of Operating Variables on Defluidi;ation Velocity

The experimental conditions and results for this series of experi-
ments are presented in Table 5. The lowest defluidization velocity (V5 =
0.88 m/s) was obtained in AGL-5, using the smaller feed particles (-14 +30
mesh), the lower temperature (1050°C), and the lower reducing gas concen-
tration (2.5%) in the off-gas. The highest defluidization velocity (V4 =
1.56) was obtained in AGL-4 with the larger feed particles (-10 +30 mesh),
the higher temperature (1100°C), and the higher reducing gas concentration
(5.0%) in the off-gas. Higher temperature and higher reducing gas concen-

- tration probably cause the sulfated particles (containing 5-10% coal ash)

to become sticky so that a higher fluidizing gas velocity is required to
overcome the adhesive forces between particles and prevent defluidization.
There are two possible reasons for particle size affecting the defluidization
velocity: The minimum fluidization velocity of large particles is higher,
and more kinetic energy must be imparted to larger particles to overcome
their adhesive forces,

Table 5. Defluidization during Regeneration--Experimental
Conditions and Results of the Full 23 Factorial
Experiment

Nominal fluidized-bed height: ~46 cm

Sorbent residence time: <25 min

Reactor ID: 10.8 cm

Pressure: 129 kPa (4 psig)

Coal: Sewickley (4.3 wt % S), nominal
(-12 +100 mesh); ash fusion temperature
(initial deformation) under reducing
conditions: 1119°C

Sorbent: Regenerated Greer limestone

Variables Response
Mean Feed Total Reducing?
Sorbent Gas Conc. in Defluidization
Temp, Size, 0ff-Gas, Velocity,
Exp. °C pm % m/s

AGL-1 1050 1271P 2.5 1.19
AGL-1-1R 1050 1271 2.5 1.02
AGL-1-2R 1050 1271 2.5 0.99
AGL-2 1100 1271 2.5 1.24
AGL-3 1050 1271 5.0 1.15
AGL-4 1100 1271 5.0 1.56
AGL-5 1050 969.2¢ 2.5 0.88
AGL-6 1100 969.2 2.5 0.96
AGL-7 1050 969.2 5.0 1.01
AGL-8 1100 969.2 5.0 1.51

3Combined concentrations of CO, H,, and CH,.
Nominal -10 430 mesh.
CNominal -14 +30 mesh.
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A requirement of a sorbent regeneration process is that an off-gas
with a high SO concentration (v10% SO,) must be obtained to reduce the eco-
nomic burden of a sulfur recovery system. The detrimental effect of a high
fluidizing-gas velocity on the extent of SO, dilution has been discussed,
along with previous ANL regeneration results.

c. Analysis of Variance for Defluidization Velocity

An analysis of variance for the defluidization velocity is presented
in Table 6. The regeneration temperature and the total reducing gas concen-
tration were found to significantly affect the defluidization velocity (Vy)
with the F-test for significance at the a = 0.1 level (90% confidence level).
The effect of the feed particle size on the defluidization velocity was
found not to be significant at the o = 0.1 level; however, it was significant
at a = 0.15..

The validity of this analysis depends upon the absence of inter-
actions between the controlled variables. TFor a 23 factorial experimental
design, the model equation is expressed by:

X.., =u+a, +B,.+ + 1., + + I, +1.. +¢,,

ijk s %4 BJ Yk ij Iik I'Jk Ile e1Jk
where Xijk is the observed response; p is the mean of all possible responses;
ay, Bj, and vy, are the treatment effects for the three controlled variables;
Iijs> Liks Ijks and Ij4x are the interaction effects between the controlled
variables; and €j4k is the error between the observed and the expected

response,

The analysis of variance for a factorial experiment design with
partial replication cannot estimate the separate effects of the interaction
terms Iij’ Iik, Ijk» and Ii5k- These interaction effects are included in
the term €4ix. In addition to inflating the error mean square, the presence
of interactions can give misleading results in F-tests for significance.
Comparing the error mean square (0.01576) with the variance (0.004634) cal-
culated from replicate experiments AGL-1, AGL-1-1R, and AGL-1-2R gives an
indication of the extent to which interaction effects have inflated the error
mean square. Since both of these values are estimators for 02 (the true
variance of the response data), the difference tends to indicate the presence
of interactions between the controlled variables. Thus, the lack of signifi-
cance (at a = 0.1) for feed particle size on the defluidization velocity
(indicated above) is possibly in error. Experimental results (AGL-1 vs
-5, AGL-2 vs -6, etc.) do suggest an effect of feed particle size on the
defluidization velocity.

d. Regression Analysis for Defluidization Velocity

A best fit relation for defluidization velocity (V4) as a function
of regeneration temperature, mean feed sorbent particle size, and total
reducing gas concentration in the effluent from the regeneration fluid-bed
reactor was obtained by using least-squares techniques

V =4.05- 3.61 x 1073T - 2.62R + 2.54 x 1073TR + 5.26 x 107™“F (4)
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Table 6. Analysis of Variance for Defluidization Velocity
Data from the AGL Series of Experiments

Source of Degrees of Sum of Mean Calculated b
Variation Freedom Squares Square F .2 Fl_q
Temperature 1 0.17701 0.17701 11.23 4,54
Feed Particle 1 0.04961 0.04961 3.15 4,54¢
Size
Reducing Gas 1 0.15401 0.15401 9.77 4,54
Error _4 0.06305 0.01576
Corrected Total 7 0.44368

a .
bThe term Fg = ratio of variable mean square to error mean square

cFor o = 0.1 (90% confidence level).
For o 0.15, the value of Fl—a is 3.15.

where Vq = defluidization velocity, m/s
T = operating temperature, °C
R = total reducing gas concentration, %
F = mean particle size of feed sorbent, um

Based on the analysis of variance and examination of scatter plots of the
data, it was decided to include a term (TR) for the interaction between
temperature and reducing gas concentration in the regression model. This
greatly improved the agreement of the model equation, Equation 4, with the
experimental results. In the absence of the interaction term, TR, a com-
parison of regression model results with observed experimental values shows
that the coefficient of determination (R2?) is only 0.83. Equation 4, in
contrast, has a coefficient of determination of 0.95.

By use of the model equation obtained (Eq. 4) for defluidization
velocity, the minimum operable fluidizing gas velocity (>V4) at which
industrial (or Rivesville) sorbent regeneration process reactors can be
operated without defluidization and agglomeration of the fluid bed can be
predicted. Predicted defluidization velocities for a reductive decomposition
regeneration process are given in Table 7. (The predictions for a 1500-pm
mean feed sorbent particle size are applicable to a regeneration process at
Rivesville.) The effect of predicted minimum operable fluidizing-gas velocity
on the maximum expected concentration of SO, in a regeneration process off-
gas and its effect on the economic burden of a sulfur recovery system will
also be evaluated and reported.

Additional agglomeration experiments will be performed to evaluate
the effects on defluidization velocity of (1) using different coals (including
one with a high ash fusion temperature), (2) using a higher regeneration
temperature (1150°C), and (3) extensive buildup of an ash layer on the sorbent
particles (dolomite from the tenth utilization cycle).
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Table 7. Calculated Defluidization Velocities (V4, m/s)
at Different Bed Temperatures, Reducing Gas
Concentrations, and Bed Particle Sizes for the
Regeneration Process

Vd’ Defluidization Velocity, m/s

Reducing Gas
Concentration, ¥% 1050°C 1075°C 1100°C

Mass Mean Particle Diameter, 1500 uma

2 1.14 1.18 1.22
3 1.19 1.29 1.39
4 1.24 1.40 1.56
5 1.28 1.51 1.74

Mass Mean Particle Diameter, 1000 pm

2 0.88 0.92 0.95
3 0.93 1.03 1.13
4 0.97 1.14 1.30
5 1.02 1.25 1.47

aApproximate mean particle size of feed limestone that will
be used at the Rivesville pilot plant.

5. Cyclic Sorbent Life Studies with Tymochtee Dolomite
{J. Montagna and W. Swift (Principal Investigators), F. F. Nunes,
G. Smith, G. Teats, H. Lautermilch, R. Mowry, S. Smith, C. Schoffstoll,
and J. Stockbar]

The feasibility of sorbent regeneration technology will depend on the
ability to recycle the sorbent a sufficient number of times (1) without loss
of its reactivity for either sulfation or regeneration and (2) without severe
decrepitation. Unless both of these requirements are met, the sorbent makeup
rate will be so high that in comparison with the fresh sorbent requirements
and spent sorbent waste disposal for a once-through FBC process, regeneration
may not be economically justified.

Two ten-cycle sorbent utilization experiments were performed, therefore,
with no fresh sorbent makeup to evaluate: the changes in reactivity (sulfur
acceptance during combustion), the changes in regenerability (sulfur release
during regeneration), the extent of decrepitation, and the extent of coal
ash buildup as a function of utilization cycle. This section presents the
results of the ten-cycle sorbent-life study performed with Arkwright coal
and Tymochtee dolomite. (The results of the ten-cycle sorbent life study
performed with Sewickley coal and Greer limestone at 308 kPa pressure during
the combustion steps are presented in the following section.)

Since the processing capacity of the ANL PDU regenerator is much greater
than that of the combustor (by almost a factor of ten), the sorbent could
not be continuously recycled between the reactors. Thus, the sulfation and
regeneration experiments were performed batchwise.
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a. Experimental Conditions

The combustion experiments in each utilization cycle were performed
at a 900°C bed temperature, 810 kPa pressure, 1.5 Ca0/S mole ratio (ratio
of unsulfated calcium in sorbent to sulfur in coal), ~“17% excess combustion
air, 0.9 m/s fluidizing-gas velocity, and a 0.9 m bed height.

The operating conditions during the regeneration step of each cycle
were a nominal system pressure of 158 kPa, a bed temperature of 1100°C, and
a fluidized-bed height of 46 cm. The required heat and reductants for
regeneration were provided by incomplete combustion of Triangle coal.

b. Sulfur Acceptance during Combustion

Representative steady state operating conditions and flue-gas
composition data for the ten combustion cycle experiments are presented in
Table 8. The level of sulfur dioxide in the flue gas and the corresponding
sulfur retention based on the flue gas analysis for all ten combustion cycles
are graphically presented in Fig. 12,

Sulfur dioxide levels in the gas increased from ~300 ppm in cycle
1 to 950 ppm in cycle 10. This represents a decrease in sulfur retention
from ~88% in cycle 1 to ~55% in cycle 10. Although there is some scatter
in the data, it appears that the reactivity of the sorbent for sulfur reten-
tion decreased linearly with combustion cycle over the 10-cycle experiment.

c. Sulfur Release during Regeneration

The experimental conditions and results for a representative seg-
ment of each regeneration step are given in Table 9.

In the ten regeneration experiments, solids residence times ranged
from 6.8 to 8.1 min. The extent of Ca0 regeneration based on solids analysis
varied from 67 to 80%, with no apparent loss in regenerability over the ten
utilization cycles.

The S0, concentration in the dry off-gas from the regenerator
varied from 8.8% to 6.1%. 1In the first cyclic regeneration experiment (CCS-1),
the SO, was diluted by gas used to obtain the fluidizing-gas velocity of
1.43 m/s (other experiments were done at <1.26 m/s). In the three final
cyclic regeneration experiments, the lower SO, concentrations in the regener-
ation reactor off-gas were a result of the lower sulfur concentration in the
sulfated sorbent (7.1-7.9 wt %Z S instead of ~10% S). Although the combustion
steps of these cyclic experiments were performed with a constant Ca0/S mole
ratio of 1.5 with no virgin sorbent makeup, the total sulfur content of the
sulfated sorbent decreased in each cycle due to lowered sulfation reactivity
of the sorbent.

d. TGA Sulfation Experiments

To further test the reactivity of the sorbent for sulfation, samples
of the sorbent from each regeneration half-cycle experiment were sulfated in
a TGA apparatus at 900°C, using a reactant gas containing 0.3% SO,, 5% 0,, and



Table 8. Operating Conditions and Flue-Gas Compositions for Combustion

Step of Cyclic Experiments

Comb
Coal
Sorb

ustor: ANL, 6-in.

dia

: Arkwright, -14 mesh, 2.8 wt Z S
ent: Cycle 1, Tymochtee dolomite,

Temperature:

Pressure:

Excess air:

900°C
810 kPa

177

-14 +30 mesh Nominal bed height: 0.9 m
Cycles 2-10, Regenerated Nominal gas velocity: 0.9 m/s
Tymochtee dolomite
Additive
Feed Flue-~-Gas Analysis
Combustion Analysis, Feed Rate, Ca0/s (avg values) Sulfur
Cycle wt % kg/hr Mole s0,, NO, CH,, CoO, co,, 0,5, Reftention,
REC- Ca S Coal Sorbent Ratio? pPpm  ppm  ppm  ppm % % %2/ %C
1 20 - 14.6 4.1 1.6 290 200 32 90 16.0 3.4 88/81
2 30.7 4.7 13.3 2.8 1.5 400 120 30 40 15.5 3.1 82/79
3 29.7 4,6 13.5 2.9 1.5 490 130 (d) 20 16.0 3.2 78/86
4 29.6 6.0 13.3 3.2 1.5 450 120 30 45 16.0 3.2 79/66
5 29.0 5.2 13.3 3.4 1.6 600 100 31 55 16.6 3.3 72/64
6 28.3 4.2 13.2 3.0 1.5 600 105 21 40 17.0 3.0 72/66
7 28.8 3.1 13.4 2.6 1.4 680 97 47 59 16.1 2.7 69/61
8 28.7 3.2 12.6 2.6 1.5 810 94 43 40 16.2 2.8 61/57
9 27.0 3.0 13.0 3.1 1.6 770 104 49 56 16.5 3.1 63/52
10 25.8 3.4 13.3 3.0 1.4 950 94 49 64 15.9 2.9 55/50
:Ratio of unsulfated calcium in dolomite feed to sulfur in coal.
cBased on flue-gas analysis.
dBased on solids analysis.

Analyzer

inoperative.

6¢
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the balance N,. The results of the experiments are shown in Figs. 13 and 14.
Figure 13 gives the percent of the Ca0 in the regenerated samples converted

to CaSOy as a function of time (Z.e., the rate of conversion) for all ten
regeneration half-cycles. The numbers of the curves (2 through 10) correspond
to the numbers of the corresponding combustion half-cycles, and curve 11
represents sulfation of regenerated material from cycle 10. With the
exception of the curve corresponding to the fourth combustion cycle, the

rate of conversion decreased from the second through the eleventh sulfation.

An interesting observation is that after the eighth sulfation cycle,
the loss in reactivity with succeeding sulfation cycles is quite small. This
indicates that the reactivity of the sorbent may level off in the higher
sulfation cycles. This potential leveling-off of reactivity was not detected
in the cyclic combustion-regeneration experiments performed in the PDU.

Figure 14 plots the utilization of the stones for each sulfation
cycle as a function of time for the TGA experiments--i.e.,, the extent of con-
version. The starting point for each sulfation experiment is determined by
the extent of regeneration during the preceding regeneration half cycle.



Table 9.

Experimental Conditions and Results for the Regeneration Step
of the Ten Utilization Cycles with Tymochtee Dolomite

Nominal fluidized-bed height: 46 cm

Reactor ID: 10.8 cm

Pressure: 153 kPa

Temperature: 1100°C

Coal: Triangle (0.98 wt %Z S), ash fusion temperature

(initial deformation under reducing conditions): 1390°C
Sorbent: ~14 +30 mesh sulfated Tymochtee dolomite
Sulfur
Fluidiz- Solids 0, Conc Reducing Gas Conc in Major Sulfur
ing Gas Residence in Feed Concentration Sulfated Ca0 Compounds in
Cycle Expt. Velocity, Time, Gas, in Off-Gas, Sorbent, Regeneragion, Dry Off-Gas, %

No.  No. m/s min % % % %)% S0, H,S  COS  CS,
1 ccs-1 1.43 7.0 26.7 2.8 9.0 73/71 6.5 0.04 0.06 0.04
2 CCSs-2 1.26 7.5 37.9 3.0 10.7 67/67 8.6 0.02 0.1 0.1
3 CCs-3 1.22 7.2 36.7 3.4 10.3 63/76 8.4 0,07 0.1 0.1
4  CCS-4 1.17 7.8 36.5 2.9 9.9 67/69 8.1 0.04 0.1 0.1
5 CCS-5 1.17 7.4 36.1 3.0 9.5 69/75 8.8 --¢ --¢ _°©
6 CCS-6 1.18 7.8 41.8 2.6 9.3 66/75 8.7 0.03 0.2 0.1
7  CCS-7 1.16 7.3 38.2 2.9 8.5 69/77 8.2 0.07 0.1 0.1
8 CCs-8 1.18 8.1 35.9 3.0 7.8 64/80 6.3 0.06 0.07 0.07
9 CCs-9 1.09 7.3 36.4 3.0 7.9 53/67 6.1 0.1 0.1 0.1

10 CCs-10 1.24 6.8 38.0 3.0 7.1 63/68 6.7 0.05 0.08 0.09

8Based on off-gas analysis.
Based on chemical analysis of dolomite samples.

Analysis not performed.

1%
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However, after sulfation for a period of several hours, the utilization of

the stone decreases with sulfation cycle except for the inconsistency in the
fourth-cycle sulfation data. Again, the attainable sorbent utilization appears
to stabilize and become fairly constant at about the eighth combustion cycle.

e. Estimate of Sorbent Makeup Requirements to Meet EPA Sulfur Emission
Limit

Based on the results of the cyclic combustion/regeneration experi-
ments, an analysis was made to estimate the sorbent makeup rate which would
be required in a continuous recycle operation to meet the EPA sulfur emission
limit. The makeup rate is essentially determined by three factors: (1) the
level of sulfur retention required, (2) the sorbent loss of reactivity with
increasing number of utilization cycles, and (3) the sorbent recycle rate,
which establishes the total Ca0/S mole ratio during the combustion cycle. In
this discussion, the term Ca0/S mole ratio is used to emphasize that the
mole ratio refers to the ratio of the available (unsulfated) calcium in the
sorbent feed to the sulfur in the coal feed.

The analysis was based on the results obtained during the ten
combustion experiments (REC-series experiments) in the cyclic combustion-
regeneration study. Conditions assumed for the analysis were, therefore,

a 900°C bed temperature, 810 kPa pressure, and a 0.9 m/s fluidizing-gas
velocity. The analysis was also based on maintaining a sulfur retention of
75%, which is slightly above the ~70% required to meet the EPA sulfur emission
limit,

The two requirements for the analysis were: (1) to determine the
utilization ("activity'") of the sorbent at 75% sulfur retention as a function
of sulfation cycle and (2) to derive an analytical expression for the age
distribution (that is, the cycle number distribution) of the reactor charge
at steady state as a function of makeup rate.

In order to establish the first requirement in the analysis, it was
first necessary to determine the Ca0/S mole ratio required as a function of
utilization cycle to maintain a constant sulfur retention of 75%. During
two of the combustion experiments (REC-7 and REC-8) in the cyclic combustion-
regeneration study, the Ca0O/S ratio was intentionally increased sufficiently
above 1.5 near the end of each experiment to bring sulfur retention to ~V75%.
With this additional data, it was possible to determine the required CaO/S
ratio as a function of cycle to maintain a constant sulfur retention of 75%.
These results are illustrated in Fig. 15.

From the correlation of VAR-series* experimental results, the Ca0/$S
ratio which would be required to achieve 757 retention during the first
combustion cycle was calculated to be 1,0. From the correlation of the
REC-series cyclic combustion experiments at a Ca0/S ratio of 1.5, a sulfur

%
A series of PDU experiments to study the effects of experimental conditions

on S0, retention.
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Fig. 15. Ca0O/S Ratio Required to Achieve 75% Sulfur
Retention as a Function of Cycle

retention of 75% occurs during combustion cycle 4.2.* It was then experi-
mentally determined that during combustion cycles 7 and 8, Ca0/S ratios of
2.1 and 2.5 were required to achieve sulfur retentions of ~74 and ~76%,
respectively. The resulting curve indicates that the Ca0/S ratio required
in the eighth cycle to maintain a constant sulfur retention of 757 was
approximately two and one-half times that in the first cycle.

Zielke et al.l3 performed a similar cyclic combustion-regeneration
study using Tymochtee dolomite at V155 kPa. A comparison of the results of
the two studies is given in Table 10. The results are obviously in very good
agreement; Ca0/S ratios reported by Zielke et al. to achieve “80% sulfur
retention were slightly higher than the ANL values of Ca0/S$S to achieve 75%
retention.

*
For purposes of correlation, a fractional combustion cycle such as 4.2 can be

used to indicate a material which is less reactive than sorbent being sul-
fated for the fourth time and more reactive than sorbent being sulfated for
the fifth time.
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Table 10. Comparison of the Experimental Cyclic Sulfation
Results Obtained at ANL with Those Reported by
Zielke et al.? Tymochtee dolomite used in both

studies.

Conditions ANL Zielke et al.?
Combustion

Pressure, kPa 810 V155

Temperature, °C 900 980

Excess Air, % 17 20

Gas Velocity, m/s 0.91 0.91

Sorbent Size, mesh -14 430 -14 +28

Solids Residence Time, hr "5 1.1
Regeneration

Pressure, kPa 153 155

Temperature, °C 1100 1065

Gas Velocity, m/s 1.3 0.6

Solids Residence Time, min 7 108

Cycle No.

Results 1 3 4 5 6 7 8
ANLb

Sulfur Retention, % 75 75 75 75 75 75 75 75

Ca0/S Ratio 0.93 1.1 1.3 1.5 1 1.9 2.2 2.5
Zielke et al.?

Sulfur Retention, % 79.3 80.4 80.2 8.7 77. 79.3 80.6 N.D.

Ca0/S Ratio 0.95 1.4 1.9 1.9 2 2.3 2.6 N.D,

8Reference 13.
Values obtained from Fig. 16.
No data.

By the use of the correlation of Fig. 15, it was possible to calcu-
late the utilization ("activity") of the sorbent at 75% sulfur retention as
a function of sulfation cycle using the equation

0.75

where U, = Ca0 utilization at 75% S retention for nth sulfation
(Ca0/S),, = Ca0/S mole ratio required for 75% sulfur retention during

nth sulfation

(5)
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The resulting correlation of the sorbent utilization at 75% sulfur
retention with the sulfation cycle is graphically presented in Fig. 18.
Utilization for a given sulfation cycle can be estimated from the equation
for the straight line in Fig. 16,

v = 0.92¢ 0+ 140 (6)

where n is the sulfation cycle number.

The second requirement in the analysis was to develop an expression
for the age distribution of the sorbent feed (recycle plus makeup) so that
the fractional amount of the feed being sulfated for the nth time can be
estimated. The approach taken was adapted from a procedure developed by
Nagierl“ and is illustrated in Fig. 17.

In Fig. 17,

wo = constant Ca0 makeup charged to each cycle

w, = total Ca0 charged to the nth cycle, n = 1,2,...n

= constant fraction of total charge rejected after each
cycle (includes decrepitation losses, incomplete
regeneration, and sorbent drawdown)

n
Q

Therefore, (1 - a) represents the fraction of the Ca0 charged to
each stage which is recycled (via the regeneration process) to the next
stage. It can be easily shown that as n + «, w_ converges to

L+ Q-o)+A-2+ .+ Q-
wo/OL ¢))

w
n

where the fraction, g_, of the total charge, w,, being sulfated for the
nth time is expressed as follows:

g, = a(l - a)n—l, n=1, 2, ..., (8)

An equilibrium Ca0 utilization, Ueq» Can then be calculated for 75% sulfur
retention at steady state as

o]

U = ¢ Ug (9)
eq n=1 n-n

From this result, the total Ca0Q/S ratio at equilibrium can be calculated as

Total Ca0/S = 0.75/Ueq (10)
and the makeup Ca0/S ratio as -
Makeup CaO/S Ratic . = (Total Ca0O/S)-a (11)
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The results of the analysis for U, as given by Eq. 6 are presented
in Fig. 18. As an.example of using Fig., 18, if a (makeup CaO/total CaO)
is 0.18, a makeup Ca0/S ratio of ~0.27 and a total CaO/S ratio of ~1.5 are
required for a sulfur retention of 75%. Decreasing a to 0.1 (10% makeup)
reduces the makeup Ca0/S ratio to ~0.2 (a reduction of 25%) but increases
the total Ca0/S required to 2.0 (an increase of 33%). In comparison to the
once-through Ca0/S ratio of ~1.0 for 75% sulfur retention, the makeup of 0.2
for a cyclic process corresponds to an estimated savings in quantity of lime-
stone needed of 80%.

4.0
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Fig. 18. Calculated Makeup and Total CaO/S Ratios
Required to Achieve 75% Sulfur Retention
as a Function of the Makeup Ca0 to Total
Ca0 Ratio. Sulfation conditions: Temp,
900°C; Pressure, 810 kPa; Sorbent,
Tymochtee Dolomite; Sulfur retention, 757%.
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It should be emphasized, however, that the choice of a is not
arbitrary. The value of o will affect both the process flow sheet and the
system economics. For a thorough discussion of the effect of recycle rate,
the reader is referred to a following section, "Regeneration Process Scale-up
and Flowsheet Determination."

f. Porcsity of Dolomite as a Function of Utilization Cycle

The porosity of -25 +30 mesh particles was measured by the mercury
penetration method. The pore distributions of samples from cycles 2 and 10
are given in Fig. 19. The cumulative pore volume for pores >0.4 um and also
for pores >0.04 pum in sulfated and regenerated Tymochtee dolomite are given
in Table 11. It has been reported by Hartman and Coughlln15 that most sul-
fation takes place in larger pores (>0.4 um) and that pores smaller than
0.4 um are relatively easy to plug. During sulfation of Ca0, the pores
shrink as a result of molecular volume changes.

The porosity of sulfated dolomite was relatively unaffected by
utilization cycle, although the sulfur content decreased from ~10 wt % to
v/ wt % (Fig. 19). However, the porosity of the regenerated dolomite con-
sistently decreased with utilization, as did the sulfur content in the regen-
erated stones. The difference 1n porosity of the sulfated and regenerated
samples decreased from ~0.15 cm /g (pores >0.4 um) after the first cycle
to v0.07 cm /g after the tenth cycle. The - porosity of regenerated dolomite
decreased with cyclic use, and thus its effectiveness as an SO, acceptor
decreased.

The loss of porosity in the dolomite could be due to (1) buildup
of an ash layer around the particle or (2) high-temperature (1100°C) exposure
during regeneration. At the regeneration temperature used, sintering begins,
decreasing the reactivity by decreasing the beneficial porosity of the parti-
cles. This limits local diffusion and reaction of SO,. The effect of
porosity and reactivity of high-temperature exposure as a function of time
is being evaluated for Tymochtee dolomite and will be reported.

g. Coal Ash Buildup during Utilization Cycles

The extent of coal ash buildup in the fluidized bed during coal
combustion is of particular importance in evaluating its effect on (1) the
SOy-accepting capability of the sorbent in the subsequent combustion step
and (2) the ash-sorbent agglomerating tendency in the regenerator reactor.

