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REDUCTION OF ATMOSPHERIC POLLUTION BY THE APPLICATION
OF FLUIDIZED-BED COMBUSTION AND REGENERATION
OF SULFUR CONTAINING ADDITIVES

Annual Report
July 1973-June 1974

by

G. J. Vogel, W. M. Swift, J. F. Lenc, P, T. Cunningham,
W. I. Wilson, A. F. Panek, F. G. Teats, and A. A. Jonke

ABSTRACT

The Argonne National Laboratory (ANL) program for
developing and demonstrating the feasibility of fluidized-
bed combustion for possible use in power and steam—plant
applications is divided into three studies: (a) the
combustion of coal in a pressurized combustor; (b) a
determination of the distribution of trace elements in
the combustion products; and (c¢) a fundamental investigation
of the kinetics of additive sulfation and regeneration
reactions.

A bench-scale, fluidized-bed combustion pilot plant
capable of operating at 10-atm pressure* was used to evaluate
the effects of operating variables on response variables
such as S0, and NO levels in the flue gas, combustion
efficiency, additive utilization, and heat-transfer
coefficients., High retentions of sulfur (>90%) and low
NO levels (<150 ppm) were achieved. The combustor was
also successfully tested using a variety of coals: a
highly caking, high-volatile bituminous coal, a high ash
subbituminous coal, and a low-heating-value lignite.

Data, in the form of material balances, are reported
for the four trace elements of primary concern: Hg, Pb,
Be, and F. Also reported are data on Na concentrations
in the particulate matter entrained in the flue gas from
the combustor,

The kinetics of the reaction of half-calcined dolomite
with SO, were studied at atmospherilc pressure by thermogravi-
metric analysis. The reaction was found to be first order with
respect to the S0, concentration in the presence of H,0 vapor
and approximately three-fourths order in the absence of Hp0
vapor.

*
For convenience, a table of English to metric unit conversion

factors is provided at the end of this report in Appendix F.
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SUMMARY

Argonne National Laboratory is investigating pollution control
aspects of pressurized, fluidized-bed combustion in a program funded
by the Control Systems Laboratory of the Environmental Protection
Agency and by the Qffice of Coal Research, Department of Interior.
The program consists of investigating (1) the effects of operating
variables at elevated pressures (up to 10 atm) on SO, removal, NO
suppression in the flue gas, combustion efficiency, additive
utilization, solids entrainment, and heat-transfer coefficients,
(2) the ability of the system to process a variety of coals includ-
ing bituminous, subbituminous, and lignite coals, (3) the quantity
and type of trace-element contaminants in the flue gas, and (4) the
kinetics of the reaction between SO, and sulfur-accepting additives.

In the combustion studies, coal is completely combusted in a
fluidized bed of dolomite using an excess of oxygen. Sulfur con-
tained in the coal is released during combustion as SO,, which in
the excess-oxygen environment reacts with the Ca0 in the dolomite to
form CaS0,.

The reaction kinetics between S0, and dolomite were studied at
atmospheric pressure using a thermal gravimetric analyzer (TGA) unit.

Bench~Scale, Pressurized, Fluidized-Bed Combustion Experiments

Materials. Combustion experiments were made using a variety of
coals of differing rank. The principal coal tested was a highly
caking, high-volatile bituminous, Pittsburg seam coal from the
Consolidation Coal Company's Arkwright Mine. Also tested, although
less extensively, were a subbituminous coal from the Western Coal
Company's San Juan Mine in New Mexico and a lignite from the
Consolidation Coal Company's Glenharold Mine in North Dakota. The
coals were fed to the combustor as received.

Tymochtee dolomite obtained from C. E. Duff and Sons, Huntsville,
Ohio, was used in the experiments reported here. The additive was
air-dried and screened to - 14 + 100 mesh.

Equipment. The ANL bench-scale equipment, designed for operation
to 10 atm pressure, consists of a fluidized-bed combustor, a com-
pressor for supplying fluidizing-combustion air, a preheater for the
fluidizing-combustion air, coal and additive feeders, and an off-gas
system (cyclones, filters, gas—sampling equipment, and pressure let-
down valve). The system 1s thoroughly instrumented and equipped with
an automatic data logging system.

The combustion unit consists of a 6-in.-dia pipe, 11 ft long.
The exterior of the pipe is wrapped with electrical heaters (to heat
the bed from room temperature to the coal-ignition temperature at the
start of an experiment) and cooling coils (to cool the bed during coal

i1



combustion). Additional cooling is provided by hairpin coils immersed
in the fluidized bed. Coal and additive are conveyed pneumatically
and continuously to the fluidized bed from weighed hoppers. Each
hopper has a rotary valve at the bottom for metering the coal or
additive to the air-conveying stream. A constant bed level is main-
tained in the combustor by use of an internal overflow pipe.

Combustion Experiments with Arkwright Coal. A series of statis-
tically designed experiments were made to measure the effects of the
independent operating variables, temperature, fluidizing-gas velocity,
and Ca/S mole ratio (ratio of calcium content of dolomite feed to sul-
fur content of coal feed), on response variables such as S0, and NO
suppression in the flue gas, additive utilization, additive entraimnment
and decrepitation, combustion efficiency, and heat-transfer coefficients.
The three levels of the variables tested were (1) temperature at 1450,
1550, and 1650°F; (2) Ca/S mole ratio at 1, 2, and 3; and (3) gas vel-
ocity at 2.0, 3.5 and 5.0 ft/sec. All of the experiments were made at
a pressure of 8 atm absolute, a 3-ft fluidized-bed height, and 3% oxygen
in the flue gas.

Sulfur Dioxide Retention. Sulfur dioxide levels in the flue
gas ranged from 850 ppm at a Ca/S mole ratio of 1.0, gas velocity
of 4.9 ft/sec, and bed temperature of 1665°F to a low of 120 ppm
at a Ca/S mole ratio of 2.9, gas velocity of 2.1 ft/sec, and bed
temperature of 1445°F (SO, level at zero removal is V2300 ppm).
These S0, levels correspond, respectively, to emission rates of 1.57
and 0.23 1b S0,/10% BTU as compared with the EPA emission standard of
1.2 1b S0,/10% BTU.

For Ca/S ratios above 2.0, the SO, removal is generally greater
than 90%. The level of SO, in the flue gas increases rapidly, how-
ever, with decreasing Ca/S ratio and with increasing gas velocity
at low Ca/S ratios. The combustion or bed temperature appears to
have very little effect over the range of conditions tested. The
observed variable effects on the S0, retention strongly support the
theory that the rate of SO, uptake by the sorbent is diffusion
limited.

The results indicate that for this coal and additive, and at a
gas velocity of less than 5 ft/sec and a bed temperature of less than
1650°F, it should be possible to operate close to a Ca/S mole ratio
of 1.0, and still meet the EPA emission standard of 1.2 1b of S0,/106
BTU.

Nitrogen Oxide Emissions. Nitrogen oxide levels in the flue gas
were extremely low over the range of operating conditions tested.
Values varied from 270 ppm at a Ca/S mole ratio of 3.2, temperature
of 1630°F, and gas velocity of 3.6 ft/sec to 120 ppm at a Ca/S mole
ratio of 1.0, temperature of 1665°F, and velocity of 4.9 ft/sec.

These NO concentrations correspond, respectively, to emissions of 0.40
and 0.15 1b NOg/lO6 BTU, as compared with the EPA emission standard of
0.70 1b NO,/10° BTU.

12



The only variable that appeared to have a significant effect on
the NO levels was the Ca/S mole ratio, with the NO level increasing
with increasing Ca/S mole ratio.

Combustion Efficiency. Combustion efficiency varied directly
with the combustion temperature, ranging from ~897% at 1450°F to 97%
at 1650°F. These efficiencies are comparable to previously reported
efficiencies obtained in atmospheric combustion experiments.

Combustible Carbon Hold-Up in the Fluidized Bed. To provide a
measure of the combustible carbon hold-up in the fluidized bed during
combustion, samples of the final bed material from each experiment
were analyzed for total carbon and carbon present as carbonate ion.

The combustible carbon content was taken as the difference between
these two values. For the eleven experiments, the combustible carbon
in the samples ranged from <0.01 to 1.60% and was <1.0% in seven of

the experiments. These levels of carbon are sufficiently low to ensure
safe, stable operating performance.

Additive Utiliazation. Utilization of additive in the final bed
samples was found to vary inversely with Ca/S ratio and was relatively
unaffected by fluidizing-gas velocity or bed temperature., Utilization
ranged from ~80% at a Ca/S ratio of 1 to %35% at a Ca/S ratio of 3.

Additive utilization was consistently higher for the final bed
material than for the elutriated solids collected in the primary
cyclone. In addition, calcium utilization for elutriated solids
generally increased the farther downstream the particulate matter in
the flue gas was collected., The latter result is attributed to
increasing reactivity with decreasing particle size.

Additive Entrainment. Entrainment of additive from the combustor
was found to vary directly with the superficial gas velocity. Entrain-
ment increased from a low of 5% (of the additive being fed to the com-
bustor) at 2 ft/sec to as high as 80% at 5 ft/sec.