The ash buildups during all ten sulfation and regeneration steps
have been calculated from wet chemical analyses (Si and Ca) of the sorbent
product samples and are given in Table 12. As a basis for calculation, 100 g
of virgin dolomite was used. The ash buildup was based on bulk silicon en-
richment. The concentrations of silicon and the calculated coal ash buildups
are plotted in Fig. 20. After ten utilization cycles with no fresh sorbent
makeup, it has been found that for every 100 g of starting virgin dolomite,
n13 g of coal ash accumulated in the sorbent. The silicon concentration
increased from 2.1% in the virgin dolomite to 6.1% in the regenerated sorbent
from the tenth cycle. The differences in the concentration of silicon
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Table 11. Porosity (cm3/g) of Tymochtee Dolomite as
a Function of Utilization Cycle

Cycle No. Sulfated Regenerated Change, A
1 0.120%/0.164° 0.268%/0.340° 0.148%/0.176"
2 0.120 /0.212 0.288 /0.308 0.168 /0.096
4 0.120 /0.140 0.252 /0.276 0.132 /0.136
6 0.156 /0.164 0.244 /0.258 0.088 /0.094
8 0.144 /0.156 0.238 /0.260 0.094 /0.104
10 0.132 /0.140 0.204 /0.220 0.072 /0.080

aPores >0.4 um,
Pores >0.04 um.

in sulfated and regenerated samples are due to the weight loss of the sorbent
during regeneration (CaSO, +~Ca0). The calculations for ash buildups do not
identify in which of the two process steps (sulfation or regeneration) most
of the ash buildup occurred. However, it is believcd that most of the ash
buildup occurred during the sulfation step because the feed rate of fresh

ash (in the coal) was V1 kg for every 3 kg of regenerated sorbent feed. In
contrast, during regeneration, the feed rate of fresh ash (in the coal) was
vl kg for every 70 kg of sulfated sorbent feed.
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Table 12. Calculated Coal Ash Buildup during Sulfation and
Regeneration of Tymochtee Dolomite, Based on
Enrichment of Silicon

Mass Basis: 100 g virgin Tymochtee dolomite
(20.0 wt % Ca and 2.14 wt % Si)

Ash Buildup

Cycle Cycle Si Conc., g ash

No Step % wt 7% 100 g virgin dolomite
1 s2 2.68 0 0
1 r? 3.64 0 0
2 S 2.88 2.4 2.1
2 R 3.98 4.0 2.7
3 S 3.19 3.3 2.8
3 R 4.35 7.7 4.8
4 S 3.43 4.1 3.4
4 R 4.51 7.0 4.9
5 S 3.70 6.0 5.2
5 R 4.60 7.4 5.2
6 S 3.68 5.9 5.1
6 R 5.38 11.5 8.1
7 S 4.19 8.2 7.0
7 R 5.39 11.2 7.8
8 S 4.72 11.0 9.6
8 R 6.41 17.0 12.5
9 S 4.69 11.0 9.7
9 R 6.05 15.8 12.2
10 S 5.42 14.7 13.3
10 R 6.13 16.3 12.7

85 = sulfation step, R = regeneration step.

The coal ash buildup was also evaluated as a function of particle
diameter in a regenerated dolomite sample from the tenth cycle. The results
are plotted in Fig. 21. It was found that ash accumulation increased with
the particle diameter of the sorbent. The (nominal) 1700 um particles (+14
mesh) were made up of agglomerates of smaller particles which are each coated
with coal ash. Thus the larger (+14 mesh) particles had more ash-coated
surface than did the smaller particles.

Sulfated and regenerated dolomite particles from the first, fifth,
and tenth utilization cycles were examined for macrofeatures under a low-
magnification microscope. Photomicrographs of these samples are given in
Figs. 22 and 23. The photomicrographs reveal that even the once-sulfated
stones were beginning to be coated with what is believed to be coal ash.
Particles from the tenth cycle (Fig. 23) appear to be completely coated with
ash. The coating can be more readily seen in color photographs. The cause
of the ash blisters is uncertain; however, their presence is probably bene-
ficial in that they expose reactive Ca0 in the particles.



COAL ASH BUILDUP, wt %

52

® -9 ash/100g VIRGIN DOLOMITE
COMBUSTION STEP OF CYCLE

COMBUSTION STEP OF CYCLE

- g ash/100g UTILIZED DOLOMITE

ASH BUILDUP

O0-gash/100g UTILIZED DOLOMITE

[ = -g ash/I00g VIRGIN DOLOLOMITE
REGENERATION STEP OF CYCLE

REGENERATION STEP OF CYCLE

A-COMBUSTION STEP OF CYCLE
| O-REGENERATION STEP OF CYCLE

0 5 1 ) ] 1 L

1

L

A

Si CONCENTRATION, wt %
-

0 2 4 6

8
TYMOCHTEE DOLOMITE UTILIZATION CYCLE

10

Fig. 20. Coal Ash Buildup as a Function of

Utilization Cycle

40
o FRACTIONAL SAMPLES
« TOTAL SAMPLES
0k
Fig.
20} '8
a
o]
(o]
10}
O TN Y NI U R S
0 500 1000 1500 2000

FRACTIONAL PARTICLE DIAMETER, pum

21.

Coal Ash Buildup as a
Function of Particle
Diameter in Tenth Cycle
Regenerated Particles



a. Cycle One, Sulfated (12.5 X) b. Cycle One, Regenerated (12.5 X)
c. Cycle Five, Sulfated (12.5 X) d. Cycle Five, Regenerated (12.5 X)

Fig. 22. Photomicrographs of Sulfated and Regenerated
Tymochtee Dolomite Particles from the First
and Fifth Utilization Cycles
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Fig. 23. Photomicrographs of Sulfated and Regenerated
Tymochtee Dolomite Particles from the Tenth
Utilization Cycle
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A petrographic examination was also made of the unreacted dolomite
and of samples of thg dolomite after the first and tenth sulfation and regen-
eration half-cycles. As was observed in the above examination of the macro-
features, progressive buildup of a vitreous crust surrounding most of the
particles over the ten cycles was observed. The spotty beginnings of crust
formation during the first cycle are shown in Figs. 24 and 25. Representative
encrusted particles from the tenth cycle are shown in Figs. 26 and 27.

Where the crust is well developed (as in Figs. 26 and 27), it is
red with some black areas when viewed in ordinary light. Under the microscope,
a polished section viewed in reflected light shows that the black parts have
higher reflectivity and are magnetite (Fe30,). The less reflective red parts
resemble a silicate or silicate glass. The red coloration is probably due to
finely dispersed hematite (Fej03) and is free of magnetite. The contrast
between these two parts is indicated in Fig. 27.

X-ray diffraction analyses were made of the surfaces of particles
from the first and tenth cycles. On the surface of first-cycle regenerated
particles, the presence (very minor) of Ca(Alg.7Feq.3),05 was detected. On
the surface of tenth-cycle regenerated particles, evidence for the presence
of this compound was more pronounced. The tenth-cycle sulfated particle
surface contained a high concentration of a-Fe,03.

Although the two predominant crystalline phases in the crust are
magnetite and MgO, it is very likely that they are dispersed phases in a
vitreous matrix (of unknown composition), as evidenced by the vesicular
character shown in Fig. 28. 1In this respect, this material is similar
to the fusion crust of stony meteorites. No silicon-based compound was
found by X-ray diffraction (glassy silicate compounds would not be detected).

The iron and aluminum compounds on the surface of these particles
are probably present in adhering coal ash. Specifically, the iron content
of the crust is much greater than the iron content of the average dolomite
particle. The unreacted dolomite particle shown in Fig. 29 contains the
highest visible amount of iron oxide and iron sulfide of some 24 particles
randomly selected and polished.

It is reasonable to speculate that ash particles stick to the
surfaces of dolomite particles during combustion. A glassy crust may form
by fusion at the combustion temperatures in the combustor (there is evidence
of crust formation during the first combustion cycle, Fig. 25) and later when
the particles are regenerated at 1100°C.

The presence of coal ash shells on the dolomite particles did not
cause routine defluidization during regeneration, although it is thought that
in .the regeneration reactor (at 1100°C under reducing conditions) this shell
is soft. The absence of agglomeration in the fluid bed during regeneration

%
Analysis performed by L. H. Fuchs, Chemistry Division, Argonne National

Laboratory.
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Fig. 24. Photomicrograph of Cross Section of a Tymochtee
Dolomite Particle from the First Combustion
Cycle (X75)

Fig. 25. Photomicrograph of Cross Section of a Tymochtee
Dolomite Particle from the First Regeneration
Cycle (X75)
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Fig. 26. Photomicrograph of a Cross Section of a
Tymochtee Dolomite Particle from the Tenth
Combustion Cycle (X75)

Fig. 27. Photomicrograph of Cross Section of a Tymochtee
Dolomite Particle from the Tenth Regeneration
Cycle (X75). Arrows indicate magnetite con-
centrations in crust; bracket = magnetite-free
area.



Fig. 28.

Fig. 29.

Photomicrograph of Cross Section of a
Tymochtee Dolomite Particle from the
Tenth Regeneration Cycle. The arrows
point to vesicles (X150)

Photomicrograph of Cross Section of an
Unreacted Tymochtee Dolomite Particle.
The arrow points to a pyrite inclusion
(X75)
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was probably due to the fluidizing velocity which was >1.0 m/sec and high
enough to maintain stable fluidization for the -14 mesh particles used in
these experiments. The beneficial effects of high fluidization velocities
in "sticky" beds have been described by Gluckman et al.!!

Evidence that the crust may be an effective sealant against gas
diffusion is an observation pertaining to samples from the tenth regeneration
cycle which contain a few particles having no crust. (The crust was probably
broken off prior to reduction.) An X-ray pattern of the interiors of these
crust-free regenerated particles showed strong CaO and MgO and weak Ca(OH)j;
in contrast, a pattern of the interiors of encrusted particles in the same
sample showed strong MgO, medium CaSO,, and only weak CaO.

h. Electron Microprobe Analysis of Tymochtee Dolomite from Tenth
Utilization Cycle

Electron microprobe analyses were performed on cross sections of
sulfated and regenerated dolomite samples from the tenth utilization cycle
to confirm the existence of the coal ash shell and to determine its compo-
sition and its role during sulfation reactions.

Steady state samples of dolomite particles were screened (-20 +25
mesh), mounted in epoxy, and machined to remove the equivalent of one-half
of the nominal diameter (v400 pm). A thin carbon layer was applied to the
machined surface by vapor deposition to enhance the conductivity of the
mounts. Apatite (38.94% Ca0), Mg0O (60.31% Mg), SiO, (49.88% Si), Al,03
(52.93% Al), and FeS, (46.55% Fe and 53.45% S) were used as standards to
obtain a quantitative estimate of local component concentrations. The measured
local concentrations of constituents were probably biased on the low side
due to surface irregularities (absent from the standards) which scatter the
characteristic emitted X-rays.

The radial component concentration profiles for three typical
regenerated particles (P-1, P-2, P-3) after ten cycles are given in Figs. 30,
31, and 32. The particle sections, when viewed with an optical microscope,
revealed a well-developed crust. Particle 1 (P-1), which is shown in Fig.
30, has a shell which is thicker on the side where the scan was initiated.
The electron microprobe scan of P-1 confirms the existence of the ash crust
on the particle. Peak concentrations of Si 12 wt %, Fe 25 wt %, and Al
n7 wt % were found in the crust. The concentrations of these components in
Arkwright coal ash, which was used during the combustion step of the experi-
ments, are: 12 wt % Si, 14 wt % Fe, and 12 wt % Al. The above-measured
concentrations of relatively major components in the particle crust were not
in the same proportion as in the coal ash; Fe/Si was 2 in the crust and 0.7
in the coal ash, The coal ash which encapsulated the particle was strongly
enriched with iron. The sulfur concentration profile shows that this particle
(P-1) had not been completely regenerated and that very little sulfur was
present in the particle crust.

The electron probe scans for two additional tenth-cycle regenerated
dolomite particles (P-2 and P-3) are given in Figs. 31 and 32. Both of
these particles also were encrusted with ash, as the scans for Si, Fe, and Al
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Fig. 30. Electron Microprobe Analysis of a Typical Regen-
erated Dolomite Particle (P-1) from the Tenth
Cycle

reveal. In these particles also, a relative elemental enrichment of the ash
crust with iron was found. The calcium concentration in the crusts is as
high or higher than that in the particle interiors, which suggest the
possibility of calcium enrichment in the ash crust by diffusion from the
particle interior. The calcium concentration in the Arkwright coal ash, 3.5
wt %, is much lower than in the :crust. The sulfur concentration profiles
show that these particles have been nearly completely regenerated, with peak
concentrations of <0.5Z S. The bulk concentration of sulfur in ‘the dolomite
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Fig. 31. Electron Microprobe Analysis of a Typical Regen-
erated Dolomite Particle (P-2) from the Tenth
Cycle.

before regeneration was 7.1 wt % (determined by chemical analysis). The
presence of the coal ash shell apparently does not prevent sulfur in the
particles from escaping during regeneration, Possibl
in the ash crust could be major routes for gas transport during regeneration.

y, cracks and voids

Sulfated particles from the tenth cycle (sulfated ten times and
regenerated nine times) were also analyzed with the electron microprobe.
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The analyses for three typical sulfated particles are given in Figs. 33, 34,
and 35. In all three particles, the formation of an ash crust (high
concentrations of Si, Fe, and Al) 1is again verified. Enrichment of iron

(in relation to Si and Al) in the crust was again observed, particularly

in the second and third particles. As was algo found in the regenerated
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Fig. 33. Electron Microprobe Analysis of a Typical Partially

Sulfated Dolomite Particle (PS-1) from the Tenth
Cycle.

particles, the ash crust was enriched in calcium, reaching concentrations
equivalent to those in the particle interiors.

The sulfur concentration profiles in the first two particles (PS-1,
PS-2) revealed uniform sulfation of the particle interiors, with local
sulfur concentrations ranging from 7.5 to 10%4. (The bulk sulfur content of
the sulfated dolomitessamples-was 7.1.wt %)) 'The calcium in the ash crust
does not appear to have reacted with sulfur. It could be present as a
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Fig. 34. Electron Microprobe Analysis of a Typical Partially

Sulfated Dolomite Particle (PS-2) from the Tenth
Cycle

silicate. The sulfur concentration profile in the third partially sulfated
particle also shows that the calcium in the ash shell 1s not in a reactive
form. The sulfur concentration below the ash crust is highest near the
crust and decreases with penetration towards the center of the particle.

If diffusion through the ash crust or sulfated shell controlled the sulfation
reaction, the calcium adjacent to the crust would be expected to be more

fully sulfated (v10 wt Z S) in a partially reacted particle. Also, a

sharper radial sulfur concentration gradient would be expected at the reaction
front. The electron microprobe analysis of sulfur concentration in tenth
cycle partially sulfated dolomite suggests a resistance at the reaction front.
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Fig. 35. Electron Microprobe Analysis-of a Typical Partially
Sulfated Particle (PS-3) from the Tenth Cycle

The loss of reactivity could be due to a loss of local microporosity caused
by sintering within the dolomite particles.

Electron microprobe analyses performed on once-sulfated Tymochtee
dolomite particles were reported previously (ANL/ES-CEN-1016). In those
results, it was observed that a sulfated shell had formed on the particles
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and that the shell moved toward the center of the particles with increasing
extent of sulfation., There were sharp sulfur concentration gradients between
the sulfated shell edges and the unsulfated particle interiors. The local
sulfur content in the sulfated shell (for the incompletely reacted particles)
was as high (v10 wt % S) as that in the completely reacted particles. The
above observations suggest that diffusion through the sulfated shell was the
controlling step during sulfation in the first cycle and that the reaction

of sulfur (SOj) occurred in a well-defined reaction front.

A sample of tenth-cycle regenerated dolomite particles was crushed
and screened. The crushed (-30 +100 mesh) particles were sulfated in a TGA,
and the results are compared in Fig. 36 with TGA reactivity results for
uncrushed tenth-cycle dolomite. No notable difference in reactivity was
found, further suggesting that formation of an ash shell on the particles
is not responsible for the loss of sulfation reactivity in the dolomite
during cyclic utilization.

i. Carbonate Levels of Sorbent Samples

The weight fraction of the unsulfated calcium present as calcium
carbonate was derived for the sorbent at each half-cycle in the utilization
study up to the end of the sixth full cycle. The results are shown in Fig.
37. 1Initially, all of the calcium was present as CaCO3 in the virgin dolomite
feed to the first combustion cycle. After the first combustion half-cycle,
the unsulfated calcium was still predominantly (v68%) CaCO3. Following the
first regeneration, however, only 47 of the unsulfated calcium was present
as CaCO3. Although the carbonate fraction remained essentially constant
during succeeding regeneration cycles, the carbonate fraction steadily

70F O 10th Cycle Regenerated

A 10th Cycle Regenerated

60 Crushed (-30 +100 mesh)

30+

20

Conversion of Ca0 to CaSO4, %

10+

0 1 1 1
0 1 2 3 4 5 5.75

—

Time, hr

Fig. 36. Comparison of the Reactivity of Tenth Cycle
Regenerated Dolomite (-14 +30 mesh) to that
of a Crushed (-30 +100 mesh) Sample from the
Same Experiment
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decreased following successive combustion cycles. These results further
emphasize the increasing blockage to gas penetration (for carbonation as
well as sulfation) with increasing combustion cycle. Neither calcination
nor regeneration appears to diminish or to be adversely affected with
increasing utilization cycle, however.

i. Attrition and Elutriation Losses during Regeneration and Combustion

The extent of sorbent losses during the regeneration steps of the
ten cycles was determined. The losses were estimated using three different
approaches, all based on the mass of calcium present in the particulate
streams. In the first method, the sorbent loss for an entire regeneration
step was calculated from the difference in calcium weight of the sulfated
dolomite fed and of the regenerated dolomite. In the second method, the
sorbent losses were calculated for a steady-state segment of the experiment.
The results obtained from both of these methods were inconclusive because
the calcium balances were greater than 100%Z (generally <5% high) in most
experiments. The high calcium balances may be explained by the accuracy
of the calcium analysis being “5%. The calcium loss from the entire regen-
erated product stream is less than 57%.
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In the third approach, the losses were predicted by evaluating the
percentage of the calcium in the sulfated dolomite fed to the regeneration
reactor that was elutriated and subsequently removed from the off-gas by
the cyclones and filter. (The calcium contribution of the coal ash from
the Triangle coal used for regeneration was found to be insignificant.) The
losses, based on calcium content of particulates removed from the off-gas
stream, averaged 2.0% (see Table 13). Because the off-gas particles were
-30 mesh and the feed sulfated dolomite was normally -14 +30 mesh, it can
be assumed that the off-gas particles were attrited fragments of the regen-
erated dolomite. No apparent trend in the extent of attrition was found
for the ten cycles,

Table 13. Attrition and Elutriation Losses for Tymochtee
Dolomite during Regeneration in the Cyclic
Utilization Study

S.D. = Ca in sulfated dolomite (feed), kg/hr

0.P. = Ca in particulate collected from
off-gas, kg/hr
Loss for Steady-State
Regeneration Exgeglment Segment,
Cycle CCS- (ETB. x 100

1 1.9
2 1.7
3 3.0
4 1.2
5 3.5
6 3.7
7 2.0
8 2.6
9 0.9
10 1.3

N
.
N

Avg

The extent of sorbent losses by decrepitation and/or entrainment
during the ten combustion half-cycles was also determined, based on the
steady—-state calcium material balances around the combustor, which accounted
for the calcium in both the dolomite and the coal. The assumption was made
that all calcium entering the combustor in the coal was entrained in the
flue gas as fly ash with no correction for ash buildup in the fluidized bed.
Based on the rates involved and the relatively low calcium concentration
of the ash as compared with the calcium concentration of dolomite, such a .
correction would then be very minor. The sorbent loss by decrepitation and/
or entrainment was then calculated as follows:
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Calcium in Entrained _ Calcium in
Particulate Matter Coal Feed
(Calcium in Sorbent Feed)

) x {100%) (12)

Sorbent Loss (%) =

The results are presented in Table 14 along with the calcium material balances
for the ten combustion experiments.

Table 14. Decrepitation and Entrainment Losses and Calcium
Material Balances for the Ten Combustion Experi-
ments in the Cyclic Sorbent Utilization Study

Sorbent Loss by

Sulfation Decrepitation and Calcium Material
Cycle Entrainment, % Balance, (In/Out) x 100
REC-1 16 108
REC-2 4 94
REC-3 5 104
REC-4 3 96
REC-5 3 99
REC-6 6 102
REC-7 4 100
REC-8 7 101
REC-9 6 91
REC-10 4 96

The 167 loss reported for experiment REC-1 is a revision of the
previously reported value of 20-25% (ANL/ES-CEN-1016). Although the first-
cycle loss was still quite large, losses during the remaining nine combustion
cycles were reasonably small, averaging about 5% per cycle. It is quite
likely that after the first combustion cycle, the resistance of the sorbent
to decrepitation is increased by (1) residual sulfate in the sorbent following
regeneration and (2) the presence of the vitreous crust on the particles.

It is also possible that the rapid calcination of MgCO3 during the first
combustion cycle contributed to the large sorbent loss during the cycle. On
the basis of these results, the loss of sorbent reactivity may be more signi-
ficant in affecting cyclic performance adversely than is the loss of sorbent
by decrepitation.

Although the thermal cycling is more extreme and the reactions are
more rapid (decomposition) during regeneration than during sulfation, the
extent of attrition during regeneration was lower. The lower sorbent losses
during regeneration can be attributed to the very short solids residence
time (7.5 min) in the reactor in each regeneration step as compared with
the much longer solids residence time (%5 hr) in the combustor reactor for
each sulfation step. The effect of introducing solids that were at room
temperature into a hot reactor environment in each half-cycle cannot be
estimated. In an industrial process, the solids would be cycled between the
combustor and the regenerator reactor at the temperature of the reactors,



70

and hence the thermal shock would be lessened. It is believed that lower
sorbent losses would be obtained with a continuous sorbent cycling system.

The combined losses due to attrition and/or elutriation per cycle
(sulfation and regeneration) have been found to be ~87%. 1In an FBC process
utilizing sorbent regeneration, it is expected that the makeup rate for
Tymochtee dolomite would have to be at least this high because of attrition.
An even higher makeup rate may be required to maintain sufficient SO,-sorption
reactivity in the fluidized bed of the combustor.

k. Amount of Sorbent Processed per Cycle

Table 15 presents the amounts of sorbent processed during each
phase of the cyclic utilization study along with calcium balances. It
should be emphasized that losses of materials between cycles included handling
losses (spills, ete.), sampling losses, and (in the case of combustion)
losses during startup.

Table 15. Gross Amounts of Sorbent Processed and Calcium
Balances for Each Half-Cycle in the Cyclic
Combustion/Regeneration Study

Gross wt Ca Ca Gross wt Ca Ca Calcium
in, in, in, out, out, out, Balance,
Cycle kg wt 7% kg kg wt 7 kg %
Combustion
1 620 20.0 124.0 359 26.3 94,4 76
2 268 33.9 90.9 328 22.4 73.5 81
3 282 29.7 83.8 285 23.4 66.7 80
4 146 29.4 42.8 169 24,1 40.7 95
5 144 29.0 41.7 143 22.9 32.8 79
6 115 28.3 32.5 108 22.9 24,8 76
7 88.5 28.8 25.5 97.5 23.3 22.7 89
8 80.3 28.7 23.0 85.3 22.8 19.4 85
9 76.6 27.1 20.7 75.3 22.6 17.0 82
10 66.7 65.9 17.3 71.7 22.1 15.8 92
Regeneration
1 359 26.3 94.4 268 33.9 90.9 96
2 328 22.3 73.5 282 29.7 83.8 114
3 181 23.4 42.5 146 29.4 42.8 101
4 169 24,1 40.7 144 29.0 41.7 102
5 143 22.9 32.8 115 28.3 32.5 99
6 108 22.9 24.8 88.5 28.8 25.5 103
7 97.5 23.3 22.7 80.3 28.7 23.0 102
8 85.3 22.8 19.4 76.6 27.1 20.7 107
9 75.3 22.6 17.0 66.7 25.9 17.3 102
10 71.7 22.1 15.8 62.1 25.6 15.9 101
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6. Cyclic Sorbent Life Study with Greer Limestone
[J. Montagna (Principal Investigator), F. F. Nunes, G. Teats, R. Beaudry,
R. Mowry, S. Smith, and J. Stockbar]

A cyclic sorbent utilization experiment was performed with Greer lime-
stone and Sewickley coal (this coal is used in both the combustion and the
regeneration steps). This limestone and coal are being used by Pope, Evans
and Robbins (PER) in the atmospheric pilot plant at Rivesville.

Evaluated as a function of utilization cycle (with no sorbent makeup)
were (1) the changes in reactivity (sulfur acceptance during combustion),
(2) the changes in regenerability (sulfur release during regeneration), (3)
the extent of decrepitation, and (4) the extent of ash buildup. In addition,
a balance for the trace elements of interest will be made for the combined
combustion/regeneration system.

The processing capacity of the ANL PDU regenerator is much greater
than that of the combustor (by almost a factor of ten), and the sorbent
cannot be cycled continuously between these reactors. This limitation was
overcome by performing the sulfation and regeneration experiments batchwise
with no fresh sorbent make-up. The results (as a function of utilization
cycle) are being incorporated in the regeneration process model and will
be used to predict the performance of the sorbent system in a boiler with
continuous regeneration--specifically, to evaluate the effect of fresh
sorbent make-up rates on the overall process.

a. Combustion Step Results

The combustion steps of the experiments were performed at 308 kPa
(v3 atm), ~855°C (v1570°F), a nominal fluidizing-gas velocity of 1.0 m/s
and a constant sulfur retention of “84% by the sorbent., This corresponds
to a sulfur concentration of ~640 ppm in the dry flue gas, which is the EPA
emission limit for Sewickley coal (which contains 4.3 wt % S).

Data for the combustion step of the ten cycles are presented in
Table 16. Sulfur retention was maintained at 84% by adjusting the regenerated
sorbent feed rate so that the SO» concentration in the off-gas was maintained
at v640 ppm. Therefore, the flue-gas-based sulfur retentions reported in
Table 16 are indicative of the ability to maintain the experimental design
conditions. The other reported values of sulfur retention were based on
the steady-state ratio of the amount of sulfur retained by the limestone
to that released by the coal. The differences between these values and the
designed retention are indicative of experimental errors. The largest
deviations (v27%) occurred in cycles four and five.

b. Cyclic and Total Calcium Utilization

The cyclic calcium utilizations and the calcium present as CaSO,
in the combustor feed and product streams are given in Table 16. The percent
calcium present as CaSO, in the combustor feed stream is dependent on the
extent of regeneration and the extent of sulfation in previous cycles. The
percentage generally decreases with utilization cycle as the stone becomes



Table 16.

Operating Conditions and Flue-Gas Compositions for Combustion Steps
of Cyclic Experiments with Greer Limestone and Sewickley Coal

Combustor: ANL, 6-in.-dia Temperature: 855°C
Coal: Sewickley, -6 +100 mesh, 4.3 wt % S Pressure: 308 kPa
Sorbent: Cycle 1, Greer limestone, Excess air: Al77%
-14 +30 mesh Nominal bed height: 0.9 m
Cycles 2-10, regenerated Nominal gas velocity: 1.0 m/s
Greer limestone
Flue Gas Calcium Present
Analysis, as CaSO, in the
Combustion Sorbent Feed Rate, Ca0/s avg values Sulfur Combustor Streams Calcium
Cycle Total Ca, kg/hr Mole S0,, Oz, Retention, Feed, Product, Utilization,
No. wt % Coal Sorbent Ratio®  ppm ppm VAN % % %
i 29.4 6.27 3.41 2.87 628 3.2 83.6/84.8 0 30 30
2 41.1 6.73 3.14 3.13 636 3.0 84.3/68 13 32 22
3 40.0 6.73 5.09 4,75 674 3.0 83.7/65.3 15 26 14
4 39.7 6.59 5.14 4.67 598 3.1 85.5/57.4 18 28 12
5 39.5 6.36 4,95 4.88 630 2.9 84.2/57.4 15 25 12
6 39.9 6.93 6.02 5.54 696 3.0 84.0/63.5 14 23 11
7 40.8 6.46 6.24 6.64 580 3.0 86.6/78 9 20 12
8 40.4 6.14 6.36 7.05 620 3.3 84.1/86.3 8 20 12
9 39.6 6.14 5.80 7.35 615 2.9 84.9/85.1 9 19 12
10 39.8 6.36 7.61 8.21 642 2.8 84.0/71.4 7 15 9
gRatio of unsulfated calcium in dolomite feed to sulfur in coal.
CBased on flue-gas analysis.
dBased on solids analysis.

Utilization of available calcium during cycle.
available Ca0 that is converted to CaSO, in the combustion step.

Utilization is defined as the percentage of the

cL
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less reactive. The cyclic utilization value, 7.e., the percent of Ca0 that
is sulfated in each step, is plotted in Fig. 38. Calcium as CaSOy in the
product decreased from “30% in the first cycle to “15% in the tenth cycle.
The cyclic calcium utilization, also plotted in Fig. 38, decreased from ~30%
in the first cycle to ~12% in the 10th cycle.