Theoretical consideration was given to the terminal velocities
associated with different sizes of dolomite particles. For a sphericity
factor of 0.6, 5 ft/sec corresponds to the terminal velocity of *16 mesh
additive particles. Since 80-90% of the dolomite feed had a terminal
velocity below 5 ft/sec, it is understandable that 80% of the additive
fed was elutriated from the combustion at a gas velocity of 5 ft/sec.

It should be emphasized, however, that in a commercial unit, the problem
of additive elutriation would be reduced considerably by selection of a
sultable sorbent particle size.

A semi-quantitative attempt was also made to determine the contri-
bution of additive decrepitation followed by elutriation of the result-
ing fines to the high entrainment rates. The method chosen to provide
a measure of additive decrepitation was to inventory the +45 mesh addi-
tive entering and leaving the combustor.
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Average recoveries determined by the above procedure for each level
of the three independent operating variables ranged from 92 to 103%. The
average recovery for all the experiments was 96%. The results suggest
that very little decrepitation of the dolomite occurred over the range of
conditions tested.

Heat-Transfer Coefficients at the Combustor Wall. Values of heat-
transfer coefficients at the combustor wall were calculated for the elev-
en experiments in the study and were found to varg directly with the gas
velocity. The values ranged from ~40 BTU/ (hr) (ft4) (°F) at a gas velocity
of 2 ft/sec to ~115 BTU/(hr) (£t2) (°F) at 5 ft/sec.

Solids Loading in the Flue Gas. Solids loading in the flue gas leav-
ing the combustor (before any particulate removal) varied directly with
both the fluidizing-gas velocity and the Ca/S mole ratio. Loadings ranged
from 4.1 grains/ft® (7.3 1b/10® BTU) at a Ca/S mole ratio of 1 and veloc-
ity of 2 ft/sec to 23 grains/ft3 (39,1 1b/10° BTU) at a Ca/S mole ratio
of 3 and velocity of 5 ft/sec. At gas velocities of 2, 3.5, and 5 ft/sec,
increasing the Ca/S mole ratio from 1 to 3 increased the solids loading
by 60, 80, and 125%, respectively. While these results suggest the desir-
ability of maintaining low Ca/S ratios to minimize solids loading from
the additive, high Ca/S ratios could still be used at suitably selected
gas velocities and sorbent particle sizes. Thus, the loadings quoted here
are not representative of what could be achieved.

Combustion-Stde Corrosion of Internal Cooling Coils. Corrosion on
the external (bed) side of an internal cooling coil was studied after
it had seen an estimated 500 hr of operating time. Samples taken from
the cooling coil where it extended below the surface of the bed exhibited
intergranular corrosion to a depth of ~30um, sensitization, and sigma-
phase formation. A sample taken in the freeboard area of the combustor,
~4 1/2ft above the bed, from a cooling coil which had seen 1000 hr of
operating time exhibited corrosion to a depth of 600um. An electron-
microprobe examination of the sample detected Fe and Ni depletion and
the presence of sulfur along the grain boundaries to the depth of cor-
rosion.

Combustion of Low-Sulfur Subbituminous and Lignite Coals. Ex-
periments were made in the 6-in.-dia pressurized combustor to determine
whether any difficulties would be encountered in processing a San Juan
mine subbituminous cocal with a high ash content of 17% and a Glenharold
mine lignite with a low heating value of 7,625 BTU/1b. The nominal op-
erating conditions for the two experiments were a bed temperature of
1550°F, gas velocity of 3.5 ft/sec, and 0, concentration of 3% in the
dry flue gas (v15% excess air). Due to the low sulfur content (<1 wt %)
of the western coals, a Ca/S mole ratio of 1 was used for the experiments.

Operating Performarnce. As with the high-volatile bituminous
Arkwright coal, the operating performance of the fluidized-bed combustor
in processing the western coals was excellent, thus demonstrating the
versatility of the fluidized-bed concept for processing coals of widely
varying rank and quality.
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Sulfur Dioxide Retention. The SO, levels of 250 and 120 ppm
observed for the combustion of the subbituminous and lignite coals,
respectively, correspond to emissions of 0.45 and 0.21 1b 802/106
BTU. The combustion of Arkwright coal under similar operating con-
ditions would have a projected SO, emission of 610 ppm or 1.2 1b
S0,/10® BTU. The above emissions represent SO, retentions of
approximately 72, 72 and 85% for the bituminous, subbituminous, and
lignite coals, respectively.

The somewhat higher retention reported for the combustion experi-
ment with lignite suggests that the calcium in the coal may be an
active agent in helping to retain S0, during combustion.

Nitrogen Oxide Emissions. The NO levels of 150 ppm and 130
ppm, respectively, for the combustion experiments with the subbitu-
minous and lignite coals correspond to emissions of 0.19 and 0.18
1b N02/106 BTU. The projected emission for the Arkwright coal
(140 ppm) under similar conditions is also 0.19 1b N02/106 BTU.

Combustion Efficiencies. Combustion efficiencies for the two
experiments were 94 and 97% for the San Juan and Glenharold coals,
respectively. These values agree quite well with the combustion
efficiency of 94% reported for the Arkwright coal at a combustion
temperature of 1550°F.

Dolomite Utilization. Calcium utilizations for the final-bed
material of 74 and 717 for the combustion experiments with the San
Juan and Glenharold coals, respectively, in Tymochtee dolomite at a
Ca/S mole ratio of 1.0, are in relatively good agreement with the
76 to 83% utilizations reported above for combustion experiments
with Arkwright coal using the same dolomite and the same mole ratio.

Effect of Combustor Pressure and Temperature on the Concen-
tration of NO and Other Gases in the Flue Gas. Two series of ex-
periments were conducted to specifically study the effect of com-
bustor operating pressure on concentrations of NO and other gases
in the flue gas. The NOX-I series involved the combustion of
Arkwright coal in a fluidized bed of Alundum. In the NOX-II series,
Arkwright coal was combusted in a fluidized bed of sulfated dolo-
mite while feeding dolomite at a Ca/S feed mole ratio of 1.5.
Nominal operating conditions in both series were a fluidized-bed
temperature of 1550°F, 3% 0, in the flue gas, and a fluidizing-gas
velocity of 3.5 ft/sec. Each of the two series of experiments
consisted of six parts, with the combustor pressure ranging from
1 to 8 atm. In a third series of experiments, the system pressure
was maintained at 4 atm, and the bed temperature was maintained at
1450, 1550, and 1650°F.

In addition to the concentrations of gases ordinarily monitored
in the flue gas (0p, CO,, SO, CO, NO, and CH,), instrumentation
was installed for the continuous or intermittent determination of
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ammonia, hydrogen, and C,-C, hydrocarbons.

Pressure Effect on NO Levels in the Flue Gas. In the absence of
dolomite, the NO level in the flue gas increased from less than 200 ppm
at 8 atm to V1600 ppm at 1 atm. An NO level of 1600 ppm is unusually
high and may not be representative.

In the presence of dolomite (NOX-II series), an increase in NO
is also observed at reduced pressures, although it is considerably
less pronounced than in the first series of experiments. The level
of NO increased from 200 ppm at 8 atm to around 400 ppm at 1 atm.

Prgssure Effect on Concentration of Flue~Gas Components Other
Than NO. Analysis of the data from the NOX experiments can be
summarized as follows:

1. The S0, concentration is relatively unaffected by changes
in system pressure.

2. Methane levels in the flue gas tend to increase moderately
as the pressure is reduced from 8 to 6 atm and then increase rapidly
(up to 400 ppm) as the pressure is reduced to 1 atm.

3. In the presence of dolomite, CO levels increased from 170 ppm
at 8 atm to over 2000 ppm at 1 atm. In the absence of dolomite, the CO
level passed through a minimum (v100 ppm) at about 4 atm pressure
and increased rapidly with either increasing or decreasing pres-
sure. This phenomenon remains unexplained.

4. The level of H, (35 ppm) is relatively unaffected by changes
in pressure.

5. The levels of the other gases (NH3, CyH,, C,Hg, C,H,, C3Hg)
were below the detection limits of the analytical instrumentation.

Effect of Temperature on Flue-Gas Constituents. Under the con-
ditions at which the experiments were performed, temperature varia-
tions from 1450°F to 1650°F have little or no effect on the compo-
sition of the various flue-gas components tested.

Trace—Element Distribution Studies

The emissions of biologically toxic trace elements such as Hg and
Be from coal-burning power plants are receiving increasing attention as
potentially dangerous air pollutants, Relative to conventional boilers,
the lower combustion temperature of the fluidized-bed boiler and the
presence of additive for S0, retention may serve to reduce the emissions
of trace pollutants.

The elements of primary concern in the investigation are Hg,
Pb, Be, and F. The approach being taken is to make mass balances
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around the combustor for as many of the trace elements as possible with-
in the economic limitations of the study. This involves sampling and
analyzing all the solid materials charged to or recovered from the com-
bustor, including particulate matter entrained in the flue gas from the
unit. Analysis of the flue gas is also made for the more volatile trace-
element species, Hg and F~,

Four combustion experiments were made for the specific purpose of
investigating the behavior of trace elements during combustion. Experi-
ments TRACE-3 and TRACE-4B were made at a bed temperature of 1550°F, a
pressure of 10 atm, and 4% 0, in the off-gas. Experiments TRACE-5A and
TRACE-6 were made at 1650°F, 8 atm, and 3% O, in the flue gas. In each
set of experiments, the first experiment involved the combustion of
Arkwright coal in a fluidized bed of alumina, whereas the second experi-
ment involved the combustion of Arkwright coal in a fluidized bed of
Tymochtee dolomite.

Mercury Balances. Mercury balances for experiments TRACE-3 and
TRACE-4B indicated Hg recoveries, expressed as the percentage of Hg

entering the combustor which can be accounted for in the combustion
products, of 56 and 43%, respectively., For experiments TRACE-5A and
TRACE-6, the respective recoveries were only 29 and 25%. The lower
recoveries for the latter two experiments resulted from the decreased
recovery of volatilized Hg in the flue gas which was down by a factor
of 6 (3 and 5% vs. 19 and 34%) from the prior experiments.

Analysis of the solid materials from the combustion indicate that
essentially no Hg was retained by the fluidized bed and that from 10
to 35% of the mercury which entered the combustion was retained by the
fly ash and elutriated additive removed from the flue gas. Data for
conventional coal-fired boilers indicate a Hg retention of ~10% by the
recovered ash products.

Attempts are being made to indentify the cause for the poor recov-
ery of Hg in the combustion products. Particular question areas that
are belng examined include the following:

(1) The inability to detect mercury in the ICI scrubbing
solutions used in sampling the flue gas.

(2) The recovery efficiency of the mercury sampling equip-
ment.

(3) The possibility that mercury is plating out or condens~
ing on the walls of the flue-gas ductwork before reach-
ing the sampling zone.

Lead and Beryllium Mass Balances. Lead balances for the four
trace-element experiments range from 78 to 125% recovery of the lead
entering the combustor. Beryllium balances were somewhat lower, rang-
ing from 56 to 87%.
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The results indicate that lead is essentially retained by the
particulate matter in the combustion products. Emissions of Pb,
therefore, will be controlled by the efficiency of particulate re-
moval from the flue gas. However, because the concentration of Pb
in particulate matter increases with decreasing particle size, it
appears obvious that the efficiency of lead removal will be some-
what lower than the efficiency of particulate removal.

The beryllium mass balances, with the lower recoveries, suggest
the possible volatilization of beryllium (or compounds of beryllium)
during combustion.

Aside from material balance considerations, the results seem to
indicate that both Pb and Be concentrate preferentially in the finer
particulate matter leaving the combustor. The preferential concen-
tration of relatively nonvolatile trace elements in particles of
smaller diameter has been reported by others for samples taken from
ambient air and from the flue gas of coal-fired power plants. It
is suggested that the lower trace-element concentrations in the
larger particles are simply the result of dilution by unburned
carbonaceous materials.

Fluoride Mass Balances. The indicated recovery of fluoride for
the experiments at 1550°F are 123 and 110%, which are reasonably
acceptable values. The recoveries of 208 and 2767 reported for the
experiments at 1650°F, however, are unaccountably high. The only
differences in sampling between the two sets of experiments were
the use of considerably larger flue gas samples and Na;CO3 scrubbers
instead of NaHCO3 scrubbers for the experiments at 1650°F.

Perhaps the most significant observation that can be made from
the F~ balances is that a significantly higher retention of the F~
appears to occur in the solid products of combustion when additive
is present. The recoveries of F~ in the solid samples were relatively
consistent, being 56 and 62% for combustion with additive and only
23 and 5% for combustion in an alumina bed. A possible explanation
for such a phenomenon could be the formation of CaF, which is a
relatively stable compound.

Neutron Activation Analysis, Developmental Work. The analytical
method of neutron activation analysis is being considered as a possible
instrumental method for expanding the trace-element study to include el-
ements of second- and third- priority interest (Cd, As, Ni, Zn, Cu, Ba,
Sn, P, Li, Mn, Cr, Se, and V). A preliminary testing of the method was
made by irradiating samples from the TRACE-3 experiment in the ANL CP-5
test reactor. After the irradiation, periodic y-ray counts were taken
using a Ge(Li) detector for the purpose of identifying activation pro-
ducts and their relative activity levels. Concentration data for seven
additional minor and trace elements are reported on the basis of the
preliminary results.
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Encouraged by the preliminary results, the remaining samples
from the trace-element combustion experiments are being analyzed
(including a reanalysis of the TRACE-3 samples) by this technique.
Additional developmental work (see Appendix D) is also being done
to increase both the number of elements detected and the accuracy.

Sodium Concentrations in Flue-Gas Particulates, Samples from
three of the TRACE experiments have been analyzed for Na because of
the considerable interest that has been expressed in Na as a source
of corrosion in a combined-cycle power system, particularly to the
blades of a high~temperature gas turbine. The results indicate
that Na is retained by the particulate matter during combustion,
and that the concentration of Na in the particulate matter in-
creases with decreasing particle size. Concentrations generally
varied from 0.5 wt % for material removed in the primary cyclone
to 1.5-2.0 wt % for material removed in the primary and secondary
filters.

Photomicrographs of Flue-Gas Particulates. Solid samples of
Arkwright coal and fly ash recovered from the cyclones and Brink
impactor at the conclusion of experiment TRACE-3, were examined
under a scanning electron microscope. Photomicrographs obtained
for several of the samples are presented. Unlike the generally
spherically shaped fly ash emitted from conventional coal-fired
combustors, the photomicrographs depict the fly ash from the fluid-
ized~bed combustor as a rather fragile and flake-like material.

Kinetics of the Reaction of Half-Calcined Dolomite with Sulfur
Dioxide

The work reported here represents the initial results obtained
by a small basic-chemistry support program asscciated with the
development of fluidized-bed combustion.

The active material used in this program is half-calcined
dolomite which reacts with 80, as indicated in equation (S-1)

[CaCO3 + MgO] + SO, + 0.5 0, - [CaS0, + MgO] + COp (s-1)

For economic and environmental reasons, it is desirable to regener-
ate the reactive material from the product by some scheme such as

that indicated by equations (S§~2) and (S-3).

[CaSO, + MgO] + 4 H, » [CaS + MgO] + 4 Hy0 (5-2a)
[CasO, + MgO] + 4 CO ~» [CaS + MgO] + &4 COy (5-2b)
[CaS + MgO] + Hy0 + COp = [CaCO3 + MgO] + H,S (s-3)

where the concentration of H,S resulting from equation (8-3) is
sufficiently high to allow sulfur recovery in a Claus plant.
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The goals of this program are i) to determine the detailed kinet-
ics of equations (S-1), (S-2), and (S-3); ii) to elucidate plausible
mechanisms for these reactions; and iii) to determine the conditions
that optimize each of these reactions. Kinetic results obtained at
atmospheric pressure for equation (S-1) are presented here.

Experimental Apparatus and Procedure. The experimental apparatus
consists of an Ainsworth thermal gravimetric analyzer (TGA) unit. An
automatic recording balance provides for continuous monitoring of the
sample weight with an accuracy of 0.1 mg. The sample is located in a
platinum basket that is suspended from one arm of the balance and
hangs in the heated region of a quartz reactor tube. The temperature
of the reaction zone is controlled to about + 2°C over the range from
ambient to 1000°C. Reaction gases are premixed and introduced into
the reactor from the bottom.

Commercial, research-~grade cylinder gases were used to make up
the reactant-gas stream. The stone used in these experiments is
designated dolomite 1337 and is supplied by Charles Pfizer and Co.,
Gibsonburg, Ohio; the dolomite has an empirical formula Ca; ;,Mgg.gg
(CO03),.

In a typical experiment, 200 mg of the dolomite-1337 particles
having diameters in a narrow range around 1.1 mm (-16, +18 U, S, Stan-
dard Screen) are placed in the apparatus under a flow of N, and CO,
and heated to 800°C at a rate of about 25°/min to half-calcine the
stone. Calcination is followed by observing the weight change of the
sample. When half-calcination of the stone is complete (usually after
about 45 min), sample temperature is adjusted to that selected for the
experiment, the sample is isolated under the N, and CO, atmosphere,
and the reactant gas mixture adjusted to the appropriate composition
and flowrate for the experiment while bypassing the reaction tube.

At time zero, the reactant gas is diverted through the reaction tube
and the weight change of the sample observed as a function of time.
The reaction 1s followed until the rate of weight change is negligible,

Results., The reaction rate, and hence the extent of the reac-
tion at a given time, is a function of S0, concentration. A plot
was made of the log of the initial reaction rate (dinitial rates were
actually evaluated at t = 1 min because of scatter in the data near
t = 0) versus the log of SO, concentration. The straight line thus
obtained had a slope of 1.08 and indicates that the reaction is first
order with respect to SO, concentration in the reactant gas under the
reaction conditions tested.

It was noticed in several experiments that the concentration of
water vapor in the reactant gas appeared to influence the reaction
rate. A result from a series of experiments in which the concentra-
tion of water in the reactant gas was varied while the concentration
of other components was constant indicated, however, that the reaction
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was essentially zero order with respect to water concentration. An-
other series of experiments was made in which the reactant gas was dry
and the concentration of SO, was varied. Under these conditions, it
was observed that the rate varied with the 0.77 power of SO, concen-
tration. Thus it would appear that the rate determining step is dif-
ferent depending on whether or not water is present in the reactant
gas. With water present, the reaction i1s 0.22 order with respect to
oxygen concentration in the reactant-gas stream.