Hammond and Skopp16 also reported cyclic limestone reactivity data
for a series of batch sulfation/regeneration experiments. A sulfur retention
of 80% was maintained in their sulfation steps. Using particles having an
average diameter of 4930 ym (equivalent to the size of the Greer limestone
used in this study), they found that calcium utilization decreased from
~v20% to ~15% in seven cycles.
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Fig. 38. Cyclic Calcium Utilization for Greer
Limestone for 84% Sulfur Retention
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c. Porosity of Limestone as a Function of Utilization Cycle

The porosity of -25 +30 mesh particles was measured by the mercury
penetration method. The pore distributions of samples from cycles 2 and 10
are given in Fig. 39. It has been reported by Hartman and Coughlinl® that
most sulfation takes place in larger pores (>0.4 um) and that pores smaller
than 0.4 pum are relatively easy to plug. During sulfation of Ca0, pores
shrink as a result of molecular volume changes.

The porosity of sulfated limestone was relatively unaffected by
utilization cycle (Fig. 39), although the sulfur content (or total calcium
utilization) decreased from “8.9 wt % to V4.1 wt %. The porosity of the
regenerated limestone decreased with utilization cycle. Simultaneously, the
sulfur content of the regenerated stones decreased. The difference in porosity
of the sulfated and regenerated stones decreased from ~0.084 cm3/g (pores
>0.4 um) after the second cycle to n0.055 cm3/g after the tenth cycle. Most
of the porosity loss was experienced in the first six cycles. The loss in
porosity decreased the reactivity of the limestone with SO;. This loss can
be attributed to high-temperature (1100°C) exposure in the reducing environ-
ment of the regenerator. Loss of beneficial porosity limits internal
particle diffusion and reaction with SOs.

d. Limestone Reactivity as a Function of Cyclic Utilization

As the reactivity of the limestone decreased with cyclic use, the
molar feed rate of Ca0/S required to achieve 847% sulfur retention with no
virgin limestone makeup increased from 2.9 to 8.2 in ten cycles (see Fig. 40).
These results and those on cyclic calcium utilization will be used to predict

fresh limestone makeup rates and flowsheets for FBC processes with sorbent
regeneration.
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Fig. 39. Pore Distributions of Limestone Samples from
Cycles Two and Ten
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TGA sulfation experiments were performed on regenerated samples
from this cyclic experiment. They were performed at 855°C and atmospheric
pressure, using a simulated flue gas containing 0.3% S0, 3% 0,, and the
balance Np. The results obtained are shown in Fig. 41. These results con-
firmed the PDU results in that the rate of sulfation decreased with cyclic
use of the limestone.

In the PDU sulfation steps of the cyclic experiments, as the
reactivity of the limestone decreased with cyclic use, the Ca0O/S mole feed
ratio was increased to maintain 84% sulfur retention. Increasing the Ca0/$
feed ratio caused the limestone residence time in the combustor to decrease.
This, together with decreasing reactivity, lowered cyclic stone utilization.
The TGA results and the PDU combustor limestone residence times in the
corresponding cycles were used as a basis for very crude predictions of
calcium utilization. The results (Z.e., TGA data points) are given in Fig.
38, together with data obtained in the 6-in.-dia PDU combustor. Good agree-
ment was obtained between the PDU and the TGA data.

e. Regeneration Step Results

The operating conditions during the regeneration step of each cycle
were: a nominal system pressure of 129 kPa (v4 psig), a bed temperature of
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1100°C, a fluidizing-gas velocity of *1.2 m/s, a total reducing gas concen-
tration of ~3.0% in the dry off-gas, and a fluidized-bed height of 46 cm.
The residence time of the sorbent was "7 min. :

Results for the regeneration step of the ten cycles are given in
Table 17. The SO, concentration in the dry off-gas in the ten cycles ranged
from 6.1 to 8.6%Z. The extent of Ca0 regeneration ranged from 49 to 81% during
the ten cycles. The lowest extent of regeneration was obtained in the third
cycle, in which the solids residence time was low. After ten cycles, the
regenerability of the limestone remained acceptable.

f. Coal Ash Buildup during Cyclic Utilization

Sewickley coal, which contains 12.7% ash, was combusted in the
sulfation and regeneration steps of the ten-cycle experiment. The extent of
coal ash buildup has been calculated based on wet-chemical analysis (Si and
Ca) of samples from each half-cycle of the experiment. The basis for calcu-
lations was 100 g of virgin Greer limestone. Coal ash buildup was based on

silicon enrichment. The results are given in Table 18 and are plotted in Fig.
42,

It was found that every 100 g of starting virgin limestone accumulated
25 g of coal ash in ten cycles. The silicon concentration increased from



Table 17. Experimental Conditions and Results for the Regeneration
Step of Ten Utilization Cycles with Greer Limestone

Nominal fluidized-bed height: ~46 cm

Reactor ID: 10.8 cm

Pressure: 129 kPa

Temperature: 1100°C

Coal: Sewickley (4.3 wt % S), ash fusion temperature
(initial deformation) under reducing conditions:

LL

1119°C
Sorbent: -14 430 mesh sulfated limestone
Sulfur Reducing
Conc. in 0 Conc Fluidizing- Solids Gas Con-
Regeneration Sulfated in Feed Gas Residence centration Cao Major Sulfur Compounds
Cycle Sorbent, Gas, Velocity, Time, in Dry Regenergtion, in Dry Off-Gas, %
No. % % m/s min Off Gas, % AR S0, HyS COS CS,
1 7.7 44,1 1.29 7.1 2.9 67/71 8.4 0.06 0.09 0.02
2 8.6 44.1 1.20 6.8 3.7 55/63 8.6 0.1 0.1 0.07
3 8.1 42.9 1.23 6.3 3.2 50/49 7.5 0.2 0.1 0.2
4 7.9 41.1 1.18 7.0 3.4 58/58 8.2 0.05 0.1 0.1
5 7.5 39.9 1.32 7.0 2.9 59/65 7.3 0,06 0.07 0.09
6 6.0 39.5 1.25 7.2 3.1 79/62 8.1 0.08 0.08 0.1
7 5.5 38.5 1.25 6.8 3.0 63/60 6.6 0.06 0.07 0.07
8 6.0 40.8 1.28 6.5 2.8 54/60 6.3 0.04 0.04 0.08
9 5.6 40.3 1.29 6.2 3.0 54/73 6.2 0.08 0.06 0.06
10 5.1 37.9 1.24 7.0 3.1 64/81 6.1 0.06 0.06 0.1

a .
Based on off-gas analysis.
Based on chemical analysis of limestone samples.
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Table 18. Calculated Ash Buildup during Sulfation and
Regeneration of Greer Limestone. Based on
the Enrichment of Silicon.

Mass Basis: 100 g virgin limestone (29.4
wt % Ca and 4.27 wt 7% Si)

Ash Buildup

Cycle Cycle 5i Conc, g Ash
No. Step wt % wt % 100 g Virgin Sorbent
1 s? 7.52 13.98 15.4
1 RD 3.94 0 0
2 S 6.70 10.46 12.3
2 R 7.79 15.58 21.2
3 S 7.08 12.09 14.35
3 R 7.63 14.46 19.67
4 S 6.50 9.50 11.88
4 R 7.56 14.16 19.01
5 S 7.40 13.47 15.9
5 R 8.25 17.12 23.24
6 S 9.22 21.3 25,28
6 R 8.87 19.79 27.47
7 S 8.50 18.20 22.04
7 R 9.04 20.52 28.20
8 S 8.59 18.59 22.88
8 R 9.28 21.56 29.0
9 S 8.10 16.48 19.73
9 R 10.25 25.73 34.83
10 S 8.58 18.54 22.77
10 R
a

S = sulfation step.
R = regeneration step.

4.3 wt % in the virgin limestone to 8.6 wt % in the product of the tenth
sulfation step. In the Tymochtee dolomite cyclic experiment, 13 g of coal
ash were accumulated for every 100 g of starting virgin dolomite. Arkwright
coal, which was used in the combustion (sulfation) steps of that cyclic
experiment, contained considerably less ash, 7.7 wt %, than did the

Sewickley coal, 12.7%. 1In both cyclic experiments, most of the ash was
probably accumulated during the combustion step (where the sor bent is exposed
to much more coal) rather than in the regeneration step.

Sulfated and regenerated limestone particles from the first and
tenth utilization cycles were examined with a low magnification microscope
for macrofeatures. Photomicrographs of these samples are given in Fig. 43.
Limestone particles from the first cycle contain some adhering coal ash.
The regenerated particles appear to contain more ash, but this is probably
caused by the sharper color contrasts in the regenerated particles. (This is
more apparent in color photographs.) Also, the surface of the once-regenerated
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limestone particles is glossier and whiter than the surface of the once-
sulfated particles. This is probably due to the sintering effect of the
regenerator environment (1100°C and reducing) on the silicon-rich Greer lime-
stone. Particles from the tenth utilization cycle sample appear to contain
more ash than do the first-cycle particles. However, the particles are not
all encapsulated with coal ash, as was the case for particles from the cyclic
dolomite experiments. Many of the tenth-cycle Greer limestone particles are
visually identical to first-cycle particles (unlike the results from the
cyclic dolomite experiments), which would indicate that the ash layer thickness
is not increasing and that much of the coal ash is present as individual
particles in the bulk utilized limestone. The results in Fig. 43 suggest
that the maxmimum ash buildup to be expected when using Greer limestone and
Sewickley coal is ~20 wt % in the utilized stone.

g. Attrition and Elutriation of Limestone Particles during Regeneration
and Sulfation

The fresh limestone makeup rate into an FBC boiler will depend on
the losses of limestone caused by attrition and subsequent elutriation of
particles from the boiler and the regenerator, and on the amount of sulfated
limestone drawn off to maintain the reactivity of the bed in the boiler. The
sorbent losses from attrition and elutriation of particles have been deter-
mined for the sulfation and regeneration steps and the data are given in Table
19. Losses were based on the ratio of sorbent-attributable calcium in off-
gas particles to calcium in the feed sorbent. The limestone losses caused by
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a. Cycle One, Sulfated Particles b. Cycle One, Regenerated Particles

c. Cycle Ten, Sulfated Particles d. Cycle Ten, Regenerated Particles

Fig. 43. Photomicrographs of Sulfated and Regenerated
Greer Limestone Particles (X24)
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Table 19. Losses of Greer Limestone Caused by Attritionm
and Elutriation during Sulfation and Regener-
ation Steps in the Cyclic Utilization Study

A = Ca in feed limestone (sulfated or
regenerated), kg/hr
B = Ca in particles collected from off-gas,

kg/hr
_ B
Loss = 100 x A
Limestone'L05§) % during
Cycle No. Sulfation Regeneration
1 20.0 2.9
2 12.0 0.6
3 9.2 -
4 7.4 1.3
5 8.6 -
6 8.6 2.9
7 4.3 2.0
8 3.8 1.6
9 2.6 2.4
10 4.9 1.5
Avg 8.2 1.9

attrition were ~2,0% during each regeneration step. During sulfation, the
losses were "20% in the first cycle and steadily decreased to 4% in the
final cycles. During the first sulfation cycle, the limestone calcined. The
sulfated product contained 0.9 wt % CO, in sulfated limestone; ~3% of the
available calcium was carbonate. No recarbonation occurred in the entire
cyclic experiment. The heavier attrition losses in the first sulfation

step can be attributed to calcination. In subsequent cycles, the resistance
of the particles to attrition increased because of (1) sulfated hardening

and (2) partial sintering which occurs at the regeneration temperature.

The losses during sulfation were slightly higher for the Greer
limestone cyclic experiment than for the Tymochtee dolomite experiment (Table
14). However, combustion operating conditions were different in these
experiments. The Greer limestone was fully calcined at the system pressure
of 308 kPa and a bed temperature of 855°C whereas the CaCO3 in the Tymochtee
dolomite was not at 810 kPa and 900°C.

The combined average losses caused by attrition and elutriation
per cycle were v10%. Therefore, the fresh Greer limestone makeup rate is
expected to be at least Vv10% to replenish losses. A higher makeup rate may
be required to maintain the SO,-sorption reactivity in the fluidized bed of
the boiler.
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h. Total Cyclic Limestone Inventory

A total cyclic inventory history for the Greer limestone is contained
in Table 20. The total loss per cycle was Vv12--V9,07% during sulfation and
v3,0% during regeneration. These losses, based on total inventory (v12%),
are higher than those reported in the preceding section (~10%) which were
based on steady-state mass balances. The total losses include all losses
during cyclic handling (spills, ete.).

Table 20. Total Reacted Limestone Inventory as a
Function of Cycle and Stage

Total Ca, Ca, Loss,
Cycle Stage wt, 1b % 1b-moles 7%
1 ss 468 32.4 3.783
R 374.0 41.1 3.835 1.4
2 S 393 34.6 3.440 10.3
R 328.0 40.0 3.273 4.9
3 S 325 34.9 2.830 13.5
R 280.0 39.7 2.773 2.01
4 s 280.1 36.4 2.544 8.3
R 204 39.5 2.010 21.0
5 S 245 34,7 2.117 5.3¢
R 203 39.9 2.023 4.4
6 S 204 34.9 1.776 12.2
R 192 40.8 1.954 10.02¢
7 S 186 35.6 1.652 15.5
R 164 40.4 1.657 3.0
8 s 166 36.2 1.499 9.5
R 143 39.6 1.413 5.7
9 S 149 35.2 1.309 7.4
R 132 - 39.8 1.311 0.2
10 S 136 36.1 1.225 6.6
R 124 39.0 1.209 1.3
;S = gulfated. izg ; g:z

CR = regenerated.
Negative losses due to experimental inaccuracy.

7. Regeneration Process Scale-up and Flowsheet Determination
(J. Montagna and G. Smith)

The development of the fluid-bed, reductive decomposition regeneration
process for sulfated limestones has been successful. A stage has been
reached at which the potential integration of sorbent regeneration with a
FBC boiler plant is being considered by ERDA. As the next step a 10-MWe
boiler, equivalent in size to a cell in the Rivesville pilot plant, is being
used as a basis for the calculations. The actual size and location of the
"next stage' regeneration facility has not been determined by ERDA.



83

A process flowsheet for a FBC process with sorbent regeneration is
discussed. Tymochtee dolomite is the sorbent used. The performance of
Tymochtee dolomite as a function of cycle number was established in a ten-
cycle experiment; most of those results are reported in a preceding section.
Because the sulfation step in those experiments was performed at 8 atm
instead of 1 atm used in Rivesville, the obtained sulfation reactivity
function may be high for atmospheric boiler predictions. Those results on
reactivity, calcium utilization, ash buildup, and elutriation as a function
of cycle number have been incorporated into the ANL-developed regeneration
process model (ANL/ES-CEN-1016).

Flow diagrams containing mass and energy flow streams have been obtained
for different process conditions. These calculations are intended to evaluate
the effect of makeup Ca0/S feed rates (feed rate of virgin dolomite into the
system) to the boiler on the size of the regeneration system, on the S0, con-
centration in the regenerator off-gas, and on the fuel burden of the sorbent
regenerator on the boiler or power plant.

The following base conditions are assumed for the boiler: ~12.1 m?2
(130 ft?) gas distributor plate area, 3.05 m/s (10 ft/sec) fluidizing-gas
velocity, 3% excess oxygen in the flue gas, and combustion of 90.8 tonnes/
day (100 tons/day or T/D) of Sewickley coal, which contains 4.3 wt % sulfur
and has a heating value of 7,220 kcal/kg (13,000 Btu/lb).

A process flowsheet for the above boiler conditions and a fresh sorbent
feed Ca0/S ratio of 0.2 is given in Fig. 44. The combined (virgin plus
regenerated) dolomite CaO/S feed ratio is ~2.0. In the absence of regener-
ation, a Ca0/S feed ratio of ~1.0 would be required for Tymochtee dolomite
based on reactivity data that was obtained at 8 atm.

The sulfated dolomite (v50 T/D) is assumed to be introduced into the
regenerator at 843°C (1550°F), the temperature in the fluid bed of the boiler.
Boiler flue gas and air are mixed to provide the required oxygen concentration
in the regenerator (17.2% 0,), and a fluidizing-gas velocity sufficiently
high to prevent agglomeration of the fluidized bed of the reactor. The
fluidizing gas velocity of 1.37 m/s is "12% above the velocity predicted
to be required to prevent agglomeration of sorbent having a mean size of
1500 ym (-1/8 in.) and regenerated at 1100°C with 2% reducing gas in the
regenerator off-gas. The fluidizing gas to the regenerator is assumed to be
heated to 843°C by recovering waste heat from the regenerator off-gas and
other process streams.

The coal consumption by the regenerator reactor with 843°C solids and
gas feed streams was estimated to be 2.9 T/D. This includes an equivalent
coal thermal credit of 0.55 T/D for the sensible heat which is carried by
the hot regenerated sorbent to the boiler. The S0, concentration in the
regenerator off-gas is predicted to be 9.5% (dry), and the gas distributor
area for the regenerator is predicted to be 0.66 m?2 (7.1 ft?).

The makeup (fresh sorbent) feed rate in a regenerative system is
dependent on (1) the sorbent losses due to attrition and (2) losses in
sorbent reactivity with usage. The total feed rate of sorbent (fresh sorbent
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Dolomite. Regeneration Conditions: T =
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P = 1 atm, Extent of regeneration = 70%,
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and regenerated sorbent) into the boiler is dependent on the combined
reactivity of the sorbent.

The effect of makeup (fresh sorbent) Ca0/S mole feed ratio to the
boiler on the regeneration system was evaluated and is shown in Table 21.
Increasing the makeup CaO/S feed ratio from 0.16 (5% of total Ca0/S feed)
to 0.28 (207% of total Ca0/S feed) would cause (1) the mass rate of sulfated
stone that must be regenerated to decrease from 85 T/D to 32 T/D, (2) the
sorbent waste stream (combined elutriated and draw-off sorbent) to increase
from 4.5 T/D to 7.9 T/D, and (3) the size of the regeneration system to be
decreased by a factor of ~3. The coal required for the regeneration step
would decrease from 4.6 T/D to 2.6 T/D. (Boiler coal consumption is 100 T/D.)
The SO concentration in the regenerator off-gas would increase from 6.67%
to 12% over the same range of Ca0/S makeup ratios (0.16 to 0.28). Reducing
the power plant's fresh sorbent requirement (and its spent sorbent waste
stream) would increase the size of the regeneration and sulfur recovery



Table 21, Effect of Makeup Ca0/S Mole Feed Ratio for Tymochtee
Dolomite in Boiler on Regeneration System (10-MWe
FBC boiler)

Regeneration conditions: T = 1100°C, Extent of
regeneration = 65%
P =1 atm, Solids
residence time = 7 min

Effluent Boiler a Required 07 S0, Conc.
Boiler Ca0/$S Mass Rate, T/D Coal  Required Thermal Credit in Regen. in Regen.
Mole Feed Ratio Waste Regenerator for Hot Regeg— for Regen. Feed Gas, Regenerator, 0ff-Gas,
Makeup Total Stream Feed eration, T/D Sorbent, T/D % Size, ft? %
0.16 3.2 4.5 85 4.6 1.0 14.1 12 6.6 >
0.2 2.0 5.5 50 2.9 0.55 17.2 7.1 9.5
0.28 1.4 7.9 32 2.6 0.32 20.3 4.5 12.0

8Boiler coal consumption is 100 T/D.
Includes thermal credit for hot regenerated sorbent.
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system, would decrease the 507 concentration of the regenerator off-gas
(which would increase the cost of sulfur recovery), and would increase the
fuel burden of the regeneration step on the boiler.

The above technical relationships must be combined with economic consid-
erations in choosing a sorbent makeup rate. Economic evaluation is being
performed at ANL.

8. Regeneration System Modifications
(J. Montagna and F. F. Nunes)

Installation of a fluidized-bed sorbent preheater in the PDU sorbent
regeneration system has been completed. A new top flange for the regenerator
designed to accommodate the sorbent preheater has also been installed. A
schematic of the regeneration system with sorbent preheater is shown in Fig.
45,

In the absence of the preheater, the sensible heat required to raise
the temperature of the sulfated sorbent from room temperature to ~1100°C
(normal operating temperature of regenerator reactor) was a large part of
the total process thermal requirement. Since the sorbent would enter the
regenerator reactor at ~870°C or higher in an industrial process, this is
unrealistic.

The fluidized-bed sorbent prehecater will be used to evaluate the effect
of sorbent feed temperature on the regeneration process. Then the results
will be compared with predictions.

For startup, the sorbent preheater is electrically heated through the
metal shell (6-in. pipe), which is lined with a castable refractory (3-in.
ID) to permit high internal operating temperatures without exceeding the
design metal wall temperature of the reactor (538°C). To provide the required
heat during operation, kerosene is combusted under oxidizing conditions in
the fluidized bed of the sorbent preheater.

The bed height in the sorbent preheater can be varied by allowing the
sorbent to exit at any one of four vertically oriented overflow locations.
This allows the sorbent residence time in the preheater to be varied while
the sorbent feed rate into the fluidized-bed regenerator is kept constant.

These parameters can now be used to establish the experimental conditions
for testing the filter in the ANL flue-gas system using the Ergun correlation.
The correlation should also prove helpful in translating results obtained in
the ANL flue-gas system at temperatures of 250-300°F and pressures of 8 atm
to higher temperature (v1600°F) conditions.
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TASK B. REGENERATION PROCESS ALTERNATIVES

No report for this period.

TASK C. SYNTHETIC SORBENTS FOR SO, EMISSION CONTROL
(R. B. Snyder, W. I. Wilson, and Irving Johnson)

1. Introduction

For fluidized-bed coal combustion, naturally occurring limestones and
dolomites are the principal calcium-bearing materials being considered for
the sorption of SO2. This is primarily due to their low cost and vast
reserves. However, these materials have some disadvantages. Attrition rates
may be excessively high, especially at high superficial gas velocities of
4-5 m/s. Also, during cyclic sulfation and regeneration, the reactivity of
the limestone sorbent with SO, will decrease. Finally, it may be determined
that regeneration of these sulfated sorbents is not economical, in which
case large quantities of limestones must be quarried and disposed of. Due
to these potential disadvantages, synthetic S0j,-sorbent materials were
investigated as an alternative to limestones.

It has been determined that Ca0 in a-Al,03 is the most promising synthetic
S0 sorbent.!7 The preparation method and reactivity of this synthetic
sorbent!® have been previously reported (ANL/ES/CEN-1016).

The three subjects studied and reported below are: (1) attrition
resistance, (2) bauxite support material, and (3) cost.

2. Attrition Resistance

The attrition rate of a 10.4% Ca0 in a-Al,03 synthetic SO, sorbent was
compared with that of Tymochtee dolomite, half-calcined Tymochtee dolomite,
sulfated Tymochtee dolomite, and 1100°C heat-treated (H.T.) a-Al,03 support
material for synthetic sorbents. All starting material for attrition tests
was in the size range, -14 +30 mesh. The test materials were screened before
and after each test to help determine the attrition mechanism. These attrition
tests were performed in a 5.08-cm-dia fluidized bed at room temperature. The
attrition rate was determined as the amount of material lost overhead in
10 hr., The attrition results are shown in Table 22. The synthetic sorbent
had one-fifth the attrition rate of sulfated Tymochtee dolomite, only 0.67%
being lost. The uncalcined and half-calcined dolomite had high attrition
rates——23 and 47%, respectively. The a-Al,03 support material had a 37%
material loss in 10 hr; this indicates that impregnation with CaO to form
calcium aluminates hardens the material, making it more attrition-resistant.

The results are shown in Figs. 46-48 for (1) granular a-Al,03 that had
been heat-treated (H.T.) at 1100°C, (2) sulfated dolomite, and (3) regenerated
dolomite for which results are not shown in Table 22. The weight percent of
material is given for various particle diameters (1410 to 30 um).
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3. Bauxite Support

Due to the high cost of synthetic sorbent, Ca0 in a-Al,03 (see below),
bauxite, a less expensive material, was tested as a support material. The
bauxite used in these experiments was approximately 70% Al,03-30% SiO, and was
obtained from Harbinson-Walker Refractories, Chicago. The bauxite was
heat-treated at 1100°C for 6 hr or at 1500°C for 8 hr in an attempt to
enlarge the pore diameters in the support and to stabilize grain growth.

The porosity curves for the bauxite heat-treated at the two temperatures

are shown in Fig. 49, where they are compared with bauxite dried at 110°C

for 2 hr. Heat-treating at 1100°C increased the total porosity and increased
the average pore diameter. However, heat-treating at 1500°C caused particle
shrinkage and a loss of porosity,

Two synthetic sorbents were prepared from the heat-treated bauxites
and were tested for reactivity. The conversion of Ca0 to CaSO, for the 13.2%
Ca0 in 1100°C H.T. bauxite and for the 14.2% CaO in 1500°C H.T. bauxite are
shown in Fig. 50. The bauxite-supported sorbents are compared with a 14.8%
Ca0 in a-Al;03 sorbent and with Greer limestone. The bauxite sorbents had
the poorest performance--only conversion of ~31% of the calcium to CaSo0y.
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Table 22, Fluidized-Bed Attrition Experiments
L/D = 1.38; Fluidizing Gas Velocity =

0.6 m/s
Particles in Percent
Bed after Loss® in
Run Sample 10 hr, % 10 hr
1 Tymochtee Dolomite 52.6 47
(half-calcined)
(-14 +30)
2 Sulfated Dolomite 96.7 3
3 Tymochtee Dolomite 77 23
(uncalcined)
4 1100°C H.T. granular 97.4 3
a-Al,03 support
5 10.4% Ca0 in 99.4 0.6
granular a-Al,03
support

%The percent loss determined as grams of overhead material x
100/gram original material. All overhead material was smaller
than 70 mesh.

The 1100°C H.T. a-A1,03 had only a 3% materials loss in 10 hr of
attrition, and therefore in Fig. 46, only a slight change in particle
diameter distribution is seen. The amounts of original material between
18 and 16 mesh (1000 um, 1.3%) and between 16 and 14 mesh (1190 um, 0.47%)
were small, In contrast, the sulfated dolomite distribution was skewed
toward large particle diameters (Fig. 47). This material also had a 3%
material loss (Table 22). 1In this graph, one can see the slight shift in
distribution to smaller particles. Figures 46 and 47 tend to indicate
that the mechanism for attrition is abrasion (the wearing away of surface
material), in contrast to the breakup or splitting of particles due to
particle-particle or particle-wall collision.

Figure 48 confirms that abrasion is the mechanism of material loss.
This graph shows the particle size distributions for dolomite before and
after a 10-hr attrition test. Material lost from the bed, which was col-
lected on a filter, constituted 507 of the bed. This overhead material had
very small particle diameters (37-74 um). Very little overhead material
was in the particle diameter range from 200 to 300 um. There was no bed
material left in the final bed with diameters below 400 um. If there had
been particle splitting, one would expect to find not a bimodal distribution,
but a shift of all particles to smaller sizes. The bimodal distribution
found indicates that abrasion was occurring and that the particles attrited
had a diameter range of 30 to 80 um. Figures 46 and 47 show no bimodal
distribution for the material after attrition since only a very small quantity
of material was lost.
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In Fig. 51, the number of grams of SO3 captured per kilogram of sorbent
material is shown as a function of time. 1In 4 hr, the bauxite-supported
sorbent captured only 50 g of SO3~-in comparison, Greer limestone captured
190 g, almost four times as much. The poor reactivity, compared with that
of Ca0 in a-Al,03 sorbent, is probably due to the low reactivity of calcium
silicates in the bauxite.
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Fig. 51. Rate of S0O3 Capture by Sorbents

Because of the poor performance of sorbents prepared from bauxite and
the loss of porosity upon heat treatment at 1500°C, these sorbents are con-
cluded to be unacceptable.

4, Cost

The main incentive for developing synthetic sorbents is to reduce the
environmental impact of the S50,~emission control systems for fluidized-bed
coal combustion systems. In this section, the cost of using synthetic
sorbents will be compared with the cost of a once-through system using a
natural limestone.
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Synthetic sorbents of the type developed in this study will be more
costly than natural limestones. No large-scale preparational method for
synthetic sorbents has been devised and tested, and the laboratory method
can be used as the basis for an estimation of the cost. If refined hydrated
alumina (Al,03°H50) is used as a source of the alumina, then to prepare one
ton of a 20% Ca0°Al,03 sorbent, about 0.94 ton of alumina would be needed
which at $118 per ton would cost $111. Two-tenths of one ton of chemical
lime at $25 per ton would add $5 to the cost. About 900 1b of nitric acid
at $4.50 per 100 1b would add another $40 to the material cost, yielding
a total material cost of $156 per ton.