The temperature dependence of the reaction rate in experiments
with water present was examined over the range from 500 to 850°C (at
higher temperatures, the concentration of CO, necessary to prevent
decomposition of CaCO3 could not be maintained with the present
apparatus). The initial reaction rate increased significantly with
temperature over this range. An Arrhenius plot of the data shows a
linear dependence of rate on 1/T and yields an apparent activation
energy of 7.3 kcal/mol. Such a value does mnot point conclusively
to a mechanism in which some chemical reaction is rate controlling
but is somewhat greater than one might expect if the reaction is
diffusion controlled.

Experiments were also made to assess the extent to which MgO
undergoes sulfation. It was found that the extent of sulfation of
MgO is not great and the reaction rate is much less than that for
the half-calcined stone.

21



INTRODUCTION

The combustion of fossil fuels in a fluidized bed of calcined lime-
stone particles is a potentially efficient and economically attractive
process for the generation of steam for electric power production and
other uses. The process results in greatly reduced emissions of both
sulfur oxide and nitrogen oxide pollutants. Development work, evalua-
tions, and design studies are being carried out by various organizations
under contract with the U. S. Environmental Protection Agency (EPA) and
the Department of Interior's Office of Coal Research (OCR). The AEC's
Argonne National Laboratory (ANL) is one of the principal participants
in the development program under interagency agreements with EPA 'and
OCR. Other participants in the program include the British National
Coal Board, Combustion Power Utility Company, Pope, Evans, and Robbins,
Inc., Exxon Research and Engineering Company, and Westinghouse Electric.

The fluidized-bed principle has been used extensively in the
petroleum and chemical-process industries. As applied to fossil-fuel
combustion, the fluidized bed consists of particles of partially
sulfated lime or dolomite that are held in suspension by the combustion
air which enters through a grid at the bottom of the combustor. Coal,
or any fossil fuel, is injected and burns in the bed, which is at a
temperature of 1600-1700°F. The heat of combustion is partially
removed by generation of steam in boiler tubes immersed in the bed.

The steam can be used as process steam or to generate electrical

power. The fluidized-bed heat-~transfer rate from the hot bed particles
to the outside metal surfaces of boiler tubes in the bed is high.+ The
sulfur dioxide released during the burning of the coal is reacted with
lime and, in the presence of excess oxygen in the bed, forms calcium
sulfate

CaCO3 + SOy + 1/2 0, > CaS0y + COy )

Fresh, crushed limestone (or dolomite) is injected continuously into the
bed and the sulfated lime is removed continuously to keep the level of
the bed constant. The sulfated lime that is removed can either be
regenerated to recover sulfur which is stored, and lime, which is reused
in the combustor, or the sulfated lime can be discarded with the ash
from the combustor.

While various regeneration schemes have been proposed, two processes
appear particularly promising. The first process is a one-step reductive
decomposition of CaSO, at ~2000°F

CaS0, + CO » Ca0 + SO, + COy (2)
The second process is a two-step method involving the reduction of CaSO0,
to CaS at 1600-1700°F followed by reaction of the CaS with CO,/H,0 at
1000-1300°F to release HjS
CaSO, + 4 CO + CaS + 4 COyp (3a)
CasS + C02 + Hzo - CaCO3 + st {(3b)
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Several variations of the fluidized-bed combustion concept are
under investigation for power-plant applications. First is a unit in
which coal is burned at atmospheric pressure. The combustion heat is
transferred to steam tubes immersed in the bed and to heat-recovery
units outside the bed. A second variation is a pressurized unit in
which the coal is burned at elevated pressure (e.g., 135 psig) in a
fluidized bed. Steam for operating a steam turbine is raised by
steam tubes immersed in the fluidized bed. 1In addition, the flue
gas is expanded through a gas turbine. Exit gas from the turbine is
passed through heat-recovery units. This variation is intended to
take advantage of the higher thermal efficiencies offered by a gas
turbine-steam turbine combined cycle. A third version is a fluidized-
bed combustor that is operated adiabatically at elevated pressure.
The heat of combustion is removed from the bed by providing a large
excess of air, 4150%. The flue gas is first expanded through a gas
turbine and is then exhausted to an unfired heat-recovery boiler.

No steam~raising tubes are present in-the bed.

Argonne National Laboratory has been conducting a basic research
and development program since 1968 to demonstrate the feasibility and
potential of fluidized-bed combustion for reducing sulfur and nitric
oxide emissions in accordance with environmental standards established
by state and federal regulatory agencies. Previous annual reports in
the series have presented comprehensive data on fluidized-bed combustion
and regeneration at atmospheric pressure. More recently, an experi-
mental program was initiated at ANL to develop advanced technology in
pressurized fluidized-bed combustion. Objectives of the program are
to optimize the combustion process with respect to sulfur dioxide
retention in the fluidized bed of additive, nitrogen oxide suppression
in the flue gas, and combustion efficiency; determine the behavior
and operability of the system over a wide range of operating conditions
and with a variety of coals including subbituminous and lignite;
characterize the distribution and emission of polluting trace elements
from fluidized-bed combustion systems and compare these emissions with
commercial, pulverized- fuel power plants; and elucidate basic
mechanisms of sulfation and regeneration reactions. The work reported
here has consisted of the following experimental investigations:

1. A statistically designed series of combustion experiments was
made to investigate the effects of the three independent operating
variables of Ca/S mole ratio (mole ratio of calcium in the additive
to sulfur in the coal), combustion temperature, and superficial
fluidizing-gas velocity on SO, and NO levels in the flue gas,
combustion efficiency, additive utilization, additive decrepitation
and entrainment, and heat-transfer coefficients. Three levels of
the independent variables were investigated: (1) Ca/S mole ratios
of 1, 2, and 3; (2) combustion temperatures of 1450, 1550, and 1650°F;
and (3) fluidizing-gas velocities of 2.0, 3.5, and 5.0 ft/sec. All
experiments were made in the ANL 6-in.-dia pressurized, fluidized-bed
combustor using high-volatile, bituminous Arkwright coal and Tymochtee
dolomite at a pressure of 8 atm, a 3-ft fluidized-bed height, and "“15%
excess combustion air (3% 0, in the dry flue gas).
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2. Two experiments were conducted in the ANL 6-in.-dia combustor
to evaluate the adaptability of pressurized, fluidized-bed combustion
technology for the combustion of low-rank coals. A San Juan mine sub-
bituminous coal containing 187% ash and a Glenharold mine lignite coal
with a heating value of only 7,400 BTU/lb were combusted at a Ca/S mole
ratio of 1.0, bed temperature of 1550°F, fluidizing-gas velocity of
3.5 ft/sec, combustor pressure of 8 atm abs, fluidized-bed height of
3 ft, and ~15% excess combustion air (3% 0, in the dry flue gas). The
experiments were evaluated for S0, and NO levels in the flue gas,
combustion efficiencies, and additive utilizations.

3. The effects of combustor pressure and temperature on the
concentration of S0, NO, CO, CH,, NO,, NH3, H, and C;-Cy hydro-
carbons were determined on the basis of three series of experiments
in the 6-in.-dia combustor. The first series of experiments involved
the combustion of Arkwright coal in a fluidized bed of inert solids
(Alundum). 1In the second series, Arkwright coal was combusted in a
fluidized bed of Tymochtee dolomite while feeding the dolomite at a
Ca/S mole ratio of 1.5. Operating conditions for both series were a
combustion temperature of 1550°F, a fluidizing-gas velocity of 3.5 ft/
sec and 3% 0, in the flue gas. Each of the two series of experiments
consisted of six parts with the combustor pressure ranging from 1 to 8
atm abs. In the third series of experiments, the system pressure was
maintained at ~4 atm abs and the bed temperature set at 1450, 1550, and
1650°F.

4, Two sets of experiments were completed in the 6-in.-dia
combustor to characterize the distribution and emission of trace
elements from fluidized-bed combustion systems. Data were obtained for
the biologically toxic trace elements, Hg, Pb, F, and Be, and for Na.
In each set of combustion experiments, Arkwright coal was first combusted
in a fluidized bed of inert solids (Alundum) and then in a fluidized
bed of Tymochtee dolomite under nominally similar operating conditions.
The first set of experiments were made at a bed temperature of 1550°F,
combustor pressure of 10 atm abs, and 4% 0, in the flue gas. The
second set of experiments were made at 1650°F, 8 atm abs, and 3% O,
in the flue gas.

5. Reaction kinetics were also investigated using thermogravimetric
analysis techniques. Results are presented on the effect of SO, concen-
tration on the rate of reaction between SO, (in the absence and presence
of Hy0) and half-calcined dolomite; on the effect of water vapor and
oxygen on the sulfation rate of half-calcined dolomite; on the temperature
dependence of the sulfation reaction with water vapor present; and on
the reaction rate between MgO and reaction gases containing SOo, 05,
and HQO.
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BENCH-SCALE, PRESSURIZED, FLUIDIZED-BED
COMBUSTION EXPERIMENTS

Experiments were performed in the ANL, 6-in.-dia, pressurized,
fluidized-bed combustor to demonstrate the feasibility and potential
of fluidized-bed combustion at elevated pressures (up to 10 atm).
Specific objectives of the experiments were to evaluate the effects
of combustor operating variables on S0, removal, NO suppression in
the flue gas, combustion efficiency, additive utilization, solids
entrainment, and heat-transfer coefficients. The results of these
experiments are reported below. Also reported are the results of
experiments made with low-rank coals and experiments made to measure
the distribution and concentration levels of trace elements entering
and leaving the combustion system.