Hydrated alumina must be heat treated to form porous alumina support,
treated with Ca(NO3), solution, dried, and given a final heat treatment.
These steps are estimated to cost about $100 per ton. Thus, the final
synthetic sorbent would be about $250 per ton. Since additional development
of the process should lower the cost, a cost of about $200 per ton does not
seem to be unrealistic at the present time. This cost is about 20 times
that of a natural limestone, which is assumed to be about $10 per ton de-
livered to the FBC site and disposal after sulfation as landfill.

The total cost of SO, emission control may be computed using the
equation:

Total cost per kWh(e) = B% [F$ + (1 - F)G] (1)

where:

= Ca/S (mole) ratio needed to achieve the EPA SO, emission level
= moles of sulfur generated per kWh(e)

= moles of calcium per kg of sorbent

fraction of new sorbent which must be fed per kWh(e)

= cost of new sorbent, mills per kg

= regeneration cost, mills per kg

DT O nmx™
]

The G factor will depend on the size of the regeneration plant, which will
depend on the recycle rate and the size of the FBC. The numerical value
of G is not known. An estimate for a gressurized fluidized-bed combustion
system, made by Westinghouse in 1975,1!3 indicated that the regeneration
system would added about 3 mills per kWh(e) to the electrical power cost.
The cost for an atmospheric FBC would be expected to be less than this--
probably of the order of 1.5 to 2 mills per kWh(e).

To generate 1 kWh(e) of power requires about 0.8 1b of coal per hour.
If this coal contains 4% sulfur and has a heating value of 12,200 Btu/lb,
about 827% of the sulfur needs to be removed from the flue gas to meet the
EPA standard of 0.6 1b of sulfur emission per 10® Btu. Thus for our system,
0.8 x 0.04 = 0.032 1b of sulfur will be produced for each kWh(e), or 0.45
mole per kWh(e), the value of S. If Greer limestone is used in an AFBC, a
Ca/S ratio, R, of 3.1 is needed if the FBC is operated at 816-832°C with a
3.8-4.7 m/s superficial gas velocity. Greer limestone is a high SO, reactivity
stone which has been used for many studies in large FBC test rigs. Greer
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limestone contains 80.4% CaCO3 and hence the value of C is 8.04 moles of
calcium per kg. The cost for a once-through system as obtained from Eq. 1
will be about 1.9 mills/ per kWh(e). Note that F = 1 in this case (Z.e.,
there is no recycle) and the cost of sorbent, $, is 11 mills per kg. The
latter sorbent cost includes quarrying, shipping and disposal.

The Ca/S (R) ratio needed for a 20% Ca0-Al,03 synthetic sorbent must
be estimated from a comparison of the TGA curves (Fig. 51) for the synthetic
sorbent with a similar curve for Greer limestone. When this is done, it is
estimated that an R value of 5 would be needed to achieve the 827 sulfur
removal required to meet the EPA standard. This high value reflects the
rather poor SO, capacity of the synthetic sorbent in comparison to a good
natural limestone. Since the sorbent contains only 207 CaO, the value of
C is 3.57 moles per kg.

Although the attrition rate measured for a synthetic sorbent would

indicate that over 100 cycles would be possible, it seems best to assume

a lower value. We have therefore assumed that 25 cycles can be achieved.
On this basis, F is 0.04 and the sorbent cost when computed using Eq. 1 is
5.6 mills per kWh(e) or about three times the cost of one-through sorbent.
To obtain the total cost of using the synthetic sorbent rhe regeneration
cost must also be added. As noted above, this will probably add another
1.5 to 2 mills per kWh(e) to the cost, leading to a synthetic sorbent cost
of about 7 mills per kWh(e) compared with about 2 mills/kWh(e) for once-
through natural stone with the assumptions used above.

If one assumes that the environmental impact for the two systems may
be taken to be proportional to the sum of the quantities of fresh sorbent
feed and waste. 1In the case of the once-through system, the sum is 7.2
tonne/Mwd(e); for the synthetic sorbent, the sum is 1.2 tonne/Mwd(e). Thus
a six-fold decrease in environmental impact would have an additional energy
cost of about 5 mills/kWh(e). It is our opinion that this decrease in
environmental impact is not sufficient to justify the additicnal energy
cost.

Examination of Eq. 1 shows where any future work on synthetic sorbents
should be concentrated. Two factors appear amenable to change, the SO,-
reactivity as represented by the Ca/S ratio, R, and the sorbent cost, $.

It should be possible, by better control of the porosity and heat treatment,

to obtain a synthetic sorbent at least as good as the best natural limestone.
The cost of the synthetic sorbent is probably where the greatest improvement
needs to be made. Although our limited experiments using a less expensive
support material (the bauxite studies) did not yield high-reactivity sorbent,
the results point to the direction where future studies should be concentrated.
It is also clear from the results of this study that inexpensive starting
materials must be used for synthetic sorbents since limestone is one of the
least costly materials available.

5. Conclusions

The svnthetic sorbent, Ca0 in a-Al,03, presently is the most promising
synthetic sorbent for use in fluidized-bed coal combustors to minimize SO,
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emissions. K0 and Na,0 in alumina have higher sulfation rates; however,

their products (sulfates) decompose in the temperature range of interest

for combustion and regeneration. These compounds contribute to corrosion of
metals at high temperatures. Calcium oxide is the least expensive of the

metal oxides tested. CaO sorbents capture more SO, per unit weight of sorbent
than do barium oxide or strontium oxide; therefore, calcium oxide is the

metal oxide of choice. The choice of a-Al,03 as the support material was

based on its stability in the temperature region being considered. The calcium
aluminates also add to the mechanical strength of the sorbent, minimizing
attrition.

The sulfation rate of Ca0 in a-Al,03 sorbent is highly dependent on its
physical properties, particularly the pore size distribution. Both pore
diffusion and gas-solid diffusion control the rate of S0, capture by the
sorbent; therefore, large pores in the support (with diameter larger than
about 0.2 pm) are beneficial. Sorbents containing higher Ca0 concentrations
are less porous. However, the optimum Ca0 concentration depends on the
residence time required in the combustor and the CaO concentration effect
on sorbent strength, since the quantity of S0, captured per unit weight of
sorbents in a given time is independent of the sorbent's Ca0 concentration.

Natural sorbents (dolomite or limestone) contain higher concentrations
of Ca0 than do the synthetic sorbents and therefore capture more SO, per
unit weight of material. Thus, more synthetic sorbent material may be
needed for each pass through the combustor (possibly twice as much). However,
with regeneration of synthetic sorbent, the overall consumption of synthetic
sorbent should be lower.

The estimated large increase in the cost of electricity to obtain the
moderate decrease in environmental impact that would be achieved by using
synthetic sorbents is considered to be unacceptable. Therefore, at this
time, synthetic sorbents are not believed to be a viable option for reducing
S0, emissions from a fluidized-bed coal combustor. A final topical report
on these studies has been prepared (ANL/CEN/FE-77-4).
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TASK D. LIMESTONE CHARACTERIZATION
(R. Snyder and I. Wilson)

A research program is under way to characterize limestone for fluidized-
bed coal conversion plants. That is, the reactivity of limestone with S0,
under various environmental conditions is being determined and correlated
with limestone physical properties. Pretreatment (precalcination and heat
treatment) is being investigated and the mechanism of SO, capture is being
studied. Finally, the attrition rate of the various limestones in fluidized
beds was determined.

1. Limestone Properties Affecting SO, Reactivity

Ten limestones and dolomites were fully calcined at 900°C in 20% CO5-
80% Ny in a thermogravimetric analyzer (TGA), after which they were immediately
reacted at 900°C with a 0.3% S0,-5% 0,-20% COp-balance N, synthetic combustion
gas mixture in the same apparatus. The results are shown in Fig. 52.
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Different stones vary greatly in (1) reactivity of the Ca0 with SO,
and (2) calcium utilization. In 5 hr of sulfation, 957 of the calcium (as
Ca0) in Tymochtee dolomite was converted to CaS0y,, whereas for dolowhite
and limestone 1359, only 15% of the calcium was utilized.

To be able to predict the rate of SO capture or calcium utilization
of a given limestone, one must determine which limestone physical properties
affect S0, reactivity. Below (in Table 23), the chemical compositions of
the limestones and dolomites studied are given. The stones are listed in
order from highest to lowest calcium utilization after 5 hr of reaction.
Since MgCO3 converts to MgO on calcination, helping to make the material
porous, one can also attempt to correlate MgCO3 content with calcium utiliza-
tion. There is a trend of greater calcium utilization with higher MgCO4
concentration except for dolowhite, which has a high MgCO3 concentration,
44.4% but has a low calcium utilization. Additional limestones with high
magnesium contents will be tested to determine if dolowhite is an anomaly.

Table 23. Chemical Compositions of Limestones (listed in
order of highest to lowest calcium utilization
after 5-hr reaction time)

Composition, wt %

CaCO3  MgCO;  Si0, Al,03 Fe,O03 Na,0  H,0

Tymochtee dolomite 51.5 43.0 3.6 1.5 0.4 0.07 0
Limestone 1337 53.4 45.4 0.7 0.08 0.07 0.08 0.3
Limestone 1351 61.2 28.7 3.2 0.5 5.6 0.13 0.67
Limestone 1360 81.6 11.6 1.9 0.2 0.9 0.10 3.7
Greer limestone 80.4 3.5 10.3 3.2 1.2 0.23 1.17
Limestone 2203 96.0 3.6 0.2 0.01 0.2 0.04 0
Limestone 1343 89.8 2.2 4.0 1.0 0.7 0.1 2.2
Limestone 1336 92.6 5.3 1.3 0 0.2 0.1 0.1
Limestone 1359 95.3 1.3 0.8 0.3 0.1 0.03 2.2
Dolowhite 55.2 44 .4 0.2 0.01 0.09 0.02 0.1

High silica content also may affect calcium utilization, possibly
decreasing calcium utilization due to the formation of stable calcium sili-
cates. However, Greer limestone does not seem to be strongly affected by
its unusually high SiO, content of 10.3%. High sodium content would be
expected to increase reactivity; however, no trend was observable from Table
23 data. Apparently, calcium utilization can not be predicted from chemical
composition alone.

Unpublished data obtained at ANL indicate that calcium utilization is
more likely to correlate with the surface area of Ca0 in "sufficiently large
pores' than with chemical composition. Therefore, porosity measurements were
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performed on all of the limestones to determine what is a "sufficiently large
pore." From a porosity measurement, one also obtains the cumulative volume
of pores which have a maximum diameter between 100 um and a specified

smaller size. From this information, the internal surface area can be
obtained as a function of decreasing pore diameter.

The environmental history of a limestone sample affects its porosity
curve. The porosity curves were determined on natural limestone--18 to 20
mesh material which had been calcined at 900°C for 15 min in a 20% C0,-80%
N, atmosphere. Changing of any of the above conditions would produce
different results which would most likely prevent meaningful interpretation.

The reasons for selecting the conditions used are as follows: Different
sizes of particles have different reaction rates and different porosities.
To minimize the effect of particle size distribution, a narrow size range
was chosen--the starting material was virgin limestone which had been sieved
to 18-20 mesh. Porosity determinations were made on calcined limestones
prepared from the same lot as were the calcined 18-20 mesh limestones (sul-
fated on the TGA), and the porosities of these two materials were compared.

The calcining conditions prior to porosity measurements must exactly
reproduce the calcining conditions used on the TGA because (as is well
known) the rate of calcination is affected by temperature and CO; concentra-
tion. The rate of calcination affects the pore size distribution and the
crystal structure of the limestone and hence its reactivity. Since the
sulfation reactions (for which results are given in Fig. 52) included
calcination at 900°C in 20% CO,, these same conditions were chosen for
calcining the limestones prior to porosity measurements. Porosity measure-
ments were made immediately after a sample was calcined since CaO is an
excellent desiccant and reacts with water to form calcium hydroxide, causing
a loss in total porosity.

Figure 53 shows the porosity curves for the ten calcined limestones.
Limestone 1360 had the greatest total porosity (0.75 cm3/g), and it had more
internal pore volume contributed by large pores (pore diameter, >0.2 um)
than did the other stones. Limestone 1336 had the least total porosity
(0.31 cma/g). However, total porosity does not correlate with reactivity
nor with calcium utilization. Most of these limestones are uni-modal, having
only one major size cluster of pores. For example, the diameters of a
majority of limestone 1337 pores range from 0.035 to 0.07 um. Dolowhite
has a low reactivity and its pore cluster occurs at pore diameters that
are smaller (0.025-0.045 pm) than for the other stones. This implies that
these small pores plug or close off quickly during sulfation due to the
formation of CaSO,.

It is concluded that there is a minimum size pore whose surface area
of Ca0 is reactive with SOz--that is, there is a minimum effective pore
diameter, Below this size, pores will close off prematurely during sulfation
since CaSO, has a larger molar volume than does CaO. The cumulative surface
area was determined for all pores with diameters larger than each of several
specified minimum diameters. Correlation of calcium utilization with this
cumulative surface area was then attempted. A correlation was not observed
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Fig. 53. Cumulative Pore Volume as a Function of
Pore Diameter for Ten Limestones

when a specified minimum pore diameter was used for each limestone. It is
highly unlikely that all limestones have the same minimum effective pore
diameter. 1In fact, one would expect that the greater the calcium content
of the limestone, the larger the pores would have to be in order not to
prematurely plug with CaSO,.

The inert materials (SiO,, Al1,03, Fep03) probably do not affect plugging
behavior since they are not part of the calcium-magnesium crystal structure.
Therefore, a minimum pore diameter, MPD, was determined based on the Mg/Ca
ratio in the limestone.

174
P o0 % MgCO3 + 1000 v
% CaCO3 + % MgCOj
where
MPD = minimum pore diameter, um
% MgCO3 = wt % MgCO3 in virgin limestone
% CaC0a = wt % CaCO3 in virgin limestone

The MPD was assumed to be linear with respect to the limestone's Mg/Ca
ratio. It was also assumed that for a pure limestone, Mg/Ca = 0, the MPD is
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0.174 pym, which is its value at 1000 psi during porosimeter measurements.
Borgwardt and Harvey?? have indicated that all calcined limestones with
pores larger than 0.2 pm have high reactivity with SO».

Since dolowhite is nonreactive, it was assumed that the MPD for dolowhite
is 0.05 um, which reduces the effective surface area of dolowhite for
reactivity to approximately 6500 cmz/g.

By use of the above equation, the calcium utilization of various lime-
stones was plotted against the surface area of pores having a diameter
larger than the MPD. These results are shown in Fig. 54. This correlation
applies reasonably well to all stones.

2. Effects of Precalcination and Heat Treatment

In atmospheric fluidized-bed coal combustion, large quantities of
limestone sorbent (Ca/S ratio of 4/1 to 6/1) may be required so that the
flue gas will meet EPA SOj-emission standards. Pretreatment of limestones
to enhance their reactivity and their calcium utilization may reduce
limestone requirements. Therefore, the effect of calcination-heat treat-
ment on calcium utilization of Greer limestone has been studied and a
preliminary economic-environmental impact assessment made.

Greer limestone was precalcined at 900°C in a 20% C0,-80% N, gas stream,
then heat-treated at 900°C for 0, 2, 6, and 22.2 hr. The pretreated Greer
limestones were then sulfated at 900°C on a TGA, using 0.3% S0,-5% O, in
Nj.
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In Fig. 55, the percent conversion of Ca0 to CaSOy is given as a
function of sulfation time for the various pretreated limestones. Their Ca0
conversions are compared with that of Greer limestone which was simultaneously
calcined and sulfated with 0.3% S02-5% 02-20% CO, in N, gas. The Greer
limestone which was simultaneously calcined and sulfated had the poorest
conversion--only 28% of the Ca0 was utilized to capture SO,. This result
is in excellent agreement with the data obtained on Greer limestone by Pope,
Evans and Robbins?! in a 9 ft? atmospheric combustor. They reported calcium

utilizations of 25 to 28 percent with a limestone residence time of approxi-
mately 4 hr.

The Greer limestone tested in the TGA (Fig. 55) calcined completely in
approximately 10 min. This was one-half the calcination time for the lime-
stone which had been simultaneously calcined and sulfated. The lower calcin-
ation rate during simultaneous calcination-sulfation probably produces a
limestone having smaller pores and thereby results in less calcium utilization.

Precalcination increased the calcium utilization from 28% to 43% for a
5-hr sulfation time. Heat treating the limestone for 2 hr after a S-min
precalcination further increased the calcium utilization from 43% to 48% (a
residence time of 15 hr gave a 51% calcium utilization). Heat treating for
6 hr and 22.2 hr gave calcium utilizations of 52 and 55% in 5 hr. The pre-
calcination and heat treatments definitely increased the sulfation rate and
calcium utilization. However, after heat treating for 6 hr, additional heat
treatment gave a minimal change in sorbent performance.
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To apply the results shown in Fig. 55 to a practical fluidized-bed
combustion system, a preliminary economic analysis was performed to determine
the cost of a precalcination-heat treatment step. The economic analysis was
made for a 600-MW atmospheric fluidized-bed coal combustor.

The pretreatment costs were based on the costs quoted by the Kennedy
Van Saun Corporation.22 A kiln (calciner and heat treating unit) was
estimated to cost $5 million/(1000 tons of calcined product per day). A
limestone residence time of 178 min was assumed., This unit requires two
operators per shift and also requires 5,000,000 Btu of energy per ton of
product (calcined, heat-treated limestone). From this information, a first
order economic analysis was performed to determine the cost of a pretreater
for various limestone residence times and for various quantities of limestone
per day.

Five costs were included in the analysis: capital, installation,
operating, maintenance, and fuel costs. The capital cost was estimated to
be a function of the limestone residence time and lime production rate to
the 0.6 power. The installation cost was assumed to be twice the capital
cost. On the basis of two men per shift, the operating cost was estimated
to be 300,000 dollars per year. Maintenance cost and fuel cost are directly
a function of the lime production rate. Limestone requirements were estimated
to be 1720 tons/day for a plant using a Ca/S ratio of 4. For heat treatment
times longer than 2 hr, the capital cost (installed) is the largest cost;
the next largest is fuel cost.

From the above information, the increased energy cost can be estimated.
If a 2-hr residence time and a Ca/S ratio of 4 are assumed, the increased
energy cost of precalcination and heat treatment would be 0.85 mill/kWh.
That is, it would cost 0.85 mill/kWh to decrease the environmental impact
by 42 percent (Fig. 56).

Figure 56 illustrates the energy cost for reducing the environmental
impact of Greer limestone. The environmental impact of Greer limestone with
no precalcination treatment was arbitrarily set at 1.0. This can be con-
verted to a given quantity of limestone that must be mined and disposed of.
As shown in Fig. 56, the environmental impact can be reduced by increasing
the energy cost (by means of pretreatment and thus greater calcium utili-
zation). However, decreasing the limestone requirements further would
require a large increase in energy cost. In fact, however much is spent,
the environmental impact can not be reduced more than 50% by heat treating.

The above analysis is only for Greer limestone which has been tested at
900°C. Also, the cost analysis for pretreatment kilns is only a first
approximation, and the effect of pretreatment on attrition has not yet been
determined. Nevertheless, this is the type of cost vs environmental impact
information needed for assessment of the viability of pretreatment.



104

5 T ‘ T | ¥ ] I T 1 I 1
|
n , -
: Ca/S RATIO
4r " . Ca/S=2 ]
i ':l| 2. Ca/S=4 4
I 3. Ca/S=6
s 3 .
S ]
S
-
-
= 2 —
I_ —
0 L
0.4 0.5 06 07 0.8 0.9 1.0

ENVIRONMENTAL IMPACT, ARBITRARY UNITS

Fig. 56. 1Increased Energy Cost for Pretreatment
Required to Reduce the Environmental
Impact of Mining and Disposal of
Sorbents

3. Limestone Attrition

The effects of fluidization velocity, the L/D ratio of the bed, and
stone composition on limestone attrition rates are being studied in a room
temperature (cold) fluidized bed. Attempts will be made to correlate the
results with limestone attrition rates in fluidized-bed coal combustors.
Also, the mechanism of attrition is being studied. In addition to the small
room-temperature fluidized-bed test rig used in this work, a small 2-in.-dia
high-temperature (850°C) fluidized-bed test unit is being constructed to
determine the effects of calcination and continuous sulfation on the attrition
rates of various limestones.

High attrition rates are undesirable since they may decrease SO
retention, require more or larger equipment to capture the higher dust loadings
(in order to meet EPA emission standards), and necessitate an increase in
the limestone fresh feed rate. In the case of pressurized fluidized-bed
combustion, the dust loading must be low to meet turbine requirements,

The "cold" fluidized bed apparatus is schematically depicted in Fig. 57.
The column has a 78.74-cm height which can be increased or decreased by
adding or removing sections. In the present assembled apparatus, the bottom
section is 30.48 cm high and has a 5.08-cm diameter. The top section
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(removable) is 48.26 cm high ana has a 7.63-cm diameter. The top portion
of the bed is a disengagement section, which functions to decrease the
velocity of the fluidizing gas and particles, minimizing particle entrain-
ment .

At the bottom of the bed, there is a porous metal plate that functions
as a gas distributor. A pressure regulator controls the fluidizing gas flow.
A cyclone and a filter are located downstream from the bed to collect the
overhead particles produced from particle-particle and particle-wall
collisions (abrasion) during fluidization.

The sorbent is loaded into the apparatus after sections of the bed have
been separated. The fluidizing gas fed into the bed is house air or nitrogen.

The percent of the bed material that is elutriated overhead is considered
the material loss due to attrition. During each 10-hr attrition test,
the bed material is periodically weighed to determine the quantity of material
that has been lost overhead.
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Many parameters affect the attrition rate of limestones (fluidization
velocity, bed depth, tube arrangement, particle size, limestone composition,
calcination rate, extent of sulfation, temperature). Although there is a
number of variables involved in determining attrition rates, Tymochtee
dolomite, fully calcined, -14 +30 mesh, was initially studied as a function
of only three variables: fluidization velocity, bed depth, and tube arrange-
ment.

The attrition rates for calcined Tymochtee dolomite (no tubes in the
bed) are shown in Figs. 58 for a L/D of 1.38 and fluidization velocities
of 0.88, 1.19, 1.46, and 2.13 m/s. As can be seen in the figure, as the
superficial gas velocity increases, the attrition rate increases. At all
gas velocities, the attrition rate is high initially, then decreases to a
steady state rate in approximately 2-4 hr. The steady state attrition rate
is approximately proportional to the superficial velocity squared; which is
the theoretical attrition dependency on velocity. The results for L/D ratios
of 0.28 and 0.55 are for well-mixed fluidized beds. For a L/D of 1.38, the
fluidized bed is in the transition region between well-mixed and slugging;
for a L/D of 2.2, the operates entirely in a slugging mode. The effect of
bed depth on attrition is shown in Fig. 59 for a gas velocity of 1.46 m/s.
In deeper beds, where there apparently are more particle-particle collisions
per kg of limestone, attrition rates are higher. At 2.13 m/s, the attrition
rate is independent of L/D since an entrained bed develops (for -14 +30 mesh
particles), causing very high attrition rates.

The introduction of cooling coils (simulated by using copper tubing)
was expected to decrease the limestone particle velocity, 'quieting" the
bed and thereby decreasing limestone attrition rates. There were six layers
of horizontal tubes, six tubes at each level, and a 1.2-cm spacing between
adjacent levels. The first layer of tubes was 1.2 cm above the gas distri-
butor plate. At the lower velocities of 1.19 and 1.46 m/s, the attrition
rates were decreased by a factor of 2.8 and 2, respectively. At 2.13 m/s,
an entrained bed develops, and thus the attrition rate is the same in the
presence and absence of simulated cooling coils.

The attrition rates of ten limestones (precalcined) were tested at room
temperature, a superficial gas velocity of 1.46 m/s, and a L/D of 1.38
(expanded). Figure 60 shows the total material loss in 10 hr. The limestones
are in the order of decreasing reactivity with SO, from left to right, as
determined in a TGA. No relationship between S0, capacity and attrition
is seen.

Figure 61 shows the amount of material lost overhead as a function
of time. The attrition rate is high for the first 1/2 hr, then decreases
rapidly. Of the ten limestones tested, limestone 1337 had the highest
attrition rate--a loss of 55% of the bed material. Greer was the strongest,
losing only 4.5%Z. The overhead material was finely powdered (smaller than
70 mesh), indicating that the material lost from the bed was due to attrition,
not elutriation.

The wide variation in attrition resistance can be correlated with the
impurity (Si, Fe, Al) concentrations of the limestones. In Fig. 62, the



MATERIAL LOST OVERHEAD, %

Fig.

H
o

W
(8]

(&)
(@

no
on

no
o

>

S

58.

T j T ' T r L T 1 l
— GAS VELOCITY, m/s ~
- —— 2.13 .
|- .46 i
—-— 119

TIME , hr

Attrition Rate of Calcined Tymochtee
Dolomite as a Function of bSuperficial
Gas Velocity; L/D = 1.38

MATERIAL LOST OVERHEAD,%

D
o

W
n

w
o
!

)
&)
|

N
o
T

o
I

'S

T T T T T T T T

L/D RATIO -
—— 028 ]
------ 0.55
—-—-1.38 .
.......... 220 J

4
——1
_
e -

TIME, br

Attrition Rate of Calcined Tymochtee
Dolomite as a Function of Bed Depth.
Superficial gas velocity, 1.46 m/s

101



108

N
()

10 hr

wn

(@]
|
|

L
o
[
|

ATTRITION, % MATERIAL LOSS IN

TYMOCHTEE
1337

135l

1360

GREER
2203

1343

1336

1359
DOLOWHITE

Fig. 60. Material Loss from Beds of Precalcined Limestones,
Superficial Gas Velocity: 1.46 m/s; L/D: 1.38

material lost due to attrition is given as a function of impurity concen-
tration. At high impurity levels (above 4%), the material loss is low
(less than 20%); however, at low impurity levels, there is considerable
scatter in the data, making it difficult to predict material losses due to
attrition.

4, Conclusions

The calcium utilization of limestones with S0 can be correlated with
composition (MgO content); however, more limestones samples must be tested
to determine how accurate this correlation is.

The calcium utilization of limestones can also be correlated with the
"accessible" internal surface area of the stone. Precalcination of limestones
may increase the calcium utilization of the stone; however if residence
times in a preheater are long, the capital cost of pretreatment equipment
may become too high for the procedure to be considered.
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of impurities (Al, Si, Fe). High impurity concentration levels increase
attrition resistance.
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TASK E. TRACE ELEMENTS AND COMBUSTION EMISSION STUDIES

1. The Effect of Additives on the Calcination/Sulfation of Limestone/Dolomite
(J. Shearer and C. Turner)

The use of additives in a fluidized-bed coal combustion system to increase
the S0s-sorption capabilities of limestone and dolomite has received consid-
erable attention. In particular, the addition of small amounts of NaCl to
enhance the SO; absorption characteristics of limestones has been used with
success by Pope, Evans and Robbins?! in atmospheric pressure fluidized-bed
combustors.

In order to fully understand the role that the salt mixture plays, a
clear picture of the reaction mechanism must be obtained. An extensive search
of the literature (during the report period) has revealed a multiplicity of
uses of NaCl (and of other salts) as a catalyst or mineralizer in related

areas,22a729

Apparently, no detailed theoretical study of the effect of catalysts on
the calcination/sulfation system has been performed. Several researchers
have looked at the individual systems of calcination and sulfation separately
under laboratory conditions and have concluded that the sorption capacity is
diffusion-controlled for the most part, depending greatly on the physical
characteristics of the stone itself. Therefore, any effects of mineralizers
must be directly related to diffusion and/or rearrangement in the limestone/
dolomite matrix.