Raw Materials

Coals., Combustion experiments were made using a variety of coals
of differing rank. The principal coal tested was a highly caking,
high-volatile bituminous, Pittsburgh seam coal obtained from the
Consolidation Coal Company's Arkwright mine. As received, the coal
contained 2.82 wt % S and 7.68 wt Z ash, had a heating value of
13,700 BTU/1b, and had an average particle size of 323 pm. Also
tested, although less extensively, were a subbituminous coal obtained
from the Western Coal Company's San Juan mine in New Mexico (provided
by the Public Service Company of New Mexico) and a lignite obtained
from the Consolidation Coal Company's Glenharold mine in North Dakota.
Respectively, the coals, as received, contained 0.78 and 0.53 wt % S
and 17.0 and 6.11 wt % ash, had heating values of 9,620 and 7,620
BTU/1b, and had average particle sizes of 340 and 353 um. Complete
data on the chemical and physical characteristics of the three coals
are presented in Tables A~1 to A-3 in Appendix A. The coals were fed
to the combustor as received.

Additive. A Tymochtee dolomite (v50 wt % CaCO3 and 30 wt %
MgCO3) obtained from C. E. Duff and Somns, Huntsville, Ohio, was used
in all of the experiments requiring a sulfur-accepting additive. Prior
to its use in the combustor, the dolomite was air-dried and double
screened using l4- and 100-mesh screens. As fed to the combustor,
the dolomite had an average particle size of 750 pm. Table A-4 in
Appendix A summarizes the chemical characteristics and particle-size
distribution of the Tymochtee dolomite.

Inert Bed Material. A high-purity Type 38 Alundum grain
(electrically fused Al,03) was obtained from the Norton Company for
use in combustion experiments that required a fluidized-bed of
chemically inert solids. The Alundum, which had a nominal grit size
of 30 mesh, is typically analyzed at 99.5 wt % Al;03. A typical
chemical analysis and particle-size distribution for the Alundum
are given in Table A-5 of Appendix A.
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Bench-Scale Equipment

The experimental equipment and instrumentation consist of a
6-in.-dia, fluidized-bed combustor which can be operated at pressures
up to 10 atm, 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 entering the combustor,
two cyclone separators and two filters in series for 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. 1.

Details of the fluidized-bed combustor are illustrated in Fig. 2.
The reaction vessel consists of a 6-in.-dia, schedule 40 pipe (Type
316 SS), approximately 11 ft long. The reactor is centrally contained
inside a 9-ft section of 12-in.-dia schedule 10 pipe (Type 304 SS). A
bellows expansion joint is incorporated into the outer shell to
accommodate differential thermal expansion between the pipes. A
bubble-type gas distributor is flanged to the bottom of the inner
vessel. Fluidizing~air inlets, thermocouples for monitoring bed
temperatures, solids feed lines, and solids removal lines are
accommodated by the distributor. The coal and additive feed lines extend
2 in. above the top surface of the distributor plate and are angled
20° from the vertical toward the longitudinal axis of the combustor.
A constant bed height is maintained in the combustor by use of either
a 36-in.- or 48-in.~high standpipe. The 6-in.-dia pipe is alternately
wrapped with resistance-type heating elements and cooling coils onto
which has been applied a layer of heat-conducting copper and then an
overlay of oxidation-resistant stainless steel. Additional cooling
capacity is provided by five internal, hairpin-shaped cooling coils
which extend down from the flanged top of the combustor to within
12 in. of the top surface of the distyxibutor. The coolant is water
entrained in air.

Fluidizing-combustion air is supplied by a 75-hp, screw-type
compressor capable of delivering 100 cfm at 150 psig. The air can be
heated to approximately 1000°F in a 6-in.-dia, 10-ft-tall preheater
that has eight, 2700-watt, clam-shell-type heaters inside it to provide
heat.

Coal and dolomite additive are pneumatically fed from hoppers to
the combustor using two, 10-in,-dia rotary valve feeders. The feeders
and hoppers are mounted on platform—type scales.

The flue gas is sampled continuously and is analyzed routinely for
the components of primary importance. Continuous determinations of
nitrogen oxide, sulfur dioxide, methane, and carbon monoxide are made
using infrared analyzers. Oxygen is also monitored continuously using
a paramagnetic analyzer. Intermittent carbon dioxide analyses of the
flue gas are made by gas chromatography. Prior to and during each
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experiment, the response of each analytical instrument is checked using
standard gas mixtures of flue-gas components in nitrogen. Batch samples

of the flue gas can be taken and analyzed for components of secondary
importance.

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

Experimental Procedure

The experimental procedure, although subject to minor variations,
was basically as follows. A preweighed amount (~15 kg) of either
partially sulfated additive from a previous experiment or tabular
alumina was charged to the reactor to provide an initial bed of
material. The starting bed was then raised to about 800°F by passing
fluidizing air, preheated to between 800 and 300°F, through the com-
bustor and simultaneously employing the resistance heaters on the
combustor wall. Once the bed temperature reached 800°F, the system
was brought to the desired operating pressure and coal entrained in
a transport air stream was injected into the bed. To prevent the
possibility of carbon accumulation in the fluidized bed during start-
up, coal was initially injected in small, intermittent amounts until
ignition and sustained combustion was confirmed by a rapidly increasing
temperature and a changing flue-gas composition. Continuous injection
of coal was then initiated and the bed temperature was raised to a
selected combustion temperature. The bed temperature was maintained
by use of the external and internal cooling coils.

Injection of the sulfur-—accepting additive was initiated when the
bed reached operating temperature. The air, coal, and dolomite feed
rates were adjusted to give a specified mole ratio of calcium in the
additive to sulfur in the coal, a specified superficial gas velocity,
and a specified level of oxygen in the flue gas leaving the combustor.
Sulfated additive was removed from the combustor by means of a stand-
pipe to maintain a constant fluidized-bed level.

Combustion Experiments with Arkwright Coal

A series of nine experiments in a 3 x 3 latin-square experimental
design (1/3 replicate of a 33 factorial design) plus 2 replicate
experiments were made to measure the effects of the independent operating
variables, temperature, fluidizing-gas velocity, and Ca/S mole ratio,
on response variables such as sulfur dioxide capture efficiency,
nitrogen oxide levels in the flue gas, additive utilization, additive
entrainment and decrepitation, combustion efficiency, and heat-transfer
coefficients. The three levels of the variables tested were (l) temper-
ature at 1450, 1550, and 1650°F; (2) Ca/S mole ratio at 1, 2, and 3;
and (3) gas velocity at 2.0, 3.5, and 5.0 ft/sec. All of the experiments
were made at a pressure of 8 atm absolute, a 3-ft fluidized-bed height,
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and 3% oxygen in the flue gas. Table 1 summarizes the designed operating
conditions and shows the matrix representation for the eleven experi-
ments in the experimental design. The actual operating conditions

and flue-gas compositions for the eleven experiments are given in

Table 2.

Table 1.

Designed Operating Conditions and Matrix Representation

for the Eleven Experiments in the Latin-Square Experimental Design

Equipment:
Coal:
Additive:
Pressure:

6~in.~dia pressurized fluidized-bed combustor
Arkwright (Consolidation Coal Company)
Tymochtee dolomite (C. E. Duff and Sons)

8 atm abs

Fluidized-Bed Height: 3 ft

Excess Air:

~v15% (3% 0, in the dry flue gas)

Levels of Independent Variables

Variable Level 1 Level 2 Level 3
(T) Temperature, °F 1450 1550 1650
(R) Ca/S Mole Ratio 1.0 2.0 3.0
(V) Gas Velocity, ft/sec 2.0 3.5 5.0

Matrix Representation of Experimental Combinations

T T, T3

Rl v a vl V3
(VAR-5) (VAR-3) (VAR-9)

R2 V3 V2 b Vl
(VAR-7) (VAR-6) (VAR-4)

R, Vi V3 Vo
(VAR-1) (VAR-2) (VAR-8)

a .
Experiment number.

bTwo replicate experiments made of this experimental combination;
VAR-6-R, VAR-6-2R.
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Table 2.

Investigating the Effects of Independent Operating Variables

Operating Conditions and Flue-Gas Analyses for the Eleven Experiments

Coal:
Additive:
Fluidized-Bed Height:
System Pressure:

Arkwright (2.827% sulfur)

Tymochtee Dolomite

3 ft

8 atm abs

Gas
Combustion Ca/S Mole Velocity, Flue-Gas Analysisa
Experiment Temp, °F Ratio ft/sec 0,,%4 CO2,% SOp,ppm NO,ppm CO,ppm
VAR-1 1445 2.9 2.1 2.7 17 120 190 100
VAR-2 1565 2.9 4.8 3.0 17 130 210 30
VAR-3 1575 1.1 2.1 3.0 15 350 140 30
VAR~ 4 1650 1.9 2.3 3.0 16 120 180 50
VAR-5 1460 1.0 3.4 3.0 15 680 150 760
VAR-6 1565 2.0 3.6 3.0 16 170 190 30
VAR-6-R 1560 2.1 3.6 2.9 15 210 180 30
VAR-6-2R 1550 2.0 3.5 3.0 16 190 160 30
VAR-7 1460 2.2 4.2 2.7 16 260 150 90
VAR~ 8 1630 3.2 3.6 3.0 17 130 270 40
VAR-9 1665 1.0 4.9 2.9 16 850 120 40

a

Dry basis.



Sulfur Dioxide Retention. Sulfur dioxide levels in the flue gas
ranged from 850 ppm at a Ca/S mole of 1.0, gas velocity of 4.9 ft/sec,
and bed temperature of 1665°F to a low of 120 ppm at a Ca/S mole ratio
of 2.9, gas velocity of 2.1 ft/sec, and bed temperature of 1445°F (SO,
level at zero removal is about 2300 ppm). These sulfur dioxide levels
correspond, respectively, to emission rates of 1.57 and 0.23 1b $0,/10°
BTU as compared with the EPA emission standard of 1.2 1b S0,/10°® BTU.

Analysis of Variance of 50, Data. An analysis of variance was
made on the SO, levels in the flue gas and is presented in Table 3.

According to the F-test for significance at the a = 0.1 level, the
Ca/S mole ratio is the only significant source of variation in the ob-
served experimental SO, levels. However, the validity of the analysis
of variance for the latin square experimental design (essentially a
one-third replicate of a 33 factorial design which does not confound
main effects with each other) is based on the assumption that the con-
trolled variables act independently of one another. This is expressed
mathematically by the model equation for the latin square experimental
design as follows:

Xijk = u + a, + Bj + Ty + €y
where X; ., denotes the observed response, p equals the true mean of all
possibleJresponses, oy, Bis and yp equal the true treatment effects,
and €53k equals the residual or error between the observed response
and the expected response.

ik

Table 3. Analysis of Variance of 805 Flue-Gas Levels
in the 3 x 3 Latin-Square Designed Series of "VAR" Experiments

Source of Sum of Degrees of Mean
Variation Squares Freedonm Square Fea FO 1
Ca/S Ratio  4.434 x 10° 2 2.217 x 10> 15.8 9.00
Velocity 7.120 x 10% 2 3.56 x 10" 2.5
Temperature 3.780 x 10" 2 1.89 x 10" 1.4
Error 2.80 x 10" 2 1.40 x 10%

Total 5.804 x 10° 8
a

Fe = ratio of variable mean square to the error mean square.
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In practice, the assumption of independence is generally taken to
mean that the interactions are not large compared to the main effects.,
When interactions are large, in addition to inflating the experimental
error mean square, they confuse the effects required to be estimated
and can give misleading F-tests for significance. Evidence that the
error mean square has been inflated in the analysis of variance for
the SO, data is apparent in comparing the error mean square in the
analysis of variance table (1.4 x 10%) to the S0, variance determined
from the replicated experiments (4.0 x 102). Since both are estimates
for 02, the variance of the response data, the difference between the
two values seems large. The large error mean square in the analysis
of variance table seems to indicate that interactions may be relatively
large and that the model equation for the latin square analysis of
variance does not hold for the SO, data.

Regression Analysis of S0, Data. Using nonlinear regression
methods, the S0, levels in the flue gas were correlated using the
following power-curve-type equation:

yi/2
In 80 = A+ 3B (Gp )

Where SO, = level of SO, observed in the flue gas, ppm
A,B = constants
V = superficial fluidizing-gas velocity, ft/sec
R = Ca/$S mole ratio B
T = Bed temperature, °R x 10 3
The values of the coefficients A and B were determined by the
method of least squares to be 4.06 + 0.06 and 2.53 + 0.10, respectively.
The nominal or designed levels of the independent operating variables
were used for the correlation.

In Table 4, the calculated and experimental values for the eleven
experiments in the "VAR" series are presented for comparison.
Examination of the residuals indicates an excellent correlation of
the data with the empirical equation. It should be emphasized that
the correlation equation is not represented as a functional explanation
for the dependence of the SO, flue-gas concentration on the operating
parameters,

Figures 3, 4, and 5 illustrate, respectively, the effect of Ca/$S
mole ratio, superficial fluidizing-gas velocity, and bed temperature
on the SO, flue-gas concentration. The solid lines in the figures are
based on the empirical correlation of the data given above. The
experimental data, corrected where necessary for the effect of the
third independent variable, are plotted along with the correlation
curves. For Ca/S ratios above 2.0, the SO, removal is generally
greater than 90%. The level of S0, in the flue gas increases rapidly,
however, with decreasing Ca/S ratio and with increasing gas velocity
at low Ca/S ratios. The combustion temperature appears to have very
little effect over the range of conditions investigated. This is
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considerably different from the temperature effect observed in
atmospheric-pressure combustion experiments which showed a maximum
sulfur dioxide removal (hence a minimum sulfur dioxide level) at

a combustion temperature of 1550°F.!

Table 4. Comparison Between Experimental and Calculated Values
for the SO, Flue-Gas Levels in the "VAR" Experiments

Levels of S0, in
the Flue Gas, ppm

Experiment Experimental Calculated Residual
VAR-1 118 110 -8
VAR-2 ' 129 145 16
VAR-3 351 340 -11
VAR-4 122 135 13
VAR-5 681 690 9
VAR-6 169 185 16
VAR-7 262 255 ~7
VAR-8 131 120 ~11
VAR-9 846 845 -1
VAR-6-R 209 185 -24
VAR~6~2R 190 185 -5

The results indicate that for this coal and additive it should
be possible to operate close to a Ca/S mole ratio of 1.0 and still
meet the EPA emissions limitation of 1.2 1b of sulfur dioxide per
10® BTU. It should be emphasized, however, that the effects reported
here are based on a minimum number of observations. Since the sulfur
dioxide level in the flue gas is so highly responsive between a Ca/$
mole ratio of 1.0 and 2.0, additional data in this range are needed
to provide a greater degree of reliability to the effects observed
above.

Kineties of S0, Retention. The pronounced effect of the Ca/$
mole ratio on the SO, flue-gas concentration (Fig. 3) suggests that
the rate of SO, uptake by the additive is diffusion limited. At
high Ca/S ratios (22.0), sufficient additive surface area is available
for high SO, removal (v90% or better). As the Ca/S ratio approaches
unity, however, diffusion of reactants and products to and from the
internal surfaces of the additive particle becomes increasingly
important for high removal rates. The relatively poor removal rates
obtained at a Ca/S mole ratio of 1.0 suggest, therefore, a diffusion-
limited process.

Examination of Fig. 4 also supports the theory that the 50,-
dolomite reaction is diffusion limited. In a diffusion-controlled
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situation, the smaller particles are more reactive than the larger
particles because of their significantly greater external surface area
per unit mass. Increasing the superficial, fluidizing-gas velocity
through the bed in effect reduces the reactor residence time of the
smaller, more reactive particles by increasing the rate of their
elutriation from the reactor. At the high Ca/S ratios, loss of the
finer particles is less significant because of the relatively large
quantity of dolomite available to react with the sulfur. At the

lower Ca/S ratio of 1.0, however, the loss of the finer, more reactive
particles becomes more noticeable.

The relatively small effect of temperature on the SO, removal, as
shown in Fig. 5, again suggests a diffusion-controlled process.
Reaction-controlled processes should show a strong temperature
dependence.

Nitrogen Oxide Emissions. Nitrogen oxide levels in the flue gas
were extremely low over the entire range of operating conditions
tested. Values ranged from 270 ppm at a Ca/S mole ratio of 3.2,
combustion temperature of 1630°F, and fluidizing-gas velocity of 3.6
ft/sec to 120 ppm at a Ca/S mole ratio of 1.0, temperature of 1665°F,
and velocity of 4.9 ft/sec. These nitrogen oxide concentrations
correspond, respectively, to emissions of 0.40 and 0.15 1b N02/106
BTU, as compared with the EPA emission standard of 0.70 1b NO, /108
BTU.

An analysis of variance was made for the NO data as for the 50,
data, and is presented in Table 5. The only apparently significant
effect on the NO level in the flue gas was the Ca/S ratio. It would
appear from the analysis of variance that the problem of interaction
between the independent operating variables was not as serious as in
the analysis of variance for the SO, data. The error mean square of
412 compares well with the variance of 272 determined for the NO data
from the three replicate experiments.