Pope, Evans, and Robbins?! suggested that the addition of sodium chloride
leads to a physical disruption of the pore structure of the limestone by the
sodium ions, so that compounds form having sufficiently different lattice
constants to strain the system during replacement. This concept was put forth
on the basis of gross effects observed in a large fluidized-bed coal combustor
with limestone additive and NaCl catalyst,

A review of various compound melting points and eutectic points in the
system NaCl-CaC03-MgC03-CaS0y-MgS0O,, as shown in Table 24, suggests a mechanism
involving low-temperature melts and solid solutions for the enhancement of
calcination and sulfation of limestone and dolomite.

DTA studies of dolomite have shown a depression of temperature of initial
decomposition in the presence of NaC122a530 gimilar to the effects on limestone.

a. Mechanism of Enhancement by Sodium Chloride

It is proposed that a liquid phase exists upon the dissclution of carbon-
ate and/or sulfate into NaCl when these components are in contact at temper-
atures above 750°C. The enhancement of interaction is directly attributable
to the presence of these molten salt films on particle surfaces.

The accelerating effect of NaCl on partially sulfated stone is due to
the appearance of the above-mentioned liquid phase at high temperatures. The
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Table 24. Eutectics and Double Salts Formed in the System,
NaCl1-CaC03-MgC0O3-CaSO0,-MgSOy

Double Salt

Decomposition Decomposition
(d) or m.p., m.p., (d) or m.p.,
Species °C Eutectic °C °C
NaCl 801
CaCo03 d.825 2NaCl - CaCoOj 690 Na,Ca(CO3), 770 d.817
' Mg3Ca(CO3)y d.<350
MgCO3 d.350
CaSOq 1450 4NaCl - C830q 721 Nazca(SOq)z 915
MgZCa(SOQ)q 1201
MgSO0y d.1124 2NaCl - MgSOy 624 NapMg3(SOy)y 700
Na,CO3 850 4NaCl - NaosCO3 634 Na, (S0,,C03) 612
NaZSOq 844 4NaCl - Nastq 638
CaCl, 770 CaClp+CaCoO3 d.700
HgClsy 712

—— - e ——

liquid phase greatly increases the area of contact of the reactants between
the salt ions, and the calcium and carbonate ions may weaken the ionic
strength of the crystal lattice--that is, the mobility of ions in the crystal
lattice increases and some of the ions on the surface of the crystal separate
and dissolve in the salt films,

Some of the salt ions may enter the crystal, causing the mobility of the
ions in the crystal to be increased by the formation of a solid solution or
a compound. When calcium ions or oxygen ions move in the salt layer, the
mobilities of these ions may depend on the viscosity of the molten salt. The
presence of carbon dioxide from the decomposition of the stone creates a
highly mobile liquid with low viscosity, increasing the diffusion rate of
migrating ions. As the diffusion rate increases, the rate of interaction of
the components to form the new crystallization phase, CaS0O,, increases.
Possibly, the formation of the new crystalline phase at high temperatures is
preceded by removal of individual ions and molecules from the solid CaCOj
lattice, which leads to the appearance of molecularly porous substances that
form pseudomorphs of the original crystals and effectively lower the surface
energy barrier to recrystallization. Ongoing crystallization of Ca0 to its
normal lattice structure initially increases the specific surface with respect
to SO2 capture, allowing more complete sulfation to occur. The appearance of
these molecularly porous structures has a considerable influence on the capture
of SO3 introduced into the system and on further penetration of the crystal
by the melt, leading to considerable contact of the components.
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Figure 63 is a sketch of a portion of a partially sulfated limestone
particle undergoing sulfation in the presence of NaCl. The NaCl vapor dis-
solves SO3 gas and small amounts of CaSO, on the surface of the particle,
forming a liquid melt [CaSO, + SO3 + NaCl]; which penetrates the shell of
previously formed CaSOy, (Zone I) along grain boundaries and imperfections.

At the same time, the CaSO, dissolves and recrystallizes as the liquid moves
into the interior until it contacts unreacted CaCO3 (Zonme II). At the reaction
interface, the NaCl-CaS04-503 melt provides a medium for the dissolution of
small amounts of CaCO3, incorporating it into a liquid phase [CaC03]L. The
[CaCOz2]y, readily dissociates into Ca?¥ and €032~ with the subsequent release

of COy gas and the simultaneous formation of Ca0 and/or CaSO, from interaction
with the dissolved SO3. The COp-saturated liquid is highly mobile and diffuses
inward. As the COy escapes outward, the liquid dissolves more CaCO3, pre-
cipitates CaSOy, and continues to penetrate the unreacted portion of the
limestone lattice until the reaction is brought to a halt when the amount of
CaC0O3 is too small to form a liquid with the NaCl, and diffusion barriers
arise.

The effect of the additive is to enhance crystal growth by providing
nucleation centers while simultaneously separating and dissolving the lattice
structure of the original limestone. The ions of the incipient CaSQ, and
Ca0 crystal surfaces also undergo separation, redissolution, and recrystal-
lization via the salt film, leading to a more open porous structure with
little diffusional resistance. Diffusional barriers due to blockage of pore
structures are removed by this continual dissolution and recrystallization
in the NaCl-containing liquid phase. Rapid diffusion of ions and gases
through a mubile liquid accounts for the effective lowering of the temperature
of reaction at which these processes occur.

As part of this investigation of the mechanism of the catalytic effect
of mineralizers and its relevance to coal combustion, a small laboratory
reactor was built for controlled-atmosphere and -temperature experiments.

The current experiments are concerned mainly with common salt, NaCl, and
calcite (CaCO3) in order to provide experimental verification of the proposed
mechanism of interaction.

Large (0.6-cm) pseudocrystal rhombs of calcite spar were chosen for
this study of sulfation and calcination because of (1) their low reactivity
in these reactions, (2) their high purity, and (3) their extremely low
porosity, which results in a layered effect in the reaction products. The
reaction proceeds only from the crystal surface inward, not throughout the
entire sample as in natural limestones and dolomites.

A horizontal tube furnace capable of achieving 1100°C was set up with
a gas-mixing system for providing appropriate combinations of air, CO,, and
S0,.

Preliminary experiments were performed in an air medium with a small
flow of SO, at 900°C. The gas mixture passed for short time periods over
calcite samples, which were in quartz boats in the furnace. In most runs,
NaCl vapor was evaporated from a boat filled with fused NaCl in the upstream
portion of the system. In a few runs performed with NaCl directly deposited
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on the crystal surface, most of the NaCl was lost by evaporation from the
crystal surface before the length of time required for reaction elapsed, and
only the crystal surface was affected. Blank runs with no salt present
provided samples for comparison.

Figure 64 illustrates the dramatic results obtained upon salt addition.
Photos I and II show calcite crystals exposed to SO0, in air at 900°C for 15
min. There is a very thin reaction rim of CaSOy, crystals, with some CaO
microcrystals on the samples; the major part is unreacted CaCO3. The reaction
proceeds along existing fractures and crystal defects at the surface.

Photos III and IV show calcite crystals exposed at the identical condi-
tions with NaCl vapor present. It can readily be seen that the amount of
reacted material is much greater in both cases than for the no-salt cases
and is more variable in extent. There is a highly crystalline layer of CaSO,
on the outside over a thicker layer of Ca0 which surrounds the residual
CaC0O03. An X-ray study shows the outer layer to be highly crystalline CaSO,
with minor amounts of NaCl present, indicating that NaCl penetrated the
sample at least to this depth.

That there is a gradation of sulfate in the Ca0 layer was indicated by
some preliminary microprobe scans intended to determine the sodium distri-
bution in the reaction layers. Due to problems with maintaining a polished
surface, the results were ambiguous. The Ca0O is very finely crystalline,
with little coherence, and is highly reactive with water vapor. In many
cases, the outer layer of sulfate crystals had separatred from the oxide as
a thin coherent shell, making it difficult to mount the entire specimen.

From the relative thicknesses of the product layers, it can be seen that
NaCl increases the extent of calcination more rapidly than it increases the
extent of sulfation.

Several runs were performed without salt present and with CO; levels
such that no calcination occurred during the experiments. Salt vapor was
then added to the system, and calcination proceeded despite the high CO»
levels in the furnace. It is hoped that by suitable adjustment of CO, levels,
a much greater extent of sulfation than calcination can be achieved. Previous
work3! has shown the importance of the calcining conditions when calcined
stones are reacted with SO5.

In the sulfation experiment illustrated by the photographs of Fig. 64,
the no-salt samples show a very thin layer of calcium sulfate and calcium
oxide, with the sulfate predominating. The effectiveness of NaCl in promoting
calcination and producing an initially porous product shows clearly in the
very thick layers of Ca0 in the samples with additive. The sulfate layer in
these samples is revealed under the microscope as consisting of fairly large
crystals growing out of the Ca0 layer. Literature descriptions of alkali
effects commonly refer to enhanced crystallization of the product phases and
increased porosity.zs’29 It has been found that the reaction of S0, with
limestone is greatly influenced by the reduction in porosity caused by the
sulfation reaction.32
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Fig. 64. Sulfation of Crystalline Calcite
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The microscopically observed penetration of NaCl along grain boundaries
and fractures, with reaction occurring at crystal defects and pore surfaces,
supports the mechanism that transient surficial melts form which increase
the reactivity of the dissolved phases and lower the resistance to diffusion
of gases. Scanning electron microscope photographs are being taken to deter-
mine if indeed the NaCl penetrated the reaction layers and to indicate the
finai disposition of the salt.

Preliminary calcination experiments were done, with no SO, present, on
calcite spar samples to note any qualitiative changes as a result of the
presence of NaCl. The sample exposed to air and CO; without salt was
partially calcined for 30 min. The product was white and brittle and was
finely crystalline under the microscope. When NaCl was added in similar
experiments, the product was more completely calcined and had a more porous
and crumbly texture. The outer surface, however, had begun to sinter into
a rigid shell. This product was discolored, with brownish tones.

Table 25 summarizes the observations made during a series of diagnostic
experiments performed in a horizontal furnace, which led to the design of
thermogravimetric experiments to provide quantitative results. From the
table, it can be seen that under simultaneous calcination and sulfation
conditions, there is a marked decrease in the total amount of reacted
material during a given period of time as compared with the amount of reac-
tion under simple calcination conditions. The diffusional barrier of incoming
S0y slows down the calcination of the CaC0O3. Addition of the mineralizer,
NaCl, increases both the extent of calcination and the extent of sulfation
by improving the porosity of the calcined stone. When simple calcination
is performed under a high enough CO» pressure that calcination does not
occur readily, the addition of NaCl vapor to this same system effectively
overcomes the diffusional barriers, and calcination proceeds rapidly.

When a precalcined stone is reacted with S0y, the amount of sulfation
both with and without salt addition is increased in comparison to simultaneous
calcination-sulfation. The addition of NaCl, however, increases the amount
of sulfation and of interpenetration of Ca0 by the crystallizing CaSO,, with
a fluid phase following defects and grain boundaries within the crystal.

This differs considerably from the sharply defined reaction front observed
with no salt present.

b. Evaluation of Seven Additives

Compounds other than NaCl that have been found to be effective mineral-
izers23729 have been studied to evaluate their potential usage in coal com-
bustion, as reported here. Among the compounds reported in the literature
are NaOH, Na,CO3, KC1l, CaCl,, MgCly, NapSOy, NajzPOy, and kaolin and other
clays. The noncorrosive aspects of some of these compounds may make them
more attractive than NaCl if all other considerations are favorable.

Most workers agree that the reaction mechanisms of both calcination and
sulfation have rate-controlling diffusion-limited steps so that any mineral-
izing effects in calcination may have similar results in sulfation. Many



Table 25. Effect of NaCl on Reactions of Calcite

NaCl Introduction Reaction
Experiment Additive Technique Conditions® Comments
NaCl-la None - Calcined at 900°C Reaction almosi complete
in air, 15 min
NaCl-1b NaCl Vapor Calcined at 900°C Complete reaction, salt gave
- in air, 15 min a more porous product
NaCl-2a None - Calcined at 900°C No reaction
in high CO,, 15 min
NaCl-2b NaCl Vapor Calcined at 900°C Almost complete reaction,
in high CO,, 15 min porous product
NaCl-3b None - Simultaneous 900°C Surficial reaction, white
calcination/sulfation, coating with thicker layer
15 min of CaO
NaCl-3B NaCl Vapor Simultaneous 900°C Some CaCO3 remains in center,
calcination/sulfation, a thick layer of Ca0, outer
15 min thick layer of crystalline
CaSOy
NaCl-4a None - Precalcined at 900°C Thin layer of CaS0,, flaky

30 min, then exposed
to SO2 for 15 min

NaCl-4b NaCl Vapor Precalcined at 900°C Thick layer of crystalline
30 min, then exposed CaSO, intergrown with CaO
to SO0, for 15 min

NaCl-5a None - Partially sulfated stone No appreciable change
further reacted, 15 min

NaCl-5b NaCl Vapor Partially sulfated stone Thicker shell developed having
further reacted, 15 min a more crystalline character

3sulfation atmosphere was 20 vol 7% SO, in air.

81T
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salts have been shown to be effective in the calcination of limestone and
are used routinely to promote the formation of reactive limes. Table 26
summarizes the results of qualitative experiments in which NaCl and several
other additives were used. The only salts comparable to NaCl (in terms of
magnitude of effect ) are CaCl, and MgCl,; NaOH, Na,CO3, and Na,SO, all
behave similarly; the first two salts sulfated readily during reaction and
then effectively behave as NaySO, in the system. One set of experiments
(vapor salt introduction mode) was done using open boats of salt introduced
into the furnace to supply a vapor to interact with the calcite. If a porous
limestone instead of calcite spar crystals were used, the salts could be
directly deposited within the stone and thus .ould perhaps avoid the diffi-
culties associated with subsequent sulfation of the additive.

The volatility of the Na;S0, is low compared to that of NaCl and CaCl,.
Its melting point is fairly high compared to the reaction temperature,
whereas NaCl and CaCl, are easily melted below 900°C. Sulfation with Na,SO,
and :he other related salts (NaOH and Na;C0O3) occurred only when the salts
were placed directly on the calcite crystals. These effects support the
view that a fluid phase is present during the reaction. The presence of
low-melting eutectics of salt and matrix appears to open up the system to
further sulfation. In porous stones, these salts may indeed have much
greater effects due to more intimate surface contact of the salt with the
stone.

These qualitative results indicated the desirability of pursuing quanti-
tative experiments on a thermogravimetric apparatus to measure weight changes
during sulfation and to deduce absolute values for sulfur capture when
mineralizers are present. The cffects on sulfur absorption of varying the
concentration of the additives are reported below.

Figure 65 shows the effect of precalcination of Greer limestone (in the
tube furnace) on sulfur retention and the enhancement by NaCl. The NaCl was
introduced by immersion of the limestone in an aqueous solution. After
the limestone was soaked in a 20% NaCl solution, it was dried at 150°C,
leaving approximately 1% NaCl by weight in the stone. The sample was then
calcined in the furnace assembly at 900°C in an atmosphere of 20% CO, in Ny,
reweighed to verify the completion of calcination, and then exposed to a
gas mixture containing 4% SO,. Despite the loss by evaporation of most of
the salt, the effects upon sulfation can be seen, with the stones' capacity
for SO, increased by approximately 50%. The effect of simultaneous calcin-
ation/sulfation can also be seen--a substantially lower reactivity--although
within the time period, the total amount of conversion eventually reaches
the same level as does the precalcined stones at this concentration of S0,.
At lower concentrations of S0» (Fig. 66), as in a flue gas, the effect is
much more apparent because the uncalcined stone does not reach the same
level of sulfation as the precalcined stone in any reasonable time interval.
Figure 66 shows experimental data points from the thermogravimetric analyzer
with 0.47 SO,.

The initial use of the horizontal tube furnace assembly instead of a
thermogravimetric analyzer was prompted by the possibility of extensive
corrosion when volatile alkali salts are used. Figure 67 gives the results
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Greer Limestone by Precalcination



Table 26.

of Crystalline Calcite at 900°C

Effect of Additives on Simultaneous Calcination-Sulfation

Salt Reaction
Introduction Time, % S0, Extent of

Expt. Additive Mode min in Air Reaction Comments

cs 1 None None 30 25 Minor Surficial white deposit on CaSQ,
plus Ca0O

CS 2a NaCl Vapora 30 25 Major Highly crystalline CaSO, over a
thick layer of CaO

CS 2b NaCl Solidb 30 25 Major As in CS 2a, over entire crystal

CS 3a CaCl, Vapor 30 25 Major Similar to NaCl though less Ca0
formed

CS 3b CaCl, Solid 30 25 Major Similar to NaCl

CS 4a Na,CO3 Vapor 30 25 Minor Some surficial reaction

CS 4b Na,COj3 Solid 30 25 Major Reaction localized with small
effects elsewhere

CS 5a NaOH Vapor 30 25 Minor Very little (NaOH appears to boil
away and sulfate)

CS 5b NaOH Solid 30 25 Major Very localized (boils away)

CS ba Na, SOy Vapor 30 25 Minor Small amount of surface reaction

CS 6b Na5S0y Solid 30 25 Major Entire crystal surface reacted

CS 7a MgCl, Vapor 30 25 Major Similar to CaClj, though less
extensive reaction

CS 7b MgCl, Solid 30 25 Major Similar to CaCl,

a - ;
Additive in a boat upstream.
Additive on calcite surface as slurry.

1T
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Fig. 67. Effect of NaCl Concentration on Sulfation of
Greer Limestone at 850°C in 0.3% SO;. A
comparison of TGA with horizontal tube
furnace (TF).

of two series of experiments at 850°C using Greer limestone with NaCl the
mineralizing additive; these seriés were performed on the TGA and the tube
furnace (TF) under simultaneous calcination/sultation conditions. After

six hours, the two methods are in excellent agreement for a given concentra-
tion of sodium chloride. Some samples were prepared by immersion in a near-
boiling brine of NaCl and then drying in an oven at 100°C. The sodium
chloride was thereby uniformly distributed throughcut the sample--within
pores and on particle surfaces. Samples used were all sieved to 18-20 mesh
size. The maximum concentration of salt introduced in this way was 2% by

weight.

High concentrations of NaCl were incorporated into samples of Greer
limestone by evaporating a slurry of water and salt or by a dry mixing of
finely ground salt with the Greer. Both of these methods yield salt particles
unattached to the limestone; hence, to avoid corrosion of the TGA, no cxperi-
ments with high-NaCl limestones were carried out in the TGA. The plot of
the percentage conversion of Ca0 to CaSOy in Greer limestone versus the
concentration of NaCl admixed with the stone in Fig. 67 shows that the data
for both the TGA runs and the horizontal tube furnace runs are in excellent
agreement. The lower value for the 2% run in the horizontal tube furnace
compared with the 1.8% run in the TGA reflects the different methods of prepa-
ration; for the tube furnace, the method was slurry evaporation wherein some of
the free salt (most of which had deposited on the surface of the particles
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during evaporation) evaporates without contributing to the reactivity of the
stone. These higher concentration runs thus represent a lower value of salt
concentration than was initially introduced. (Samples prepared by simple
mixing of finely ground salt with the stone gave even lower values of con-
version.)

As can be seen from the curve (Fig. 67), at low concentrations of salt,
doubling the amount of NaCl added doubles the percent conversion. Conversion
levels off near 2% NaCl, and there is very little increase in conversion
with further addition of salt.

By adding NaCl to the original Greer limestone (which itself has a
sodium content equivalent to 0.16 wt % NaCl), the amount of conversion is
substantially increased (Fig. 67). The untreated stone levels off after
6 hours near 20% conversion; in the runs with the highest concentrations of
NaCl (from 2% up to ~20%), conversion levels off near 60-65%, a factor of
three greater. The nonlinearity of the relation between salt content and
amount of conversion illustrated in Fig. 67 suggests that at these high
concentrations of salt, fusion of the sample and/or blockage of porosity
may hinder further sulfation.

The effect of a series of salts (Nay50,, Na,CO3, CaCl,, and KCl) on Greer
limestone reactivity is presented in Fig. 68, 69, 70, and 71, respectively.
In each graph, the natural stone without additive is represented by a dashed
curve.
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Figure 68 contains plots of the percent conversion versus time for
Greer limestone doped with NaySO,. For this salt, the increase in S0jp
absorption is not as great as with NaCl. Comparison at 2% mineralizer con-
centration shows a 35% conversion for NajSOy and a 60% conversion for NaCl
(Fig. 67). On the basis of formula weights, the salts have approximately
equivalent concentrations of sodium. Increasing the concentration of Na;SOy
does not increase the conversion percentage as much as increasing the NaCl
concentration does. In fact, when corrections are made for the amount of
sulfate possibly exchanged with Ca0, the increases in conversion versus
concentration of Na;S0, are barely noticeable. Results of analysis of the
reaction products appear to agree with this conclusion; further checks will
be made on all of the experiments performed.

Figure 69 is a plot of the percent Ca0 converted to CaSO, for Greer
limestone containing Na,CO3 additive. Soaking the stone in a saturated
Na;C0O3 solution (thereby adding approximately 3% salt) increases the con-
version to sulfate from 20% to 50%, Z.e., by more than a factor of two.
Larger amounts of salt will be added in future experiments to obtain a
complete picture of the relationship between conversion and concentration
of salt.
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Fig. 69. Enhancement of Greer Limestone Sulfation
with Na,CO3 at 850°C in 0.3% SO,
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Figure 70 shows conversion versus time for Greer limestone doped with
CaCly solutions. Conversion increases significantly at low concentrations
of CaCl, but appears to level off rapidly above 1% CaCl,, as indicated by
the 50% conversion level reached; conversion with 5.5% CaCl, was only slightly
higher than with 0.6% CaCl,. These experiments indicate that sodium jon
is not the only effective mineralizer in these systems. Chloride ion has
an effect on limestone sulfation that is as large as the effect of sodium.

This may partly explain the effectiveness of NaCl being greater than that
of the other sodium salts.

The enhancement due to KCl is shown in Fig. 71. The percent conversion
of Greer limestone, 20%, increased to over 507 with ~2.5% KC1 in the stone.
The effectiveness of this salt is close to that of NaCl.

The weight percentages of salts prese~t in the samples were compared,
and the individual additives were arranged in decreasing order of effective-
ness: KCl1 > NaCl { CaClp > Na,CO3 > Na,SO,.
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Fig. 70. Enhancement of Greer Limestone Sulfation
with CaCl, at 850°C in 0.37% SO,
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Fig. 71. Enhancement of Greer Limestone Sulfation
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c. Effect of NaCl Additive on Several Limestones

The greater part of this work so far has dealt with the reaction of
Greer limestone with sulfur dioxide and several additive salts, namely, NaCl,
Nap SOy, NayCO3, CaCly, and KCl. The results of tests on a series of lime-
stones having various compositions and morphologies are next discussed.

Eleven limestones and dolomites have been reacted for seven hours in
a horizontal tube furnace assembly at 850°C with a 0.3% S0,-5% 0,~20% CO,-
balance N synthetic flue gas mixture. Figure 72 shows SOj3 captured/kg of
sorbent for the untreated stones.

There is great variation in both the rate of reactivity of the stones
with 502 and the calcium utilization among the different samples. Initial
reaction rates differ considerably but do not necessarily correlate with
total calcium utilization for the sulfation period. Comparison of limestone
1337 with Tymochtee dolomite shows that initial reaction rates are very
similar; changes .. 'ur after 2 hr, 1337 having a steeper slope; later,
Tymochtee picks up SO; faster than 1337 and has a steeper slope. After 7 hr
of reaction time, the percentage of calcium (as Ca0) in the stones converted
to CaS0y ranges from 10% for 1359 up to 90% for Tymochtee. The plot is
corrected for the amount of actual Ca0 present and available for reaction.

These data may be compared with results on limestone characterization
by Snyder with several reservations. Snyder's work was performed at 900°C
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Fig. 72. Weight of SO3 Captured as a Function of
Time for Eleven Untreated Limestones.

using precalcined stones; the data reported here was collected at 850°C
under conditions of simultaneous calcination/sulfation. The relative order
of reactivity for the more reactive stones is the same for the two series.
However, at 850°C there is considerable rearrangement of the low to medium
reactive stones in comparison with their order at 900°C; this illustrates
the large effects of reaction conditions. There is no comprehensive
correlation between percent calcium utilization and composi.ion. For
example, Dolowhite, which has about the same composition as Tymochtee, is
particularly unreactive. Porosity determinations are being made on stones
calcined at 850°C to attempt to verify a correlation of porosity-composition-
reactivity suggested by Sayder.
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Figure 73 is a plot of the same series of limestones reacted under
conditions similar to those used in earlier runs (Fig. 72) except that 2%
by weight of pure sodium chloride was added. The sodium chloride was added
by evaporating a water slurry of the stones and salt. This method was
used since it yielded a more intimate mixture than does simple mixing of
dry salt and stones. Preliminary experiments have shown that the loss of
salt by evaporation is greater when salt has been added as a powder. Such
evaporation leads to difficulties in evaluating the actual amount of salt
present during reaction. Slurry evaporation deposits most of the salt on
the surfaces of the limestone particles, where it interacts rapidly with
the stone on heating.

The reaction curves in Fig. 73 clearly show changes in the rate of
reaction for each stone with 2 wt % NaCl present, as compared with the case
with no salt present (Fig. 72). For most of the samples, initial reaction
rates are higher than in the absence of salt, exceptions being the highly
reactive stones 1337 and Tymochtee whose initial rates are lowered by salt
addition. Noticeable also is the tendency of the reactivity of several
stones to continue at a high level during the entire 7-hr period with no
sign of leveling off. Dolowhite has a significant slope~-even after seven
hours (Fig. 73)--whereas with no salt present this stone levels off at a
much earlier time (Fig. 72).
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Fig. 73. Weight of SO3 Captured as a Function of Time
for Eleven Limestones with 2 wt % NaCl
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For a clearer representation of the effect of NaCl on sulfation of
limestone, Fig. 74 is presented as a bar graph to illustrate the results.
It is arranged in order of increasing sulfation reactivity of the pure stones.
The hatched bars represent the amounts of sulfation (in percent Ca0 convert-
ed to CaSO4) occurring after seven hours in the absence of salt; the open
bars represent the additional conversion of Ca0 to CaSO, due to the presence
of 2 wt % NaCl.

In the case of calcite spar, the incomplete calcination of the raw stone
in the absence of salt interferes with the measured reactivity. When salt
is present, calcination is rapid and complete. If the entire calcium content
of the raw calcite is considered available, rather than the partially cal-
cined stone, conversion would amount to only 5% of the total stone.
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Fig. 74, Effect of NaCl on Sulfation of Limestones at 850°C
in 0.3% SO, after 7 Hours. All stones except cal-
cite spar were totally calcined.
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From this graphic representation, it is readily apparent that the
"limestones with low reactivity show a greater effect of NaCl than do the
rest of the samples. The highly reactive stones, 1337 and Tymochtee, are
actually hindered by the presence of the salt. 1If, as has been suggested,
the effect of the mineralizer is to change the crystallization characteristics
of the calcining and sulfating stone with subsequent changes in the porosity,
one might expect that any changes in stones normally undergoing nearly
complete sulfation would be detrimental. Preliminary porosity measurements
suggest that drastic changes in the pore size distribution occur during
calcination when salt is present. Porosity tests have been completed for
the entire series of limestones in both the calcined and the sulfated
condition with and without NaCl present and are reported below.

d. Porosities of Limestones

The porosity curves of accumulated pore volume vs pore diameter for
samples calcined in 20% CO, at 850°C for 1 hr are presented in Fig. 75. It
can be readily seen that each stone has its own pore distribution and pre-
dominant pore size. Conditions of calcination being constant, what is
reflected here are the differences in composition, morphology, and impurity
level of the stones. Limestone 1360 decrepitates badly and the curve measures
interparticle space for the powder produced, as well as intraparticle
porosity. The eleven stones represent a wide range of limestones having
various amounts of extraneous constituents. Enhancement of reactivity with
SO, appears to depend a great deal on the formation of larger pores which
can react more completely with large molecules such as sulfur trioxide.
These curves represent the baseline calcines with no salt addition, %.e.,
with only the small amount present naturally in the stone. The CO, level
during calcination must be specified since the reactivity of a lime can be
greatly affected by precalcination at high CO; levels.

Two weight percent sodium chloride was added to the stones, and calcin-
ation was carried out in a 20% CO, at 850°C for 1 hr. The resulting porosities
of the eleven stones are shown in Fig. 76. The effect of the sodium chloride
is to shift the curves to a larger average pore diameter. Each stone responds
in a unique way. The different porosities appears to reflect the different
compositions of the stones, but more analysis of the results is needed
before the exact relations are defined. The effects are dramatic in every
case, with the largest changes occurring in the more calcitic limestones.
Correlations with SO conversion of Ca0 to CaSO, are not readily discernible
and await further analysis of the data.

For the present, one example from the eleven will serve to illustrate
the effects of salt on limestone porosity. Greer limestone has been chosen
as an example since there is a great deal of data on Greer's reactivity
with SOp. Figure 77 is a family of porosity curves for Greer limestone
illustrating the effect of varying the concentration of NaCl added to the
stone before calcination. The average pore diameter shifts to a higher
size for every incremental addition of salt. The shape of the curves remains
the same, with total porosity gradually rising, peaking at 1% NaCl, and
falling with further addition. At concentrations higher than 17 NaCl, a
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Fig. 75. Porosimetry Curves for Eleven Limestones
Calcined One Hour at 850°C in 20% COy

great deal of the added salt vaporizes and has no contact with the stone;
thus, the effect levels off rapidly. Data not reported here shows the

effect of increased exposure time at the calcining conditions for Greer

with 1% NaCl--only a slow growth of pores over a 6-hr timespan at 850°C.

All of these porosimetry curves represent calcination without sulfation.

For simultaneous calcination/sulfation, the resulting porosity is expected

to differ, especially in the presence of NaCl. The salt particles act

as centers of nucleation, causing rapid recrystallization and ionic diffusion.
Surficial melts lower the energy barrier for ions to move from one structural
lattice position to another, speeding the coalescence of grains within the
crystallizing CaO and CaSO, and simultaneously maintaining an open-pore
structure which counteracts the loss of surface area due to this increase

in particle size. Further measurements are being made on other stones to
attempt to define the effects of mineralizers on the porosity of the stones
and how that affects the activity of the lime with respect to SO, capture.
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In order to relate the porosity measurements to reactivity, samples of
the limestones were precalcined under identical conditions and then reacted
with sulfur dioxide, thereby avoiding effects due to simultaneous calcination/
sulfation. These sulfation runs were performed at 850°C in 0.3% SO0,, 5% 05,
20% CO5, and the balance N, with and without 2 wt % NaCl added.

The percent conversions to sulfate are presented in Fig. 78, along
with calcination/sulfation data refined from earlier work. The bars repre-
sent the various modes of reaction with SO,. The clear bars ('raw stone'')
are the percent conversions of Ca0 to CaSO,, measured for simultaneous
calcination/sulfation. Similarly, the shaded bars represent the total con-
versions under simultaneous calcination/sulfation with 2 wt % NaCl added.
The widely spaced hatched bars are the conversions to sulfate for the
precalcined raw stone, while the closely spaced hatched bars represent the
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conversions to sulfate for precalcined stone that had been treated with 2 wt

% NaCl. The graph is arranged in the order of increasing reaztivity of the
raw precalcined limestone, from '"calcite spar'" tu Tymochtee. With a few
exceptions, this order is also the order of increasing inerts content ("inerts"
are constituents that do not react with S0y, including Mg0O) of the calcined
stone. There is a fair correlation between percent conversion and total

inert content for untreated stones which is improved if one considers that
stones 1360 and 2203 undergo considerable decrepitation and dusting when
calcined; their anomalously high reactivities are due to the increased surface
areas presented by the powders. The glaring exception to the generai trend

is the conversion of dolowhite, which is a highly crystalline pure dolomitic
material and has very small pores. 1Its apparent unreactivity must be due

to its initial low-porosity--perhaps constrained by its highly crystalline
state.
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The reactivity of precalcined limestones containing 2 wt %Z NaCl again
shows the above relationship between inerts content and reactivity. Figure
79 is a plot of sulfur conversion versus total inerts content of the calcined
stones treated with NaCl. Here, the correlation is excellent, including that
for previouslv anomalous dolowhite, which here has a reactivity comparable to
that of the other dolomitic stones studied. Apparently, the salt treatment
opened up the structure to an extent, overcoming the restraints induced by
the original crystallinity of this dolomite.

The porosity curves measured for these limestones have been used to
obtain an "average" pore diameter by dividing the pore volume measured on the
porosimeter by the calculated surface area. This gives one-half radius or,
after multiplying by four, an "average" pore diameter for all pores that
are larger than 30.02 ym. Smaller pores were not included since they play
no important part in sulfur reactivity in the time period considered.
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Figure 80 is a plot of "average' pore diameter for precalcined stones
(both raw stone and stones that had been treated with 2% NaCl) as a function
of total inerts content of the calcines. There appears to be a strong
correlation for the salt-treated stones that includes both the calcitic and
the dolomitic limestones.

0f the untreated stones, the calcitic limestones form a straight line
trend of increasing pore diameter with increasing inerts content. The
dolomitic stones are in a separate cluster. Their high MgCO, content un-
doubtedly plays a major role in determining initial porosity and pore size
distribution. The effect of NaCl on the pore diameter can be seen to increase
as the inerts content of the stones decreases. Pure calcitic stones are
affected to a much greater extent by the given amount of salt than are the
impure limestones and highly magnesian dolomites.
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Fig. 80. Average Pore Diameter as a Function of
Total Inerts Content of Limestones
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The correlation between percent conversion of Ca0 to CaS0, and "average"
pore diameter for the salt-treated precalcined stones is shown in Fig. 8L.
The larger the pore diameter, the lower the conversion of the salt-treated
stones. In the case of untreated precalcined stones (no graph presented),
no trend is clear (Z.e., the points scatter), but the relationship appears
to be the inverse of that for treated stones--stones with large pores appear
to have greater reactivity. This apparent contradiction can be resolved if
pore size distribution is considered along with the known fact that pores
smaller than a certain size do not react appreciably with SO, (as discussed
below). The trend of increasing reactivity in the series of untreated
precalcined stones with larger pores reflects the fact that most of the pores
in these stones are too small to contribute to SO, reactivity. As a result,
some stones with pores of a more favorable size distribution react more with
SO0;. When NaCl is added, most of the pores in all stones now are larger than
this lower limit, and now the controlling variable is surface area, which
decreases dramatically as pore diameter increases.
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In the case of the dolomitic stones, their inherent porosity is already
at a near maximum with respect to sulfur capture due to the additional
porosity contributed by MgCOj decarbonation; the porosity of dolowhite is
anomalous since its pores are extremely small. When salt is added to dolomitic
stones, the effect is that surface area is lost by growth of large pores at
the expense of small pores; however, dolowhite's porosity is thereby shifted
to a more favorable pore size distribution.

The selection of 27 as the NaCl concentration was arrived at on the
following basis: (1) its favorable effect on one limestone (Greer) and (2)
the fact that this concentration was used by Pope, Evans and Robbins to
improve sulfur capture in their early atmopsheric fluidized-bed combustor.
It is expected that by varying the amount of salt, an optimum reactivity
for each stone should be achievable. Experiments are being done to study
this.

Figure 82 illustrates how varying of the concentration of added NaCl
affects the "average' pore diameter for a pure calcite spar and an impure
(up to 247% inerts) limestone (Greer). As can be seen, the effect of NaCl
addition on pore diameter is greater in the pure stone although the percent
conversion of CaQ to CaSOy with 2% NaCl addition is only 19% for calcite as
compared with 50% for Greer (Fig. 78). Hence, reactivity is not a function
of pore diameter alone. Surface area and direct effects of salt on the
sulfation reaction must be considered.

It has been reported in the literature that the only property of lime-
stone that reliably correlates with reactivity is the sodium content, This
relationship holds true for this series of stone in a very loose way. The
initial sodium contents of most of the samples are so low that comparisons
would be unreliable. However, an overall trend exists, confirming the
reported correlation. A larger number of stones must be considered before
any definite relation can be observed.

One further point supports the concept that the effect of NaCl is
related to the inerts content of the stones: The analyses of the products
after sulfation for various limestones treated with 2% NaCl show a general
increase in sodium content with an increase in the total inerts content of the
calcined stone. This suggests that the inert materials are interfering with
and tying up some of the effectiveness of the sodium. For the few dolomitic
stones, no apparent differences due to the inert content appear. The
formation of silicates, aluminates, ete. could effectively reduce the
concentration of sodium available for interaction with the calcium and
could hinder the recrystallization and growth of pores caused by salt.

Thus, we find residual sodium in the impure limestones and dolomites, and
we find that essentially no sodium is retained in the pure stones after 7
hr of sulfation. This point has consequences beyond this question of
mechanistic effect. This loss of sodium in these experiments plays a role
in determining the disposition of sodium in a fluidized-bed combustor and
may be an important consideration in relation to corrosion, which appears
to be related to alkali concentrations in the flue gas.
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In the above discussion, no attempt is made to evaluate those effects
of the salt that may contribute to sulfation (such as continuous changes
in porosity during reaction and surficial melts contributing to recrystal-
lization and decomposition). As further analysis of the data is completed
and scanning electron microscope photographs and elemental scans are
correlated, the details of the mechanism will be formulated clearly.

2. The Determination of Inorganic Constituents in the Effluent Gas
from Coal Combustion
(S. Lee)

Some chemical elements in combustion gases are known to cause severe
metal corrosion. The objectives of this study are to determine quantitatively
which elements are present in the hot combustion gas of coal, in either
volatile or particulate form, and to differentiate between volatile and
particulate species. It is desirable to identify which compounds are present
as particulate species and their amounts and to determine the amounts of
compounds present as condensable species.
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Assembly of the laboratory-scale fixed-bed batch combustor system to
be used for this study has been completed. A schematic diagram of this com-
bustor system was presented and described in the preceding annual report
(ANL/ES-CEN-1016). Several shakedown coal-combustion experiments have
demonstrated satisfactory performance of the combustor system. During this
period of reporting, systematic studies have been started to investigate the
transport of alkali metals during the combustion of coal. The findings from
these studies are discussed and presented in this report.

a. Coal Combustion Experiments

In initial coal combustion experiments, the problem was encountered
that tar and/or soot condensed on the surface of the cold trap. This was
found to be due to insufficient oxygen in the combustion air during the early
stage of the experiment and was eliminated by introducing afterburning air
downstream from the combustion section. The afterburning air was added to
facilitate combustion of volatile matter evolved during the early stage of
an experiment. With the combustion of coal successfully contreolled, a standard
experimental procedure was established and is described in the following:

After the alumina filter and the cold trap are installed in the
combustor, the filtration section of the combustor is preheated to the
desired temperature (800°C was used in all experiments), using external
furnaces. When the temperature of the filtration section reaches a constant
value, a sample is placed in the reactor and the entire system is flushed
with nitrogen gas for a few minutes. The effluent gas analyzers are cali-
brated with calibration gases at this time. Prior to heatup of the combustion
section, afterburning air is introduced into the combustor at a flow rate
of 5.0 L/min. The coal sample is then heated indirectly by induction heating
(applied to the combustor pipe at the combustion section of the combustor).
When, during heatup of the coal sample, CO; gas is detected in the effluent
by the effluent gas analyzer, the inlet gas mixture of O and Nj is intro-
duced into the combustion section to burn the coal. During initial feeding
of the inlet gas mixture (65% 0, in N, at a flow rate of 6.4 L/min), volatile
matter evolved during heatup of coal is completely combusted. This high-05-
content gas mixture also burns coal at a high rate to heat the bed to the
combustion temperatures rapidly. When the desired coal ‘bed temperature is
reached, the 0 content of the inlet gas mixture is gradually reduced to the
desired value, and the afterburning air stream is shut off. The combustion
temperature of the coal bed is controlled at the desired level by regulating
both the 0, content of the inlet gas mixture and the induction heating energy
input.

The success of the standard experimental procedures in eliminating
the condensation of undesirable tar and/or soot on the cold trap was shown
by a two-part test run designed to burn two batches of coal, one immediately
after the other, under the same experimental conditions. This test run was
also designed to test the capability of obtaining reproducible experimental
conditions for the two batches by controlling the operational characteristics.
This is a necessary capability because two or more batches of coal have to
be burned under the same experimental conditions in order to collect enough
condensate on the cold trap for analysis.



141

In each part of this test run, 50 g of -20 +40 mesh Herrin No. 6
coal from Montgomery County, Illinois, was burned. Neither the hot filter
nor the cold trap was removed from the combustor during loading of the
second batch of coal. The analyses of effluent gas compositions and the
coal bed temperature for the entire course of the experiment are shown in
Fig. 83 (batch 1) and Fig. 84 (batch 2). The experimental controls used for
the two batches differed: a preheated inlet gas mixture was used in the
batch 2 experiment but not in the batch 1 experiment, and the afterburning
air was shut off earlier in the batch 2 experiment than in the batch 1 experi-
ment. As shown in both figures, the first peak in the CO, concentration
curve was a result of the sudden increase in flow rate caused by introduction
of the inlet gas mixture. The second sharp peak in the CO; curve (which ran
over-scale on the graph) and the corresponding sharp drop in the 0 curve
shows that the volatile matter evolved during this stage burned rapidly. No
carbon monoxide was detected, indicating that volatile matter was combusted
completely.

This rapid combustion of volatile matter also resulted in a rapid
rise of the coal bed temperature. The bed temperature was controlled stably
at 855°C (on this average) for both batches. The effluent gas compositions
for both batches were also observed to be nearly identical, indicating that
the rate of combustion of coal was the same for both batches. This test
run has demonstrated the capability of controlling the burning of coal under
a single set of experimental conditions in this combustor system. The cold
trap was stably controlled at 150°C in this test run. It was dry and com-
pletely free of tar and/or soot.

On the basis of the rate of CO, formation, the rate of burning of
coal at the experimental conditions has been calculated and found to be 10
to 15 g/hr. This rate decreased with a decrease in the particle size of
the coal used. A possible explanation for this is that finer coal particles
form a tmore packed bed that offers more resistance to the diffusion of oxygen
into the bed. When the oxygen content in the inlet combustion mixture of
oxygen and nitrogen was plotted against the oxygen consumption and also against
the formation of carbon dioxide, straight lines were obtained (Fig. 85).
This linear relationship indicates that burning of coal in this batch system
is controlled by the rate of diffusion of oxygen into the bed.

The cold trap is made of 304 stainless steel. At the end of each
coal combustion experiment, bluish condensates were always collected on the
surface of the cold trap. They were identified as iron sulfates by X-ray
diffraction.* It was.shown in subsequent ‘experiments that the bluish conden-
sates were products formed by the attack of sulfuric acid on the stainless steel
cold trap. To solve this acidic corrosion problem, the cold trap was electro-
plated with a very thin layer of rhodium metal (about 0.00005 in.). No thicker
layer was possible because, without special treatment, stress cracking would
occur in an electroplated layer thicker than 0.00005 in. The choice of
rhodium (instead of platinum) is based on its inertness (as compared with
platinum) in corrosive environments, lower price, hardness (three times

*
Done by B. Tani.
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harder than platinum at room temperature), and its technical availability
for electroplating. After several runs of experiments using this electro-
plated cold trap, however, the rhodium metal was found to peel off gradually
from the surface of the cold trap, resulting in the acidic attack on the
surface of the cold trap again. This acidic corrosion problem was finally
solved by coating the surface of the cold trap with a layer of porcelain
enamel (about 0.01 cm).

In a series of systematic studies completed in this reporting
period, the transport of alkali metals from the combustion of high-chlorine
coal was examined. Study of high-chlorine coal is of interest because of past
findings obtained from the operation of boiler furnaces, that is, the chlorine
content of coal is closely related to its fouling and corrosive effects on
the fire-side of a boiler furnace. Data has been obtained showing that the
rate of deposition in boiler furnaces does not become significant until the
chlorine content exceeds about 0.3%.33 Because naturally occurring high-
chlorine coal was not available in this laboratory, a simulated high-chlorine
coal was used in this study. The simulated high-chlorine coal was synthesized
by impregnating coal with NaCl, using waster solution. The choice of NaCl
instead of other chlorine compounds to increase the chlorine content of the
coal to the desired concentration is based on a general agreement that chlorine
in coal is largely present as a chloride, especially as a sodium chloride.

The NaCl used was 99.5% purity A.C.S. reagent.
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The first series of experiments (SL-1 series) was carried out to
burn 0.5% by wt NaCl-impregnated Herrin No. 6 seam coal from Montgomery
County, Illinois. It is a high-volatile bituminous B coal containing 3.68 %
S, 0.135% Na, 0.195% K, and about 0.1% c1%" on a dry basis. The proximate
analysis on a dry basis of this coal is 38.22% voiatiie matter, 45.13% fixed
carbon, and 16.54% ash. In this series of experiments, five batches of
~20 +40 mesh coal were burned at the same experimental conditions--850°C
atmospheric pressure, and a flow of 8% 0, in N, mixture at a flow rate of
6.0 L/min. The cold trap and the Al,03 filter were not removed until all
five batches of coal had been burned. A total of 215 g of coal was combusted
in this series of experiments.

To obtain quantitative information on sodium transport during
combustion, the cold trap was carefully rinsed with distilled water after
this series of experiments to collect all deposits on the surface for analysis.
The Al,03 filter was leached, first with distilled water, and then with 5%
HCl solution at a gentle boiling temperature for two hours. Both leaching
solutions were collected for analysis. (Before it was used in the combustor,
this Al,03 filter had been new and had been first treated as described
above for 15 hr to remove both water- and acid-soluble salts, and then it
had been heated in a muffle furnace at 900°C in an air flow to completely
remove the absorbed HCl.) The combustion residues left in the combustion
boat after each experiment were also collected for analysis. All analyses
were done by atomic absorption.

The material balance for sodium element collected on the Al,03
filter, collected on the cold trap, and retained in the ash bed has been
computed. Results show that the total sodium in the "output" is about 237%
higher than that in "Input." This wide spread may be compared with +5%,
the analytical error obtained when analyzing sodium by the atomic absorption
method. Since this analytical error can not account for the discrepancy
in the material balance, possible sources of error verified later are:

(1) nonhomogeneity of the coal sample and (2) contamination of the combustion
ash residue by the mortar and by both "Joy" and '"Comet'" detergents used for
cleaning purposes during the experiments. In contrast, the total amount of
sodium collected from the cold trap and the Al,03 filter shows only 0.2%

of the sodium vaporized from the coal bed.

To study whether some trace elements in coal vaporized at the
experimental conditions (850°C and atmospheric pressure) and to obtain the
chemical compositions of the Al,03 filter, (1) condensates collected on the
cold trap and (2) Al,03 filter powder scraped from the filter element before
and after the SL-1 series of experiments were analyzed, using emission
spect:rometry.Jr The analytical results show that aluminum and silicon are
the major constituents of all filter scrapings. The source of other elements
present at a trace level is the chemical binder used in the manufacture of
the filter. Within the analytical accuracy and the possible inhomogeneity

*
Done by R. Bane.
Work done by J. Faris.
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of the filter, the results show that except for possible volatilization of
manganese and lead, the composition of the filter generally remains the
same upon exposure to the flue gases. Several elements were also found

in trace amounts in the condensates collected on the cold trap. Since all
elements found in the condensates were also found in the Al,03 filter
scrapings, these elements might have volatilized from the Al,03 filter,
instead of the coal bed, Further study is required to verify this,

The combustion temperature is known to be an important factor
affecting the evolution of alkali metals during coal combustion., To investi-
gate this effect, the same 0.5% NaCl-impregnated Illinois Herrin No. 6 coal
as was used in the SL-1 series was combusted at 900°C and atmospheric
pressure. Two series (SL-2 and SL-3 series) of experiments were carried
out at these experimental conditions. The only difference between SL-2
and SL-3 series was that a porcelain enamel-coated cold trap was used in
the SL-3 series, whereas an uncoated stainless steel cold trap was used in
the SL-2 series. In each series of experiments, five batches (a total of
237 g in SL-2 and 228 g in SL-3) of coal were burned in a flow of 8% 0; in
N». The flow rate was 6.0 L/min. The Al,03 filter, the condensates collected
on the cold trap, and the ash residues left in the combustion boat were
treated the same as were those in the SL-1 series.

At the end of the SL-3 series of experiments, the entire cold trap
was completely free of bluish products which, in previous work of this study,
had been formed by the attack of acids on the uncoated stainless steel cold
trap. The cold trap was observed to be intact. These observatiions indicate
that the porcelain enamel coating was effective in preventing acidic attack
on the stainless steel under the experimental conditions. The surface of
the cold trap finger appeared to be substantially clean, and no condensate
and/or ash could be collected mechanically; however, scattered liquid drops
were observed on the surface. They showed both strong acidic reactions when
tested with pH paper and the presence of SOE— and Cl~ when tested with
solutions of BaCl; and AgNO3, respectively. These results indicate that the
liquid condensates on the cold trap finger very likely were HySOy and HCI.

The material balances for sddium and potassium for the SL-2 and the
SL-3 series of experiments are shown in Tables 27 and 28. As noted in these
tables, fairly good agreement is observed for both series of experiments,
indicating the reproducibility of the experiments. However, the totals of
sodium and potassium in the "Qutput" are again higher than those in the
"Input," especially for potassium. As discussed in a previous paragraph,
it is believed that nonhomogeneity of the coarse coal samples used in these
experiments and contamination of the ash residues by the mortar and by both
"Joy" and "Comet" detergents used for cleaning purposes account significantly
for the errors observed in the tables. However, because of the large dis-
crepancy in the material balance for potassium, there may be unknown sources
of potassium contamination,

Tables 27 and 28 indicate that about 1% of the sodium and 2% of
the potassium evolve from the coal bed and that most of the sodium and
potassium evolved is captured by the Al,03 filter. Upon comparison with 0.2%
Na evolution observed in the SL-1 series of experiments, these results show
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Table 27. A Material Balance of Sodium from Combustion of
Il1linois Herrin No. 6 Coal Impregnated with
0.5 wt % NaCl. Combustion was at 900°C and
atmospheric pressure,

mga
SL-2 Series SL-3 Series

Input
In Coal 312.5 312.5
Added as NaCl 492.0 492.0
Total 804.5 804.5

OQutput
Collected on Cold Trap 0.3 0.6

Captured by Al,03 Filter
(a) Water Leaching Solution
(b) Acid Leaching Solution

W &~

.
o~
w =

|
L%

o
o
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Left in the Combustion Residue

(a) Water Leaching Solution 92.4 100.7
(b) Acid Dissolution 740.,9 742.5
833.3 843.2

Total 841.9 848.8

aObtained by an atomic absorption method; estimated precision
is +5%. Analyses done by Ralph Bane.

only a slight effect of combustion temperature on the evolution of alkali
metals from the combustion of Herrin No. 6 coal from Montgomery County,
Illinois. Tables 27 and 28 also show that both sodium and potassium are
essentially retained in the ash bed, especially in compound forms that are
not soluble in water. Results similar to these were also reported by the
Combustion Power Co. in California when a mixture of 221 samples of Illinois
No. 6 coal was combusted intheir CPU-400 fluidized-bed combustor at 870°C.35

The reactions that cause NaCl to be retained in the ash may be
very complicated. Possible chemical reactions are those in which NaCl,
silica, and metal oxides (such as Ca0, Al,03, or Fep02) react to form end
products with high melting points. Examples of these products are devitrite
(Na»0+3Ca0+65i0;), Acmite (Nap0-Fe,03+4Si02), and sodium aluminum silicates
(Nay0+A1,03+2Si05). Some of the reactions involved are:

2 NaCl + S +11/2 0o + Hp0 — NapS0y + 2 HC1
Na,SOy + 3 $i0, - Na20-3Si02 + S0, + 1/2 0,
2 NaCl + 3 Si0y + Hy0 » Na,0-351i0, + 2 HC1
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Table 28. A Material Balance of Potassium from Combustion
of Illinois Herrin No. 6 Coal Impregnated with
0.5% NaCl. Combustion was at 900°C and atmo-
spheric pressure.

mga
SL-2 Series SL-3 Series
Input
In Coal 475.0 475.0
Total 475.0 475.0
Output
Collected on Cold Trap 0.1 0.4
Captured by Al,03 Filter
(a) Water Leaching Solution 1.3 1.9
(b) Acid Leaching Solution 2.3 7.6
3.7 .9
Left in the Combustion Residue
(a) Water Leaching Solution : 4.7 5.0
(b) Acid Dissolution 577.9 584.3
582.6 589.3
Total 586.3 599.2

aObtained by an atomic absorption method; estimated precision is
+5%. Analyses done by Ralph Bane.

Nap0+35i0, + 3840, + 3 CaO ~+ Nap0-3Ca0-6S5i0;
Na,0+3Si0, + Fe,03 + Si0, + Na,0+Fe,03+4510;
Na,0+3Si0, + Al,03 -~ Nay0-Al,03+25i0, + Si0;

2 NaCl + H,0 + Al,03-25i0, + Nay0+Al,03-25i0, + 2 HCL

Mineral matter in coal is the source of silica and metal oxides for all
these reactions.

b. Charcoal Combustion Experiments

Sodium chloride has a significant vapor pressure at both 850°C
(1.55 mm Hg36) and 900°C (3.39 mm Hg3®). Significant amounts of NaCl are
expected to vaporize if silica and metal oxides are not available or are
available in inadequate quantity to fix NaCl by the reactions shown above.
This appeared to be the case when a mixture of NaCl and coconut charcoal
was combusted. A mixture of 20 g of 8 to 12 mesh activated charcoal and
1 g NaCl has been burned under the same experimental conditions as those of
the SL-1 series. At the end of the experiment, substantial amounts of NaCl
(which was identified by X-ray diffraction) were collected on the cold trap,
indicating that NaCl had vaporized at the experimental conditions and was
condensed on the cold trap. Since the charcoal has low sulfur (0.4%) and
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ash (1.37%) contents for retaining the NaCl in the bed, NaCl vaporized, as
would be expected on the basis of its vapor pressure.

In the experiment with activated charcoal, the combustor pipe for
the combustion and filtration sections was maintained at 800°C throughout
the experiment. The purpose was to keep NaCl vapor from condensing on the
pipe before it reached the cold trap. At the end of this experiment, all
stainless steel sheaths of the thermocouples exposed to hot flue gases were
observed to be severely corroded, and substantial amounts of black scale
had spalled off the combustion and filtration sections. These phenomena had
not been observed when charcoal alone or coal was burned under similar
experimental conditions. Apparently, the severe corrosion observed in this
experiment resulted from attack of the NaCl vapor on the metal surfaces of
the thermocouple sheaths and the combustor pipe. The corrosive property
of NaCl vagor has also been reported in the technical literature,37-39
Alexander? proposed that NaCl destroys the normally protective chromium-
iron spinel oxide layer by the reaction:

24 NaCl + 10 Cr,03 + 9 02 >~ 12 Na2Cr0u + 8 CrZCl3

In a fluidized-bed coal combustion system, the addition of a small
amount of NaCl to the bed has been shown to improve the SO, absorption
characteristics of limestones.Z! However, the experimental results reported
above show that the use of NaCl may also dangerously increase the potential
of the flue gases to corrode the metal surfaces of components located down-
stream from the combustion system.

As shown in the preceding paragraphs, the samples in the SL-2 and
SL-3 series of experiments were believed to be contaminated in the mortar
used for grinding (Z.e., from the commercial detergents used for cleaning).
To investigate this contamination, another set of experiments has been
carried out using activated coconut charcoal in place of coal. This set
of experiments was also designed to study quantitatively the performance of
the cold trap and the characteristics of the Al,03 filter with respect to
its ability to retain alkali metal compounds.

Two experiments were performed: SL-4 and SL-5. For both experi-
ments, the charcoal was impregnated with 0.5 wt % NaCl, using a water
solution, and then combusted at 900°C and 3-psig pressure using an inlet
combustion gas of 30% 0, in N, at a flow rate of 3.2 L/min. A section of
glass wool was packed inside the flue gas exhaust line right at the end
cap of the combustor. This was used as a second filter trap, called a down-
stream filter, to collect any alkali metal compounds not captured by the
upstream Al,03 filter and cold trap. The cold trap was air-cooled in this
set of experiments; the temperature at the tip of the cold trap was controlled
at about 200°C. The Al,03 filter was used in the SL-5 experiment but not
the SL-4.