Table 5. Analysis of Variance of NO Flue-Gas Levels in the
3 x 3 Latin-Square Designed Series of "VAR" Experiments

Source of Sum of Degrees of Mean

Variation Squares Freedom Square Fe FO 1
Ca/S Ratio 11,494 2 5,747 13.9 9.00
Temperature 1,425 2 712 1.7

Velocity 2,627 2 1,314 3.2

Error 823 2 412

Total 16,369 8
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In Fig. 6, the experimental values of the nitrogen oxide levels in
the flue gas are plotted as a function of the Ca/S mole ratio. The
broken lines in Fig. 6, which connect data from experiments performed
under nominally similar combustion temperatures, suggest a possible
temperature dependence, but the results are inconclusive on that
point. The observed correlation with Ca/S mole ratio is consistent
with the reported correlation of NO with SO, levels during fluidized-
bed combustion. Reduced mole ratios of Ca/S correspond to high levels
of S0, in the fluidized bed of partially sulfated additive, which in
turn has been shown to correspond with low NO levels in the flue-

gas.2s3

The nitrogen oxide levels reported here for combustion at 8 atm
are considerably below the 300 to 550 ?pm values previously obtained
during atmospheric combustion studies. The pressure effect on
nitrogen oxide emissions has been observed by other investigators.“

Combustion Efficiency. Combustion efficiencies, expressed as
the percentage of the total combustible carbon fed to the combustor
that was converted to carbon dioxide, have been determined for the
eleven experiments in the combustorxr variable study. Results of the
calculations are listed in Table 6.

Combustion efficiencies for the eleven experiments ran from 88
to 97%. In the analysis of variance, combustion temperature was the
only variable indicated to have a significant effect at the a = 0.1
level. At a given gas velocity, the data indicate that the combustion
efficiency increases with increasing temperature. The only anomaly
in the combustion efficiency data is the low value of 91% for
Experiment VAR-9. A value nearer 95% or 96% for this particular
experiment would have been more consistent with the other values
reported.

The data also suggest that, at a given temperature, the combustion
efficiency may decrease slightly with increasing gas velocity. This
can also be seen in Fig. 7, which graphically illustrates the temper-
ature dependence of combustion efficiency. The spread of the data
indicates that increasing the velocity may result in slightly lower
combustion efficiencies at a given temperature, owing perhaps to
slightly shorter hold-up times for the combustible material in the
fluidized bed. If the effect is real, however, it was too small to
be indicated as significant by the analysis of variance.

The combustion efficiencies reported here are comparable with
previously reported efficiencies obtained for atmospheric combustion
experiments.1 In the previous experiments, an Illinois No. 6 coal
containing 4.5 wt % sulfur was burned in a limestone bed at combustion
temperatures between 1550 and 1650°F, a fluidizing-gas velocity of
3 ft/sec, excess oxygen in the flue gas between 2.0 and 3.0%, and
Ca/S mole ratios between 0 and 4.2. Measured combustion efficiencies
for those experiments ranged from 94 to 97%. Whereas 10 to 20% of the
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Table 6. Combustion Efficiencies for "VAR"-Series Experiments

Nominal Combustion

Bed Temp, Ca/S Efficiency,a

Experiment °F Mole Ratio %
Gas velocity, 2.0 ft/sec

VAR-1 1450 3.0 90
VAR-3 1550 1.0 g6
VAR-4 1650 2.0 97
Gas velocity, 3.5 ft/sec

VAR-5 1450 1.0 89
VAR-6 1550 2.0 94
VAR-6-R 1550 2.0 g4
VAR-6-2R 1550 2.0 94
VAR-8 1650 3.0 96
Gas velocity, 5.0 ft/sec

VAR-7 1450 2.0 88
VAR-2 1550 3.0 94
VAR-9 1650 1.0 91

8pefined as the percentage of the total combustible carbon fed
that was completely burned to CO5.
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unburned carbon was in the form of carbon monoxide and methane in the
flue gas for the atmospheric pressure experiments, only 0.2 to 1.3%
of the unburned carbon was present as carbon monoxide and methane in
the flue gas for the experiments at 8 atm. The major carbon loss

in the tests at 8 atm occurred as the result of the elutriation of
fine, unburned carbon particles from the fluidized bed.

In an application of the fluidized-bed combustion concept, the
fly ash containing the unburned carbon will be fed to a second
fluidized bed to complete the combustion. Earlier work has shown
that combustion efficiencies of over 99% are then readily achieved.®

Combustible Carbon Hold-up in the Fluidized Bed. Related to
combustion efficiency is the combustible carbon hold-up in the
fluidized bed. High carbon inventories in the fluidized bed could
present highly unstable and hazardous operating conditions, particularly
during start-up and shut-down of a unit.

To provide a measure of the combustible carbon hold-up in the
fluidized bed during combustion, samples of the final bed material
from the experiments in the variable study were analyzed for total
carbon and for carbon present as carbonate ion. The combustible
carbon content was taken as the difference between these two values.
The results of these calculations are presented in Table 7.

For the eleven experiments, the combustible carbon in the final
bed material ranged from <0.01 to 1.607% and was <1.0% in seven of the
experiments. These levels of carbon are sufficiently low to ensure
safe, stable operating performance. The analysis of variance indicates
no significant effects of the operating conditions on the combustible
carbon levels in the final bed samples.

Additive Utilization. Of considerable economic importance is the
level of additive utilization that can be achieved for a given sulfur
removal. Additive utilization, or degree of sulfation, is defined as
the percentage of the total moles of calcium in the additive converted
to calcium sulfate. As the ratio of calcium in the additive to the
sulfur in the coal decreases, the additive utilization increases.

This is accompanied, however, by a net decrease in the amount of
sulfur retained by the additive and results in higher sulfur dioxide
emissions. For the Arkwright coal, for example, the EPA emission
standard requires approximately 717% sulfur removal. It should be
theoretically possible, therefore, to meet the requirements using a
Ca/S ratio of 0.71, assuming 100% utilization of the additive.

Table 8 lists the calculated calcium utilization values for the
solid samples recovered from the bed, two cyclones, and a filter at
the conclusion of each experiment. The entrained solid samples
represent sclids recovered from the flue gas during the entire
experiment, including startup. The startup time was relatively short
compared with the total time of the experiment, and run times were of
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Table 7. Combustible Carbon Content of Final Bed
Material for "VAR''-Series Experiments

Nominal

Final Bed Com- a
Gas Velocity, Ca/S, mole bustible Carbon,
Experiment ft/sec ratio wt 7%

Bed temp, 1450°F

VAR-1 2.0 3.0 0.60
VAR-5 3.5 1.0 1.27
VAR-7 5.0 2.0 <0.01
Bed temp, 1550°F

VAR-3 2.0 1.0 0.68
VAR-6 3.5 2.0 1.60
VAR-6-R 3.5 2.0 <0.01
VAR-6-2R 3.5 2.0 1.00
VAR-2 5.0 3.0 1.30
Bed temp, 1650°F

VAR-4 2.0 2.0 0.85
VAR-8 3.5 3.0 0.36
VAR-9 5.0 1.0 0.42

®Estimated accuracy, *107.

Table 8. Calcium Utilization® in Solids Outlet Streams
for the Combustion of Arkwright Coal in a Fluidized Bed
of Tymochtee Dolomite

Calcium Utilization

Ca/s Fluidization Final Primary Secondary

Mole b Velocity, Bed, Cyclone, Cyclone, Filter,
Experiment Ratio ft/sec % % % pA
VAR-1 2.9 2.1 37.2 34.9 52.6 93.7
VAR-8 3.2 3.6 32.3 25.5 37.4 27.3
VAR-2 2.9 4.8 34,1 30.1 47.9 50.0
VAR-4 1.9 2.3 49.8 35.1 32.6 39.8
VAR-6 2.0 3.6 41.3 37.9 56.5 75.0
VAR-6-R 2.0 3.6 49.7 41.7 62.5 82.0
VAR-6-2R 2.0 3.5 48.5 41.1 59.5 77.8
VAR-7 2.2 4.2 47.3 39.0 37.5 46.5
VAR-3 1.1 2.1 77.4 55.5 66.3 79.2
VAR-5 1.0 3.4 76.5 56.9 65.2 77.8
VAR-9 1.0 4.9 82.7 38.4 54.8 88.9

3Defined as the percentage of total moles of calcium present as CaSO,.

bIn coal and additive feed streams.

43



sufficient duration to allow for 80% bed replacement, assuming
perfectly backmixed flow of additive through the combustor. The
final bed samples, therefore, are fairly representative of steady-
state conditions.

Examination of the data in Table 8 indicates that utilization of
additive in the final bed material was affected inversely by the Ca/S
ratio and relatively unaffected by the fluidizing-gas velocity or bed
termperature. This is graphically illustrated in Fig., 8, which depicts
the sulfation of the final bed material as a function of the Ca/S mole
ratio. According to the analysis of variance, the effect of Ca/S mole
ratio on final bed utilization is highly significant at the o = 0.005
level.

It is interesting to note, however, that the additive utilization
was consistently higher for the final bed material than for the
elutriated solids collected in the primary cyclone. In addition,
calcium utilization for elutriated solids generally increased the
farther downstream the particulate matter was collected from the flue
gas. This latter result is attributed to increasing reactivity with
decreasing particle size of the particulate matter removed sequentially
from the primary cyclone, the secondary cyclone, and the filter.
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Figure 8. Additive Utilization of Final Bed Material
as a Function of Ca/S Mole Ratio
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Removal of Additive from Combustor by Elutriation. The results
of the preceeding section on utilization indicate a definite advantage
in minimizing the amount of additive leaving the combustor entrained
in the flue gas. Not only is the utilization consistently higher for
the additive in the fluidized bed (and hence for the additive leaving
the combustor by overflow through the standpipe) than for the bulk of
the entrained additive removed from the flue gas by the primary cyclone,
but high additive entrainments may also present additional problems in
flue-gas cleaning to meet the standards for particulate emissions.
The two factors most strongly affecting elutriation of additive from
the combustor are the gas velocity relative to the particle-size
distribution of additive in the feed (terminal velocity effects) and
the amount of decrepitation of additive that occurs during fluidization.