The material balances for sodium for both experiments are given in
Table 29. Within the limits of analytical and experimental errors, very
good material balances were obtained for both experiments. No commercial
detergents were used, and the ash residues were not ground in the mortar;
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Table 29. Material Balance of Sodium from Combustion of Activated
: Coconut Charcoal Impregnated with 0.5 wt % NaCl.
Combustion was at 900°C and atmospheric pressure,

Sodium, mga

SL-4 SL-5
Input
(1) in Charcoal 13 13
(2) Added as NaCl 39 39
Total 52 52
Qutput
(3) Collected on Cold Trap 5 (10%) 2 (47%)
(4) Captured by Al,03 Filter
(a) Water Leaching Solution - 1
(b) Acid Leaching Solution = 6
5 (10%) 9 (17%)
(5) Retained in Combustion Residue
(a) Water Leaching Solution 26 30
(b) Acid Dissolution 14 13
40 (77%) 43 (83%)
(6) Collected by Downstream Filter _6 (11%) _1 (2%)
1 53

Total

a . . . 3 . I 3 -/
Obtained by an atomic absorption method; estimated precision is +5%.

therefore, these results appear to support the findings that the samples in
both the SL-2 and the SL-3 series of experiments were contaminated by
detergents from the mortar and pestle.

It may be seen that the quantities of sodium retained in the
combustion residue in compound form that dissolved only in acid solution
(item 5b in the table) are about the same as those in the charcoal (item 1);
therefore, the sodium vaporized during the experiments (items 3 + 4 + 6) was
from the NaCl added (item 2). In the SL-4 experiment, in which no Al,0;
filter was used, about 21% of the NaCl (items 3 + 4 + 6) was vaporized, and
the cold trap captured slightly less than 50% of the NaCl vaporized.

When the Al;03 filter was placed upstream from the cold trap
(experiment SL-5), 747% of the NaCl vaporized was captured by the Al,03 filter
[item 4/(item 3 + item 4 + item 6)]); the sodium captured by the filter was
essentially in compound forms not soluble in water, but soluble in 5% HC1
solution. The Al,03 filter was maintained at about 800°C during this
experiment. These results indicate that the Al,0z filter reacts with the
NaCl to (probably) form sodium alumina silicates, most of which are known
to be insoluble in water but soluble in acid. The small amount of sodium
compounds soluble in water (item 4a) is possibly in the form of simple sodium
. silicates or sodium aluminate (NaAlO,).
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Results of X-ray diffraction analysis of the condensates collected
on the cold trap finger (from SL-4) showed that a significant amount of KC1,
in addition to NaCl, was present. In order to determine the source of the
KCl1 and also to look into the chemical behavior of KCl during the combustion
of charcoal, all samples collected from these two experiments were also
analyzed for potassium. The material balances for potassium in both SL-4
and SL-5 are given in Table 30.

Table 30 shows significantly different potassium contents in two
different samples of the activated coconut charcoal. They were obtained
from analyses of two 20-g charcoal samples collected from the same bottle
of sample. The great variation observed in potassium concentrations in the
charcoal samples indicates the nonhomogeneity of the charcoal (-8 +12 mesh)
used in these experiments.

Table 30. Material Balance of Potassium from Combustion of
Activated Coconut Charcoal Impregnated with 0.5
wt % NaCl. Combustion was at 900°C and atmo-
spheric pressure.

. a
Potassium, mg

SL-4 SL-5
Input
(1) 1In charcoal (one analysis
for each of two 20-g
samples) 130;171 130;171
Outputb
(2) Collected on Cold Trap 13 (12%) 2 (2%)
(3) Captured by Al,03 Filter
(a) Water Leaching Solution c 1
(b) Acid Leaching Solution c 12
13 (12%)
(4) Retained in Ash Residue
(a) Water Leaching Solution 75 77
(b) Acid Dissolution of Ash 13 16
88 (78%) 93 (85%)
(5) Collected by Downstream Filter 11 (10%) 1 (1%
Total 112 109

aObtained by an atomic absorption method; estimated precision
is +5%. Analysis by Ralph Bane.

A separate 20 g sample of charcoal was combusted in each
Cexperiment.

No Al,0; filter was used.
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To obtain a more homogeneous sample, the particle size must be
reduced. The activated coconut charcoal is a product of MCB (Metheson
Coleman & Bell Manufacturing Chemists), Norwood, Ohio. The information
provided by MCB indicates that the potassium is an inherent element in the
charcoal. The exact compound form in which the potassium exists in the
charcoal is not known; however, X-ray diffraction results showed that
potassium was present as chloride vapor in the combustion gas.

As for the material balances of sodium (Table 29), the repro-
ducibility obtained for the material balances for potassium was good (Table
30). Table 30 also shows a possible loss of potassium in the combustor
system, which needs to be further investigated. Despite this, it is
noticeable that the material balances of potassium are very similar to
those of sodium insofar as the distribution of potassium in the various

"Output" categories is concerned. This similarity shows that the chemical
behavior of KCl during combustion is similar to that of NaCl. The potassium
captured by the Al,03 filter was essentially in compound forms not soluble
in distilled water but soluble in 5% HCl solution, This indicates that the
Al,03 filter material reacts with KCl similarly to the way it reacts with
NaCl, probably forming potassium alumina silicates.

As mentioned above, the Al,03 filter shows high reactivity with
the KC1 and NaCl vapors under the experimental conditions. This suggests
that solid material with a chemical composition similar to that of the Al,03
filter would be a good solid sorbent for removing alkali compounds from hot
combustion gas of coal. However, in this study, the material removed in
this Al,03 filter consists not only of particulates but also of most of the
NaCl vapor (and probably other alkali compounds too); as a consequence, with
the Al;03 filter in place, the quantity of condensation collected by the
cold trap is hardly enough for analysis. A filter that captures only partic-
ulates from flue gas must be fabricated from another type of filter material.

c. Lignite Combustion Experiments

Experimental results so far obtained for the combustion of Illinois
Herrin No. 6 coal (Tables 27 and 28) and of activated coconut charcoal (Tables
29 and 30) have shown that vaporization of alkali metals during combustion
is related to the ash content of the coal. In order to investigate this
relationship and the transport behavior of the alkali metals from the com-
bustion of low-rank coal, this study has been extended to the burning of
lignite from the Glen-harold seam of North Dakota. The proximate analysis
on a dry basis of this lignite is 38.93% volatile matter, 52.97% fixed
carbon, and 8.10% ash. Lignite with a particle size range of -20 +40 mesh
was used in this study. It was dried at 110°C in a nitrogen flow before
being combusted.

Three series of experiments were completed. In all of these
experiments, lignite was combusted with air at a flow rate of 3.5 L/min.
Each series of experiments consisted of five batch combustion runs, and in
each run 50 g of dry lignite was burned. In two of the three series of
experiments (SL-6 and SL-8), lignite was impregnated with 0.5% by weight
NaCl, using water solution to increase the chlorine content of the lignite
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and thereby simulating high-chlorine coal. To allow comparison, plain lignite
was burned in the third series of experiments (series SL-9). The material
balances for sodium for these experiments are tabulated in Table 31.

Table 31, Material Balance of Sodium from Combustion of
Glen-harold Lignite, North Dakota

Lignite was combusted in air at atmospheric

pressure.

Experimental Series SL-8 SL-6 SL-9
Combustion Temp, °C 850 900 900
Amount of Coal Combusted, g 250 250 250
Amount of NaCl added, g 1.25 1.25 None

Input per Series of Experiments Sodiuqquga

(1) In Lignite 1670 1670 1670
(2) Added as NaCl 490 490 -
Total: 2160 2610 1670

Qutput per Series of Experiments

(3) Left in Ash Residue

(a) Water Leaching Solution 1180 1020 910
(b) Acid Dissolution of Ash 730 850 690
1910 1870 1600
(4) Collected on Cold Trap 57 71 N.A.b
(5) Captured by Downstream Filter 30 26 N.A.
Total: 1997 1967
(6) Lost 163 193
(7) Total Vaporized
[(B)+(5)+(6)] 250 290 70
(11.5%) (13.5%) (4.2%

q0btained by an atomic absorption method; estimated precision is +5%;
bdone by Ralph Bane.
Not determined due to tar and soot condensation.

In series SL-6 and SL-8, combustion of lignite was complete, and
substantial amounts of condensates were collected on the cold trap finger
and in the downstream filter; however, in Series SL-9, in which lignite had
not been impregnated with NaCl solution, significant amounts of tar and
soot were condensed on the cold trap finger. For this reason, no condensates
could be collected for analysis, as shown in Table 31. Condensation of
tar and soot was due to incomplete combustion of volatile matter, which
rapidly evolved during the early stage of combustion. Since all three
series of experiments were conducted under the same operational controls
during combustion, the observed tar and soot condensation in the SL-9 series
indicates the effect of NaCl on the combustion characteristics of lignite.
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NaCl appears to suppress the evolution of volatile matter from lignite
during the early stage of combustion--possibly by blocking of the pores
in lignite by NaCl.

As shown in Table 31, when untreated lignite was combusted at
900°C (series SL-9), sodium essentially remained in the ash residue, mostly
in compound forms that are soluble in distilled water. Sodium has been
shown to be present in lignite primarily as salts of humic acids,*? to be
uniformly distributed within lignit:e,L*1 and not to be readily removed by
washing with distilled water. "2 Apparently, the combustion results for
lignite show that most of the sodium in lignite was converted to compound
forms that can be readily leached out with distilled water after combustion.
Among those compounds are (possibly) sodium sulfates, chlorides, simple
silicates, and aluminates.

Also shown in Table 31 is the vaporization of 11.5 wt % and 13.5
wt % of the sodium, respectively, when lignite impregnated with a 0.5 wt %
NaCl was combusted at 850°C (SL-8) and 900°C (SL-6). Comparison with the
results for series SL-9 shows that sodium vaporized essentially from the
NaCl added.

The condensates, which were primarily collected on the hemispheric
surface -of the cold trap finger, were gray-white. X-ray diffraction analysis
of the condensate indicated that the sodium was presently mostly as NaCl and
to a smaller extent as NajySOy. The relative quantities of NaCl and Na;SOy
are being determined by wet chemistry methods and will be reported.

d. Relation of Coal Ash Content to Sodium Vaporization

Figure 86 is a plot, as a function of the percent ash in each
coal, of the percent sodium vaporized from the combustion of 0.57 by wt NaCl-
impregnated Herrin No. 6 coal, lignite, and coconut charcoal at 900°C. It
can be seen that a fairly good linear relationship exists between the ash
content of coal and the quantity of sodium vaporized during combustion. The
greater the amount of mineral matter in coal, the more the NaCl is tied up
in the ash and, therefore, the less NaCl is vaporized. The amount and form
of mineral matter vary widely from one coal to another. Mineral matter in
Illinois Herrin No. 6 coal consists of more than 50 wt % clay minerals and
about 15 wt % Si05.%3 On the other hand, lignite is estimated to contain
20 to 40 wt % clay and Si0p."*! It is believed that clay minerals are
responsible for tieing up the sodium in the ash. This needs to be further
investigated.

Work continues on study of the transport of alkali metals from
the combustion of other coals of different ranks. The effect of operating
variables on the transport of alkali metals and the effectiveness of some
clay minerals on the retention of alkali metals will be quantitatively
evaluated. Among the operating variables are combustion temperatures, ratio
of coal to additive (limestone or dolomite), and type of additive.
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TASK F. FLUE-GAS CLEANING STUDIES

1. Evaluation of On-Line Light-Scattering Particle Analyzers
(J. Montagna, G. Smith, G. Teats, H. Lautermilch, and S. Smith)

In the development of pressurized fluidized-bed combustion systems,
a continuous on-line particle analyzer for the flue gas would be useful
(1) in measuring the efficiency of particulate-removing devices (cyclones
and filters), (2) for evaluating particulate gas loading characteristics
to establish gas turbine performance with different particulate loadings,
and (3) to protect turbines in an industrial-size plant. In a pressurized
FBC system, the flue gas will be at A900°C and ~1000 kPa (10 atm) between
the boiler and the turbine. If no on-line particle analyzer is available,
routine batch sampling of the hot gas (using inertial impactors, for example)
will be necessary. Batch sampling from a pressurized hot flue gas environ-
ment is difficult; another disadvantage is the long time lag between
sampling and analysis of samples.

Two on-line light-scattering particle analyzers are to be evaluated in
the ANL fluidized-bed combustion system under ERDA sponsorship. Both instru-
ments use a laser light source. The experiments with the Spectron Development
Laboratory (SDL) split laser beam particle morphokinetometer (PM) have been
completed, and the instrument has been returned to the manufacturer. Prelim-
inary results are reported comparing (1) measurements with the PM analyzer,
(2) Coulter counter measurements of steady state samples, and (3) cascade
impactor analyses. A meeting of representatives of ANL and SDL was held on
January 27, 1977, to discuss the results. Final analysis of the results is
being performed.

The Leeds and Northrup single laser beam analyzer was due to arrive
at ANL in February 1977; however, because of final adjustments being made
by Leeds and Northrup, its shipment has been delayed.

a. Principles of the SDL Particle Morphokinetometer

The particle morphokinetometer (PM) measures the sizes of particles
and their velocities by measuring the light scattered from each particle
as it crosses an interference pattern generated by the intersection of two
laser beams. A schematic of a typical PM instrument is given in Fig. 87.
The laser beams are directed radially into the flue-gas duct of the ANL PDU
combustion system through specially designed windows. The region of measure-
ment, called the PM probe volume or sample space, is at the center of the
duct where the two coherent beams intersect and generate the interference
pattern. The light scattered from the sample space is detected and changed
to an electric signal of the type shown in Fig. 87. The light may be detected
in either a forward or backward observation mode. Forward-scattered light
is being detected in the ANL evaluation.

The parameter measured to determine particle velocity is the time
period (see Fig. 87) of the scattered light signal.

9

VT (1)
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Fig. 87. Spectron Development Laboratory's PM Analyzer
System for Velocity and Particle Size Measurement

where
v = particle velocity
§ = distance between fringes in the sample space (fringe period)
1 = time period of the scattered light

As the size of the scattering particle increases relative to & (which is
controlled by the intersection angle of the laser beams), the illumination
of the particle becomes less uniform, and it is averaged over the cross-
sectional area of the particle. Nonuniform illumination of the particle
results in a reduction in the contrast or visibility of the scattered light
signal. Visibility, V, is defined as:

Imax - Imin
= — (2)

I + I .
max min

where T o is the maximum value of intensity in a period of the scattered
light from a particle, and Ipjp is the next successive minimum. It has been
shown that V can be equivalently expressed as the ratio of the AC amplitude
divided by the DC amplitude of the scattered signal (see Fig. 87).
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By imposing some geometric limitations on the particles (D is the
particle diameter) that will be measured in terms of the radius of the laser
beams, b

D<0.2b (3)
and on the distance between fringes, §
§ <0.2b (4)

a simplified analytic expression of visibility, V, has been obtained for
spherical particles.

V n 2[J,(nD/8)]/(nd/6) (5)
where J; is a first order Bessel function of the first kind.

The visibility, V, for a cylindrical particle has been obtained
as:

* *
V n sin (nD /8)/(vD 6) (6)

where D* is the length of the major axis of the cylindrical particle.
Equations 5 and 6 are plotted in Fig. 88 to illustrate the features of the
visibility in particle size measurement. From this plot, it is apparent
that particle size cannot be unambiguously determined unless V > 0.15 for
spherical particles and V > 0.23 for cylinders. This imposes an upper bound
on the size of particles than can be measured for a given fringe period.

The interference fringe periods and their respective detectable spherical
particle size ranges that will be used in this evaluation are given in
Table 32, A more detailed description of the principles of a Spectron PM
analyzer is available in the literature.

Table 32. Selected Interference Fringe Spacings and
the Corresponding Measurable Spherical
Particle Size Ranges

Fringe Min. Particle, Max. Particle
Period, Diameter, Diameter,
um um um
71.4 4.9 74
22.3 1.5 23
2.94 0.2 3.1
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b. Procedure for Comparative Flue-Gas Particle Measurements

The flue gas system in the ANL fluidized-bed combustion system
(PDU system) has been modified for these evaluations, as shown in Fig. 89,
Windows for particle analyzers have installed in two locations; one pair
is upstream from the primary cyclone, The other windows are near the system's
outlet, and there is the capability of routing the flue gas past these
windows, either upstream or downstream from the metal filters, With this
arrangement, the coarse entrained particles from the combustor, the smaller
particles escaping the two cyclones, and the smallest particles leaving the
metal filters (representative of particles that might enter turbines) were
sized. Downstream from each window location, sampling ports have been
installed that allow particle size analysis of representative samples with
cascade impactors. Also, steady state particle samples were obtained from
the cyclones and test filter.
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Fig. 89. Schematic of FBC System with Modified Flue-Gas System

The particle size measurements were obtained (1) with the on-line
Spectron PM Analyzer, (2) using an Anderson impactor, and (3) from steady
state samples obtained from the cyclones and/or the test filter. The steady
state samples were analyzed by sieve anlaysis and a Coulter counter. Here-
_after, samples analyzed by this method are referred to as Coulter counter
samples. It was assumed that all observed particles were spheres of equal
density (apparent particle density, 1 g/cm®, for Anderson impactor) and
that the particles observed with the on-line instrument (PM) were identical
to those that were mechanically removed from the system and later analyzed.
The validity of these assumptions will be discussed in subsequent reports as
more results are compared. Since the density is assumed to be constant for
all particle diameters, the fractional volume and mass distributions are
equivalent,

Cascade impactors are the devices used most often for obtaining
airborne particle size distributions from process or ambient air in the size
range, 0.3-30 ym. In this study, an Anderson cascade impactor was used to
obtain combustor flue gas particle size distribution data for flue gas
samples. Each stage of the impactor consists of equidiameter orifices
followed by a target plate for collecting the particles. Smaller orifices
are used in successive stages, and thus the size of the particles collected
in successive stages becomes smaller. The particle size distributions are
calculated from experimental data by relating the mass collected on each
stage to the corresponding stage diameter. The impactor designs (including
the design of the Anderson impactor) are based on the theoretical development
of Ranz and Wong.“?
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The sampling system in the FBC system for the cascade impactor is
illustrated in Fig. 90. The particle-laden flue gas flows by the optical
windows (located in the line downstream from the combustor or cyclones or
metal filter) where the particles are sized with a light-scattering particle
analyzer (Spectron PM). Next, the off-gas is expanded to reduce the velocity
to that required for isokinetic sampling by the cascade impactor. The tip
of the sampling probe (0.78-cm ID) is machined to enhance aerodynamic
stability near the probe entrance. The sample line is electrically heated
to maintain the temperature of the gas sample above its water dew point. The
cascade impactor is contained in a heated pressure shell to permit sampling
from the pressurized (3 to 8 atm) combustion system. After passage of the
gas sample through the impactor, its volumetric flow rate is measured with
a rotameter, after which the gas is depressurized. The gas velocities are
based on the measured gas flows and temperatures.

c. Experimental Evaluation of the PM Particle Analyzer

Some results of particle size measurements obtained with the PM
analyzer for several combustion experiments have been compared with size
distributions obtained for steady state particle samples. The measurements
with the laser instrument were made in the PDU combustion system's off-gas
duct between the combustor and the primary cyclone, where all particles
leaving the combustor were observed. Also, measurements between the secondary
cyclone and the metal filters are reported.
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Fig. 90. Sampling System for Flue Gas Particles



162

The conditions for the first combustion experiment (SGL-1) for
this evaluation are given in Table 33. In this experiment, the distribution
of particles leaving the combustor was measured. This experiment was per-
formed in two one-day segments. Two fringe periods were used on Spectron's
PM analyzer in the reported experiment, 71.4 pym and 22,3 um, on separate day
segments of this experiment. With a fringe period of 71.4 um, the measurable
spherical particle diameter range is “5-74 pm, and with a fringe period of
22.3 um, the range is ~1.5-23 ym. In this experiment, Sewickley coal was
combusted in a fluidized bed of Greer limestone at 805°C, and the measured
particles consisted of limestone fragments, coal ash, and unburned coal.

Table 33. Experimental Conditions for a Combustion Experiment in the
Evaluation of the SDL Particle Morphokinetometer (PM)

Location of PM Windows: Between PDU combustor and
cyclones, SGL-1.
Between second cyclonz and
filter, SGL-2C.

Sorbent: Greer limestone Coal: Sewickley

System Pressure, kPa: 308 (3 atm)

Fluidizing Gas Velocity, m/s: 1.0

Conditions Near Probe
at Sampling Duct

Conditions at Ratio of Duct
PM Windows Gas Velocity to
Combustor Gas Velocity Probe Gas
Temp, Velocity, Temp, Vig, Temp, Velocity,
Exp °C m/s °C m/s °C Vfg/VS
SGL-1 850 5.2 350 - - -
SGL-2C 855 11.76 123 3.26 110 0.99

In the first comparison, only the mass distributions inside each
measurable particle size range (1.5-23 um and 5-74 um) of the Spectron PM
analyzer were compared with the corresponding distributions obtained with
the Coulter counter. Comparisons of the partial cumulative mass distributions
by the two methods for the small (1.5-23 pum) and the large (5-74 pm) PM size
ranges are given in Figs. 91 and 92, respectively. The mass mean particle
diameter obtained was 8.5 pm with the Coulter counter and 20 um with the PM
analyzer for the small particle size range. For the large particle size
range, the mass means of the partial distribution were found to be 26 um
with the Coulter counter and 70 um with the PM analyzer. From these early
results, it is apparent that the difference between the two measurements is
greater for larger particles. Some reasons for the difference are given
below:

a. The mass loading downstream from the combustor was “14 grains/
scfm (20 grains/acf), which is quite high. Thus, the chance
that there would be more than one particle in the sample
space of the PM analyzer was high. Over 98% of the signals
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were rejected by the PM analyzer because of particle
coincidence interference. (Signal rejection rates between
97 and 90% are considered acceptable by Spectron.)

b. The assumption that the measured particles are spherical
would bias the PM measurements towards large diameters if
the particles are actually nonspherical; the bias would
become more pronounced for large measured particles (see
Fig. 89).

c. The fragile particles might have broken up as the particle
samples were collected in the cyclones and test filter and
as they were prepared for Coulter counter analysis (dis-
persed in an electrolyte). This effect could impose a
bias towards small diameters in the Coulter counter measure-
ments.

These possible sources of the discrepancies in the two particle measurements
will be discussed in a subsequent report upon completion of this evaluation.

The total particle distribution leaving the combustor, in combustion
experiment SGL-1, was characterized. The fractional mass distribution of
all particles between 1 pm and 1000 pm was obtained by combining Coulter
counter measurements and sieve analyses. They are presented in Fig. 93. The
elutriated-particle distribution is trimodal, with peaks at 750 um (elutri-
ated sorbent), 70 um, and 6.4 um. A similar distribution was obtained by
combining the measurements made with the Spectron PM analyzer with sieve
analysis; it also is presented in Fig. 93, This distribution is also trimodal,
but the mass contributions of the small-diameter fractions are much smaller
because of the possible measurement biases discussed above. The cumulative
mass distributions obtained from these fractional distributions are compared
in Fig. 94, The mass mean obtained with the Coulter counter and sieve
analysis was 54 um, and the one obtained with the PM analyzer and sieve
analysis was 58 um.

On-line particle analyzers are intended to be used downstream from
FBC particle removal devices to monitor particle distributions and loading
in the flue gas entering gas turbines. The results obtained in this first
experiment, in which there were large (V14 grains/scf) particle loadings
(upstream from particle-removal devices), are not representative of those
at a turbine inlet. It is encouraging that the characteristics of the
fractional distributions obtained by the two different methods were the same
and that the discrepancy between the two measurements (PM vs Coulter counter)
became smaller for smaller particles (<20 um). The smaller particles <10 pm
and >1 um are expected to erode turbine blades.

The conditions for combustion experiment SGL-2C in which the sizes
of particles between the secondary cyclone and metal filters of the PDU
combustion system were measured are given in Table 33. In this experiment,
Sewickley coal was combusted in a fluidized bed of Greer limestone at 855°C,
and the measured particles consisted of limestone fragments, coal ash, and
unburned coal. Particles with diameters between 1.5 and 23.8 pym were sized
with the Spectron PM,
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In the first comparison, only that part of the mass distribution
within the measurable size range of the Spectron PM analyzer was compared
with the corresponding distribution obtained with the Coulter counter.
Particles outside the Spectron PM range were ignored. The resulting partial
cumulative mass distributions for particles contained in the flue gas exiting
from the secondary cyclone are given in Fig. 95. The mass means of these
distributions are 3.5 um (Coulter counter) and 17 uym (Spectron PM). 1In the
distribution obtained with the Spectron PM, the particle mass population in-
creases sharply above 15 pm. Since at this point, the flue gas has passed
through two cyclones, most particles larger than 10 um should have been removed.
Hence, the distribution obtained by Coulter counter analysis appears to be more
representative. The total (0.5 um-100 pm) fractional mass distribution
obtained with the Coulter counter of the solids in the flue gas downstream
from the secondary cyclone is given in Fig. 96. The largest mass fraction
was found to be between 3.0 and 3.8 um (3.38 um, geometric mean), which
contained 22.5 wt % of the total (0.2 grains/scf) particulate mass loading.

The total cumulative mass distributions obtained for two consecutive
measurements of suspended particles from SGL-2 with the Anderson cascade
impactor are given in Fig. 97. Aerodynamic mass mean diameters of 2.7 um
and 3.0 ym were obtained, with the assumption that the apparent density of
all particles was 1.0 g/cm3. (The measured apparent density of sulfated
dolomite is 1.9 g/cm3, and literature values for devolatilized coal and coal
ash are ~0.6-0.9 g/cm3.) The sampling conditions for the Anderson impactor
samples are given in Table 33. The ratio of duct velocity to inlet sample
probe velocity was 0.99, indicative of isokinetic conditions.
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The total cumulative mass distribution obtained with the Coulter
counter is also given in Fig. 97 . The mass mean diameter was found to be
3.5 pym, which compares favorably with the distribution means obtained with
the Anderson cascade impactor.

From the above results, it appears that the Spectron PM analyzer
with originally supplied calibration is biased towards large diameters.

d. The Effect of the PM Particle Analyzer Calibration on Particle
lleasurements

A discussion by ANL and SDL representatives disclosed two possible
effects that would lead to bias in the PM measurements:

a. Large particles could block the response of the electronics
to small particles at relatively high particulate loadings.

b. The original calibration for spherical particles, which was
obtained with low number densities of mists and aerosols
by microscopic measurements, is greatly influenced by particle
shape and orientation in the sample space.

Because of the difficulties in evaluating these and other effects, an empiri-
cal correlation of the experimental data was used to obtain a best fit for
the calibration curve. In this analysis, it was assumed that the Coulter
counter and inertial impaction measurements were correct. The particle
distribution measurements obtained with the Coulter counter and cascade
impactor were expressed as histograms with intervals equivalent to the PM
analyzer increments. The diameter-dependent factor necessary to force the
fractional contributions of the histogram intervals from the PM analyzer into
agreement with those from the Coulter counter and impactor measurements was
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obtained. The ratios of the fractional contributions obtained from the
Coulter counter and impactor measurements to those obtained from the PM
analyzer for a considerable number of measurements were correlated with the
reduced diameter of the interval, D/8. (D is the particle diameter and § is
the fringe period of the laser probe volume.) By use of least squares
techniques, the following correlation was obtained:

In (K) = ~4.91 1n(2) - 2.5 [1n(%)]2 (7)

where K is the ratio of the expected mass concentration in the diameter
"~ interval to the measured number of particles within the PM interval. This
correlation gives a fair fit (a correlation coefficient of ~0.88) for the
relationship between K and the reduced diameter, D/S.

The previously discussed experiments (SGL-1 and SGL-2C, see Table
33) were reanalyzed using this empirical calibration.

The measurements from these experiments were adjusted using the
calibration function (Eq. 7). The resulting truncated distributions (actual
particle distributions were wider than the range of the analyzer) are compared
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with the corresponding truncated distributions obtained by Coulter analysis
in Figs. 98 and 99. These figures also contain the previously reported
distributions which were based on Spectron's originally supplied calibration
function,

K « 1/D (8)

The mass means of the truncated particle size distribution were calculated
to be 26 um (using the Coulter counter measurement) and 47 um (with the
PM analyzer) for the large PM particle size range. (A 70-um mass mean
was previously obtained with the PM analyzer using the Spectron supplied
calibration.) For the small PM particle size range, the Coulter counter
analysis produced a mass mean of 8.5 pm; that from the PM analyzer was

5.2 uym.
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Fig. 98. Comparison of the Partial (5-73 um) Cumulative
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Spectron PM Analyzer with that Obtained with a
Coulter Counter (SGL-1)
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The results of experiment SGL-2C, in which the particle measurements
were performed on material upstream from the final filters, are presented in
Fig. 100. A fringe period of 23.0 ym was set in the PM analyzer, which
corresponds to the approximate size range 1.5-23.8 ym. The mass mean
particle diameter obtained by the PM analyzer was 8.8 um and that by the
Coulter counter was 3.5 um.

Although these adjusted analyses continue to show some deviation
between the different measuring techniques, the agreement between the measure-
ments has improved considerably. Further analvsis of the remaining experiments
is being performed which will help determine the usefulness of the experi-
mentally obtained calibration. Included in the experiments to be reported
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are measurements made on suspended virgin limestone particles which were
generated by fluidizing a bed of virgin Greer limestone in the 6-in,-dia
combustor (no coal was combusted). These experiments were performed to
evaluate the effect of different particle densities and chemical compositions
on the measurements of suspended particles in the off-gas from combustion
experiments.

2. Particle Removal From Flue Gas
(W. Swift, G. Teats, S. Smith, and H. Lautermilch)

In pressurized fluidized-bed combustion, the hot flue gas from the
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combustor must be expanded through a gas turbine. To prevent erosion of

the turbine blades by particulate matter entrained in the flue gas, the
particulate loading must be reduced to acceptably low levels. What consti-
tutes "acceptably low levels'" of particulate loading for a gas entering a

gas turbine is, however, still not fully understood. Estimates of acceptable
loadings range from 0.05 to 0.0005 g/m3 (0.02 to 0.0002 grain/scf). If it

is assumed that the loading in the flue gas as it leaves the combustor is
50 g/m3 the particle removal efficiency required to meet the estimated
allowable loadings for the turbine would be between 99.9 and 99.999%.

The critical factor in defining an acceptable loading for gas turbines
is the particulate size distribution. Obviously, the finer the particles
entering the gas turbine, the higher the permissible mass loading. Westing-
house, for example has estimated an acceptable loading of 0.002 grain/scf
(~0.005 g/m ) provided that ~80% wt % of the particulate is smaller than
10 ym in diameter and that ~40 wt 7 is smaller than 2 um. If 100 wt % of
the particulate is smaller than 10 um and 40 wt % is smaller than 2 um,
Westinghouse estimates the tolerable particulate loading to be ~0.03 grain/scf
(~0.07 g/m3).4®

Existing devices readily adaptable to high-temperature, high-pressure
particulate removal (e.g., conventional cyclones) are not very efficient.
in removing particulate matter with diameters smaller than v10 um. Achieving
the "acceptable loading' necessary for PFBC requires. therefore, the develop-
ment of highly efficient methods for removing from flue gas the particulate
solids having diameters between 2 and 10 um.

Prior to our undertaking an experimental program on removing small
(<10 um) particles from a flue gas, a literature survey was made of the
existing technology. The history of particulate agglomeration and separation
at high temperatures and pressures was examined, with particular emphasis
on the unique features of the direct-cycle application of fluidized-bed
combustion. The basic long-range mechanisms of aerosol separation were
examined, and the effect of high temperature and high pressure upon usable
collection techniques was assessed. Primary emphasis was placed on those
avenues that are not currently attractinﬁ widespread research. This survey
is being published as a separate report.

An experimental program is under way at ANL to test and evaluate promising
flue gas cleaning methods in the off-gas system of the 6-in.-dia fluidized-
bed combustor. Two techniques which have been identified for investigation
are acoustic agglomeration and granular-bed filtration. A third approach,
the use of high-efficiency, controlled-vortex cyclones, is also being
considered; installation and testing are planned. The high-efficiency
cyclone, in addition to being independently evaluated, would be used in
measuring the effectiveness of (upstream) acoustic flue gas conditioning for
increasing the removal of fine particulate matter from the flue gas.

a. Granular-Bed Filter

Granular-bed filters currently under development can be generally
classified by the condition of the granular bed during filtration as fixed-bed
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moving-bed, or fluidized-bed collectors. The concept of collection to be
investigated at ANL is the use of fresh or sulfated limestone or dolomite
as granular-bed material in a fixed-bed collector with periodic bed replace-
ment. Use of sorbent from the combustion process as the collection medium
has the advantage of eliminating the need to "backflush" the filter to
remove the ash material that has been trapped during the forward filtration
cycle. As is done with fixed granular beds employing backflush cleaning,
several granular bed modules would be operated in parallel. Periodically,
each module would be taken off line, and sorbent plus trapped particulate
matter would be replaced with fresh bed material. The sorbent containing
the trapped particulate matter could then be transferred either to the
combustor (if fresh sorbent had been used as the filter material) or to the
regenerator or disposed of (if sulfated sorbent was used as the filter
material). This scheme would eliminate the need for inventorying and dis-
posing of an additional solid material if some other material was used in
the granular-bed filter.

The test filter itself is illustrated in Fig. 10l. The dirty flue
gas enters through the centrally located pipe in the top flange of the filter
housing. Inside the housing, the gas passes ‘downward through the granular
filter chamber suspended from the top flange of the filter housing. The
filter chamber is circular in cross section and has an inside diameter which
can be changed to be either 3 or 6 in. The fixed, horizontal granular-bed
filter at the lower end of the filter chamber is supported by a wire mesh
screen over a perforated plate. After the gas passes through the granular
bed, the gas, now cleaned, exits through a port in the side of the granular
bed filter housing. Pressure taps are located just above the top surface
of the granular bed and below the support plate to measure the pressure drop
across the bed. A thermocouple just below the bed support plate will monitor
the gas temperature during each test.

Tymochtee dolomite has been selected for initial testing. By
appropriate selection of bed cross section and bed depth during a series
of runs, the particle size of the granular bed sorbent, the superficial
velocity of the gas being filtered, and the AP of the clean bed at the start
of filtration can each be varied while the other two variables are constant.
The principal response variables of interest are the overall gas cleaning
efficiency and the efficiency of cleaning as a function of flue gas partic-
ulate size.

Initially, testing of the granular-bed filter was carried out at
ambient conditions to determine under what conditions testing of the filter
in the flue gas system of the ANL combustor would be warranted. Specifically,
tests were run:

1. To determine a relationship for the pressure drop of gas
flowing through the sorbent in a fixed bed as a function
of the mean particle diameter of the sorbent, the super-
ficial gas velocity, and the bed depth. The tests were
made with the bed material screened to -6 +14 or -14 +30
U.S. mesh,
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2. To determine any contribution of dust from the sorbent
to the dust loading in the effluent gas from the filter.
These tests were made to determine what treatments (such
as washing) would be required if the natural dustiness
of the as-screened sorbent material was found to contrie
bute to the dust loading in the effluent gas from the
filter. These tests included a comparison of unsulfated
and sulfated sorbent.

It is well known that the pressure drop through a granular bed
is proportional (1) to the gas velocity at low flow rates and (2) to the
product of the gas density and the square of the velocity at high flow rates

APg 2
= al + bpU (1)

where AP/L is the pressure drop per unit length of bed, U is the superficial
gas velocity, p is the gas density, g. is the gravitational constant, and

a and b are constants which are functions of the granular bed geometry and
gas viscosity, Dividing by the gas velocity gives a linear expression:

APg

c
5L " @ + bG (2)
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where G equals pU, the mass velocity through the bed. According to the

correlation of Ergun,“s the factors a and b can be expressed by:
- 2
a=150 gl ok, 3)
p
b=1.7s L =€) L (4)
€ Dp

where € equals the fractional void-volume in the bed, ¥ is the gas viscosity
and Dp is the diameter of a sphere having the same specific surface area,
Sy, as a bed particle. If d_ is defined as the diameter of a sphere having
the same volume as that of aPbed particle, Dp can be expressed by

D =4¢d 5
o= o (5)

where ¢4 represents the sphericity of the particle and is the ratio of the
surface area of a sphere having the same volume as a bed particle to the
surface area of the bed particle. Thus, ¢g is less than or equal to unity.

For nonspherical particles of a wide size distribution, a mean
equivalent particle diameter, dp, can be approximated from the following
relation:

g = 1 (6)

where X; equals the weight percent of particles with particle diameter dj .
Thus the Ergun correlation for fluid flow through packed columns can be 1
expressed as:

APg
L

2 e
€ =150 L9 b RRNE L3 & (7
(¢Sdp'/ (¢Sdp)

The characterization tests were made by measuring the pressure
drop across the granular-bed filter as a function of mass flow through the
bed at several bed levels and with two different particle siZe distributions
(-6 +14 and -14 +30 U.S. mesh) of Tymochtee dolomite., For each experiment,
the quantity APgC/UL was plotted as a function of the mass flow G. Values
of a and b were then determined by a linear regression analysis of the data.
Using a value for d., calculated from screen analysis data for the two particle
size distributions, the expressions for a and b (Eqs. 3 and 4) were then

solved simultaneously for the parameters ¢ and ¢g.

Figures 102 and 103 are pressure drop curves obtained for -6 H4
and -14 +30 U.S. mesh Tymochtee dolomite as a function of mass flow and taken
at different bed levels. Variations in the curnves for a given particle size
distribution at different bed levels would be expected, due to minor random
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variations in e, the fractional void volume of the bed, for each experiment.
The pressure drop curves are very sensitive to this parameter (see Eq. 7).

The results of the linear regression analysis to determine the
parameters, € and ¢4, are presented in Table 34. For both particulate size
distributions, there was considerable variation in the calculated values for
both the € and ¢ parameters. The variations in ¢g are measures of the
experimental error in making the measurements.

Average values of € and ¢4 for the -6 +14 mesh dolomite were 0.36
and 0.78, respectively. TFor the -14 +30 mesh dolomite, average values of ¢
and ¢o were 0.34 and 0.78, respectively. The calculated bed voidages agree
fairly well with the measured bed voidage of 0.38 for both particle size
distributions based on apparent particle density (2.4 cm™3) and bulk density
(1.5 g cm™3) measurements. The calculated value for ¢g of 0.78 also agrees
favorably with the value of 0.8 reported by Saxena,“” who usea the Ergun
correlation to correlate the incipient fluidization velocity of Tymochtee
dolomite.

Table 34. Experimental Determinations of € and ¢¢ in
the Ergun Correlation for the Flow of Gas
Through a Fixed Bed of Tymochtee Dolomite

Test U.S. Ep, Hegggt, Intercggt,_a, Slopgf b, ¢
No. Mesh um cm g cm s cm € s
1 -6 +14 2150 5.1 8.23 153 0.34 0.88
2 -6 +14 2150 9.5 7.62 124 0.38 0.72
3 -6 +14 2150 10.2 10.8 152 0.38 0.63
4 -6 +14 2150 15.2 10.1 183 0.33 0.87
Average 0.36 0.78
5 -14 +30 740 10.2 92.8 598 0.31 0.93
6 -14 +30 740 15.2 103 497 0.36 0.64

Average 0.34 0.78

A second series of tests was performed at ambient conditions with
essentially clean gas fed to the filter to measure the dust loading in the
gas leaving the filter. The tests were performed using three different
granular-bed materials, two bed heights, two particle size ranges, and two
superficial gas velocities through the bed.

The test arrangement is illustrated in Fig. 104. The filter was
charged with the material to be tested and then inserted in the filter housing
in the test arrangement. Flow of compressed air to the filter and sampling
of the effluent gas from the filter for the determination of entrained
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particulate matter were then initiated at time zero. At the conclusion of
the dust sampling period, the sample collection filter was weighed and the
average dust loading over the sampling period was determined.

The results of the tests are presented in Table 35. The particulate
loadings in all tests were quite low, less than 0.004 g m~3 (<0.002 grain/
scf). In tests 1 ard 9, in which sampling was done during a 4-hr period,
the particulate loadings were <0.0002 and 0.0007 g m™3, respectively.

Test 1, made with a 5.1-cm bed of -6 +14 mesh Tymochtee dolomite
and a gas velocity of 0.61 m/s, served as a baseline experiment. In sub-
sequent tests (tests 2 and 9), changes in the baseline test conditions were
made to check the possible effect on the particulate loading in the filter
effluent of (1) sampling time interval, (2) bed height, (3) bed particle size,
(4) gas velocity, and (5) bed material (sulfated and unsulfated). Evan at
the unreasonably high bed velocity of 2.4 m/s in tests 5 and 6, the loadings
were quite low (0.0037 and 0.0021 g/m3, respectively).

Thus, these tests indicate the feasibility of using sorbent materials
in fixed granular-bed filters with no necessity of washing or air classifi-
cation to control fines in the screened bed material.

The granular-bed test filter has been installed in the flue gas
system of the ANL PDU combustor. Testing is scheduled to begin shortly.

A schematic diagram of the granular bed test system is given in
Fig. 105. The particulate-laden flue gas from the secondary cyclone of the
FBC system will be directed through the granular-bed test loop once the
system is operating at steady state conditions. Initially, the dirty gas
in the test loop will bypass the granular bed filter and the porous metal
cartridge filters for sampling in the cascade impactor sampling system



Table 35, Measured Particulate Loadings in Effluent Gas from Granular-Bed
Filter when Passing a ''Clean'" Gas through the Filter

Normal Test. Conditions

Time Gas Bed Particulate
Bed U.S. Interval, Vel, Height, AP, Loading Variable
Test Material Mesh min m/s cm kPa g m ° grains/scf Tested
1 Tymochtee -6 +14 0-240 0.61 5.1 2.24 <0.0002 0.0001 Baseline Test
2-A 0-30 0.0002 0.0001 Loadings During 30-
2-B 30-60 0.0023 0.0010 min Intervals Over
- + . R *
o_c ( Tymochtee 6 +14 60-90 0.61 5.1 0.50 0.0007 0.0003  2-hr Sampling
2-D 90-120 0.0037 0.0003 Period
3 Tymochtee -6 +14 0-30 0.61 10.2 1.00 0.0009 0.0004 Increase Bed Ht
4 Tymochtee -14 +30 0-30 0.61 5.1 4,18 0.0021  0.0009 Decrease Bed Part.
Size
5 Tymochtee -14 +30 0-30 2.44 5.1 18.7 0.0037 0.0016 Increase Gas
Velocity
6 Tymochtee -6 +14 0-30 2.44 5.1 5.23 0.0021 0.0009 Increase Gas
Velocity
7 1337 Dolomite -14 +30 0-30 0.61 5.1 1.24 0.0016 0.0007 Different Bed
Material
8 Sulfated -14 430 0-30 0.61 6.4 5.85 0.0018 0.0008 Sulfated Bed
1337 Dolomite Material
9 1337 Dolomite -14 +30 0-240 0.61 5.1 1.24 0.0007 0.0003 Increase Sample

Time

641
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located downstream from the filter. Thereby, the particle size distribution
and the mass loading of the inlet gas to the granular bed filter can be
determined. To assess the efficiency of the filter as a function of partic-
ulate size and test conditions in the filter, the dust-laden gas will then
be directed through the granular bed filter, with the clean effluent gas
from the filter again sampled in the cascade impactor sampling system.

Variables considered for study include particle size of the granular
bed sorbent, face velocity of the gas being filtered (acfm of gas being
cleaned per sq ft of granular bed surface area), and bed starting AP (as
determined by bed height). Response variables include efficiency of cleaning
as a function of particulate size and the energy loss per cubic foot of gas
cleaned.

b. Acoustic Agglomeration

The general objective of this agglomerating technique is to enhance
the natural tendency of polydispersed particulates to impact upon each other.
Thus, the use of acoustics in controlling fine particle emissions is a process
whereby the mean size of the effluent particles is significantly increased
(and correspondingly their number is decreased) by exposure to finite ampli-
tude acoustic fields. As described here, sonic agglomeration is a conditioning
process designed to increase the collection efficiency of downstream dust
collectors.

As a result of visits made to laboratories currently investigating
acoustical agglomeration of aerosols, Dr. David S. Scott, Chairman of the
Department of Mechanical Engineering at the University of Toronto, Canada,
has been retained as a consultant for testing and evaluating the use of acoustic
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agglomeration to condition the flue gas (from the ANL 6-in.-dia combustor)
to increase particulate removal efficiency. Professor Scott has been
investigating the fundamentals of acoustic-aerosol interactions for several
years and has been a proponent of acoustic conditioning to help control
industrial aerosol emissions.>

Discussions with Dr. Scott have led to the following understanding
of acoustic-aerosol interactions and its proposed application to PFBC.

(1) The use of nondimensional groups in the description of finite-
amplitude sound propagation through aerosols. Acoustic-aerosol interactions
can be studied from two viewpoints. The first consideration is the effect
of the particulate matter upon the sound propagating through the aerosol, and
the second is the effect of the acoustic field on the particulate matter.

In the latter case, the effect that is of interest is an increase in the
aerosol agglomeration rate resulting from an increase in particle-particle
collision frequency. 1In different situations, it is possible for either
the sound or the particulate matter to dominate the interaction.

The important parameters in characterizing the aerosol are the
momentum relaxation time and the mass loading ratio. The momentum relaxation
time is essentially a fundamental description of the '"type" of aerosol; the
relaxation time is directly proportional to the particle density and the
particle diameter squared and is inversely proportional to the gas viscosity.
The mass loading ratio can be considered the 'how much" parameter in the
characterization of the aerosol.

The corresponding ''type'" and "how much" parameters which characterize
the acoustic field are its frequency and its acoustic Mach number (essentially
the amplitude of the acoustic wave form), respectively.

In a comparison of the "what type'" parameters for the aerosol and
the acoustic field, the following observations can be intuitively made. If
the particle relaxation time is very short with respect to the acoustic cycle
time, the particles will behave as elements of the fluid. There will be
little attenuation of the acoustic field, and particle-particle collisions
may not be enhanced because no significant differential motion is induced in
the particulate matter. If the particle relaxation time is long with respect
to the acoustic cycle time, the particles will essentially remain stationary,
with no enhancement of particle-particle collisions. Thus, for enhanced
coagulation of the entrained particulate matter, the optimum coupling of
particle relaxation time (for particles in the size range of interest) and
the reciprocal of the acoustic frequency occurs when both are of approximately
the same order of magnitude.

Coupling of the "how much" parameters is equally important. If the
amount of aerosol is large relative to the amount of sound, the sound is
rapidly attenuated and there is insufficient energy for emhanced coagulation.
If the amount of aerosol is very small relative to the amount of sound,
enhanced coagulation becomes less likely due to the large interparticle
distances in the aerosol.
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(2) Applicability of acoustic agglomeration to the removal of
fine particulate (2 to 10 um) from high-temperature high-pressure flue gases.
The conditions, mass loading, and particle-size distributions expected in the
flue gases from pressurized, fluidized-bed combustors have been discussed
with Dr. Scott. The relatively high loadings expected from a PFBC, coupled
with a relatively low mass contribution from particulate matter below 2 pm,
appear favorable to the use of acoustical conditioning of the flue gas. 1In
work done at the Ontario Research Foundation, Mississauga, Canada, and
reported by Scott,>? a very fine aerosol (v85 wt % below 15 um) of ZnO dust
was exposed for 2.5 s to either a 160-dB or a 165-dB acoustic field. With
exposure to 160-dB sound, the mass mean diameter of the ZnO increased to
v ym from 1 pm. At 165 dB,_the mean diameter increased to 6 pm. When a
cyclone having a poor efficiency was intentionally used downstream, the
collection efficiency increased from ~30-407% for untreated aerosol to as
high as 80% for acoustically treated aerosol at the highest dust loading
investigated.

(3) Capital cost and power requirements. The limited commercial
application of finite-amplitude sound for agglomerating aerosols has resulted
primarily from the consideration of high capital cost and high specific power
requirements. 'Scott, however, cites (1) the potential cost advantages of
progressive saw-tooth waves for acoustic agglomeration (as compared with
standing-wave fields conventionally used) and (2) the advantages of pulse-
jet sound generation that indicate economic feasibility in comparison with
other gas cleaning systems.50

Dr. Scott has submitted to ANL a suggested procedure for the devel-
opment of a resonant manifold system for the evaluation of acoustic dust
conditioning (ADC) in the FBC system at ANL. The principal components of the
proposed system are (1) pulse-jet sound generation, (2) a resonant manifold
for "splitting" the resultant acoustic power, and (3) an acoustic treatment
section.

There appear to be several promising features of pulse jet acoustic
dust conditioning. For instance, the heat of combustion of the pulse jet
fuel simply adds to the overall process heat. Furthermore, due to the elevated
pressures of PFBC, the pulse jet will run at higher power levels than if it
were at ambient conditions and should in principle, therefore, be a more
effective sound generator.

The pulse jet will be designed to operate with a frequency of
400-500 Hz. Although flexibility in the choice of the ultimate design is
being retained, a flap-valve unit utilizing gasoline as the fuel now appears
most feasible,

A problem in the use of the pulse jet is that of scaling. A pulse
jet, which is a quarter wave-length device, cannot be scaled up or down without
changing the acoustic characteristics. A resonant manifold system is re-
quired, therefore, to split the resultant pulse-jet acoustic power and off-gas
into a waste stream and one or two process streams.
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A tentative schematic design for the resonant manifold system is
given in Fig. 106, The manifold will be designed as a "length resonator.”
In this configuration, the ends of the diameter will become pressure antinodes
for standing waves set up within the resonant manifold. The acoustic field
will be drawn from the flat end walls.

The inlet to the vent will be a distance A/8 (A equals acoustic
wave length) from the end wall, to minimize leakage of sound through this
orifice. However, the depth to which the vent is immersed in the resonant
manifold will be adjustable to control the amount of acoustic energy wasted,
and thereby control the sound levels transmitted to the process sound ducts
(see Fig. 106) which will carry the sound to the acoustic treatment section.

The acoustic treatment sections will be interchangeable sections
of pipe of various configurations which can be installed in the PDU flue
gas system between the combustor and the primary dust collector. It is
in these sections that the sound and aerosol will interact and agglomeration
of the aerosol will occur.

The design and development of the pulse jet, the resonant manifold,
and the acoustic treatment sections will be performed by Dr. Scott at the
University of Toronto. As soon as the components have been fabricated and
tested for acoustic performance, they will be transported to ANL for instal-
lation and testing in the ANL flue gas system. It is anticipated that delivery
of the pulse jet-resonant manifold system to ANL will be in the first quarter
of 1978.
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Fig. 106. Schematic of Resonant Manifold System

Notes: (a) estimate A/2 75 cm
(b) estimate 4d ¥ 30 cm
(c) all dimensions involving A
to be adjustable
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c. High Efficiency Cyclones

The third method of particulate control being considered for
investigation is the TAN-JET high-efficiency cyclone. Similar high-efficiency
cyclones will also be installed with granular bed filter systems as control
systems in the ANL Component Test and Integration Unit and the Curtiss-Wright
PFBC pilot plant., Installation of such a unit would also be used in testing
and evaluating acoustic conditioning as a pretreatment step in the control
process.

The two most frequently mentioned high-efficiency cyclones for use
in PFBC flue gas cleaning systems are the TAN-JET (Donaldson Co.) and the
Aerodyne SV (Aerodyne Development Corporation)., These devices are similar
in that each employs injection of auxiliary (secondary) air to create a
constant controlled vortex at the cyclone wall. Collection efficiencies of
90% for 1l-pym dust for the Aerodyne cyclone and 90% for 2-um dust for the
Donaldson cyclone have been reported.

In discussions with representatives of Donaldson Co., it was
determined that the TAN-JET cyclone can be adequately scaled and tested on
the flue gas effluent from the ANL 6-in.-dia combustor. It is planned,
therefore, to proceed with the design, procurement, and installation of a
Donaldson TAN-JET cyclone as a part of the flue gas cleaning studies. This
effort will proceed in parallel with design and installation of acoustic
agglomeration equipment.
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APPENDIX A

PHYSICAL AND CHEMICAL PROPERTIES OF COALS AND SORBENTS
USED IN SORBENT REGENERATION STUDIES
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Table A-1. Particle Size Distribution and Chemical and
Physical Characteristics of Arkwright Coal

Sieve Analysis

U.S. Sieve No. % on Sieve

+14 0.0
-14 +25 8.0
=25 +35 14.2
-35 445 12.3
=45 +80 24.7
-80 +170 17.9
-170 23.0

Mean Particle Dia: 323 um

Proximate Analysis, wt 7

As Received Dry Basis
Moisture 2.89 -
Volatile Matter 38.51 39.66
Fixed Carbon 50.92 52.43
Ash 7.68 7.91
100.00 100.00
Sulfur, wt % 2.82 2.90
Heating value,
Btu/lb 13,706 14,114
Ultimate Analysis, wt %
Carbon 77.14
Hydrogen 5.23
Sulfur 2.90
Nitrogen 1.66
Chlorine 0.19
Ash 7.91
Oxygen (by difference) 4,97

Fusion Temperature of Ash

Reducing Oxidizing

Atm, °C Atm, °C
Initial deformation 1104 1160
Softening (H = W) 1177 1216
Softening (H = 1/2W) 1193 1243

Fluid 1232 1271
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Table A-2. Particle Size Distribution and Chemical and
Physical Characteristics of Triangle Coal
Sieve Analysis
U.S. Sieve No. % on Sieve
+14 0.0
-14 +25 25.0
-25 +35 22.0
-35 +45 26.0
-45 +80 24.0
-80 +170 2.0
=170 0.3
Mean Particle Dia: 576 um
Proximate Analysis, wt 7
As Received Dry Basis
Moisture 3.46 —_
Volatile Matter 31.47 32.60
Fixed Carbon 55.69 57.68
Ash 9.38 9.72
100.00 100.00
Sulfur, wt % 0.98 1.02
Heating value,
Btu/1b 13,053 13,521
Ultimate Analysis, wt 7
Carbon 76.11
Hydrogen 4.99
Sulfur .1.02
Nitrogen 1.30
Chlorine 0.22
Ash 9.72
Oxygen (by difference) 6.64

Fusion Temperature of Ash

Reducing Oxidizing

Atm, °C Atm, °C
Initial deformation 1383 1430
Softening (H = W) 1444 1480
Softening (H = 1/2 W) 1485 1510+
Fluid 1510+ 1510+
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_Table A-3. Particle Size Distribution and Chemical
Characteristics of Tymochtee Dolomite

Sieve Analysis

U.S. Sieve No. % on Sieve

+14 0.4
-14 +25 48.6
-25 435 19.9
=35 +45 18.8
-45 +80 11.7
-80 +170 0.4
-170 0.4

Average Particle Dia: 750 pm

Constituent Chemical Analysis, wt %
Ca 20.0
Mg 11.3
CO, 38.5
Si 2.3
Al 0.87
Fe 0.29
H,0 0.2

Derived Composition

CaCO03
MgCO3




193

Table A-4. Chemical and Physical Characteristics
of Sewickley Coal

Proximate Analysis, wt %

As Rec'd Dry Basis
Moisture 1.08 -—
Ash 12.73 12.87
Volatile 39.02 39.45
Fixed Carbon 47.17 : 47.68
100.00 100.00
Sulfur, wt % 4.33 4.38
Heating value,
Btu/lb 13,018 13,610
Ultimate Analysis, wt %
As Rec'd Dry Basis
Moisture 1.08 -
Carbon 70.75 71.52
Hydrogen 4.93 4.98
Nitrogen 1.10 1.11
Chlorine 0.01 0.01
Sulfur 4.33 4,38
Ash 12.73 12.87
Oxygen (dif) 5.07 5.13
100.00 100.00

Fusion Temperature of Ash

Reducing Oxidizing

Atm, °C Atm, °C
Initial deformation 1115 1185
Softening (H = W) 1170 1250
Softening (H = 1/2W) 1240 1320

Fluid 1295 1360
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Table A-5. Analysis of Greer Limestone, As Fed

wt %
Ca0 44 .80
MgO 1.90
F8203 0.80
Si0y 10.50
Al,03 3.60
S 0.17
Others 0.71
Loss on calcination 37.52
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