Terminal Velocities of Additive Particles. A theoretical consid-
eration was made of the terminal velocities associated with different
sized particles of additive. By means of a terminal-velocity correlation
reported by Kunii and Levenspiel,6 a series of curves was derived to
illustrate the effect of system pressure (Z.e., as it affects the
density of the fluidizing gas), particle density, and particle
sphericity on the relationship of particle size to its terminal
velocity. The results of these calculations are presented in Fig. 9.
The top curve relates the terminal gas velocity as a function of
particle size for spheres having a particle density of 2.24 g/cm3 (an
approximate value for half-calcined dolomite). The fluidizing gas was
considered to be at a temperature of 1800°F and a pressure of 1 atm,
At a fluidizing-gas velocity of 5 ft/sec, no entrainment of +45 mesh
solids would be expected. The lower curves, however, illustrate the
effect of including a factor for the nonspherical nature or lack of
sphericity of real particulate matter. By assuming a sphericity of
1.0 (true spheres), a typical flue-gas composition of the major
components, a temperature of 1450°F, and a pressure of 8 atm, a set
of curves was calculated for particle densities of 2.85 and 2.24 g/cm3
(estimated range of density for half-calcined, partially sulfated
dolomite). Again, little if any entrainment of +45 mesh additive
would be expected at fluidizing velocities of only 5 ft/sec. A
repetition of the calculations for sphericities of 0.8 and 0.6
produced the lower two sets of curves. A sphericity of 0.6 or lower
is common for crushed particulate materials.® At these lower values
of sphericity, a fluidizing-gas velocity of 5 ft/sec is well above
the terminal velocity required to entrain additive in the +45 mesh
range. The two data points in Fig. 9 correspond to the maximum
particle size of additive recovered from the primary cyclone for '"VAR'"
experiments made at 2.1 and 4.9 ft/sec. It would appear, therefore,
that 80-90% of the dolomite used in the combustion experiments had a
terminal velocity below 5 ft/sec.

Experimental Elutriation Rates. On the basis of calcium material
balances made for the experiments in the variable study, it was
possible to calculate values for additive entrainment expressed as a
percentage of the additive feed rate. In these experiments, the
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particle-size distribution of the dolomite fed to the combustor was
held constant.

The results of the calculations are presented in Fig. 10, which
depicts the relative rate of additive entrainment from the combustor
as a function of the superficial-gas velocity. Entrainment of the
additive increases rapidly from 5% at 2 ft/sec to as much as
80% entrainment at a velocity of 5 ft/sec. The high elutriation rates
at 5 ft/sec fluidization velocity are certainly in keeping with the
theoretical terminal velocities of the dolomite particles.
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The data suggest that the inverse effect of velocity on sulfur
removal is a result of the increased entrainment of additive at the
higher velocities. We previously observed that velocity had no
significant effect on the utilization of additive in the fluidized
bed. It may be possible, therefore, to offset the inverse effect of
velocity on sulfur retention by using a larger additive particle size
at the higher velocities to reduce entrainment.

Decrepitation of Tymochtee Dolomite. A semi-quantitative attempt
was made to determine to what extent the high entrainments of additive
reported above were the result of decrepitation of additive followed
by elutriation of the resulting fines. The method chosen to provide
a measure of additive decrepitation during a combustion experiment was
to inventory the +45 mesh additive material (particle diameter >354 um)
entering and leaving the combustion system. A more exacting or
detailed analysis of decrepitation was hindered by the presence of
fly ash in the entrained solids removed from the flue gas in the
cyclone separators.

This is illustrated by a visual analysis of the different size
cuts (+45, -100 to +170, and -325 mesh) of a typical primary cyclone
product shown in the photograph of Fig. 11. The +45 mesh fraction of
the product appears to be essentially free from fly ash and unburned
carbonaceous materials. The two finer size fractions, however,
obviously contain considerable amounts of interfering ash and carbon.
Chemical analysis of the +45 mesh material in Fig. 11 indicates a
total carbon (from unburned carbon and CaC03) of only 3.9%. Chemical
analysis of the unsplit material indicates a level of 4.1% carbon as
carbonate in the additive. Thus, the +45 mesh fraction does not contain
any significant levels of carbon or ash derived from the coal.
Conversely, the -100 +170 and -325 mesh fractions illustrated in
Fig. 11 contain 36 and 20 wt % carbon, respectively, which implies a
considerable carbon and ash content derived from the coal.

The screen-analyses data for the "VAR" experiments (tabulated in
Appendix C) were used to inventory the +45 mesh additive entering and
leaving the combustor. Weights of half-calcined and partially sulfated
additive were corrected on the basis of calcium-utilization data in
Table 8 to the equivalent weight of fresh unreacted stone represented
by the sample. An assumption made in the analysis was that the size
of a particle does not change appreciably during calcination or
sulfation. Minor changes in size would only affect the very small
percentage of additive with a particle diameter at or near the 354 um
cut point. The +45 mesh fraction, however, accounts for approximately
87 wt % of the unreacted additive fed to the reactor.

The results of the calculations for the eleven experiments in
the variable study are presented in Table 9. Additive recovery values
determined by the above procedure ranged from 78 to 108% for the
individual experiments. Average recoveries, however, calculated for
each level of the three independent operating variables only ranged
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from 92 to 103% as compared with the average recovery of 96% for all
the experiments. The data indicate that very little decrepitation
of the additive occurs over the range of conditions tested.

o

~ 32D

Figure 11. Various Size Fractions of Primary Cyclone Product
Recovered during Combustion Experiment VAR-6-2R

Heat-Transfer Coefficients at the Combustor Wall. Values of heat-
transfer coefficients at the combustor wall have been determined for
the eleven experiments in the statistically designed series of
combustion experiments. Figure 12 illustrates the factors considered
and the method used in the calculation of the coefficients. Using the
notation given in Fig. 12, the amount of heat transferred through the
reactor wall was determined by means of the equation.

™ (qr - AHr) - (qi & 9 + qo) (4)

The heat of reaction term, AH,., considers that the following reactions
occur in the fluidized bed: combustion of coal, dissociation of
dolomite, calcination of magnesium carbonate, and sulfation of calcium
carbonate.
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Table 9. Inventory of +45 Mesh Additive Entering and Leaving the
Combustion System for the Eleven Experiments in the "VAR" Series
of Combustion Experiments

+45 Mesh Additive
Entering System,a

+45 Mesh Additiye
Leaving System,

Recovery of +45
Mesh Additive,

Experiment kg kg %
VAR-1°¢ 32.8 34.7 105
VAR-2 41.5 40.9 98
VAR-3 44.6 34.6 78
VAR-4 45.6 42.5 93
VAR-5¢ 53.6 58.1 108
VAR~6 44.8 45.0 100
VAR-6-R 43.4 40.7 94
VAR-6-2R 43.3 42.0 97
VAR-7¢ 41.6 39.4 95
VAR-8C 50.3 45.0 89
VAR-9 44.2 45.5 103

Nominal Average Recovery Value™ of
Variable Operating Levels +45 Mesh Additive, %

2. 92

Velocity, ft/sec 3.5 98
5. 99

1450 103

Temperature, °F 1550 93
1650 95

1.0 96

Ca/S Mole Ratio 2.0 96
3.0 97

aIncludes initial bed and dolomite fed to the combustor.

Includes final bed, overflow, primary cyclone, and secondary
cyclone products.

CRequired an estimate of the size distribution of the initial
bed based on the previous history of the additive material.

Average recovery for all "VAR" experiments = 967%.
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Figure 12. Factors Considered in the Calculation
of Heat-Transfer Coefficients at the Combustor Wall

Agsumptions inherent in Eq. 4 include: (1) heat transfer by
radiation from the surface of the bed to metal surfaces above the
level of the bed is negligible; (2) heat losses by conduction through
the gas distributor supporting the fluidized bed and by conduction in
the axial direction in the reactor walls are negligible; (3) combustion
products (gaseous and solid) leave the fluidized bed at the bed
temperature; and (4) the internal cooling coils remove heat only from
the fluidized bed (Z.e., not from the gas above the bed). The first
two assumptions tend to bias q toward higher than actual values,
whereas the last two assumptions tend to bias q;, toward lower than
actual values. Thus the omitted terms in Eq. 4, all estimated to be
relatively minor compared to the amount of heat transferred between
the fluidized bed and the vessel wall, tend to balance out the
possibility of a large net cumulative bias of q, in either direction.

After obtaining a value for the heat transferred through the

reactor wall, qy, by Eq. 4, the bed-to-wall heat-transfer coefficient,
Ui, was calculated by means of the equation

Ui =q, Ai AT (5
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where A; is the inside surface area of the combustor wall between the

distributor surface and the top of the standpipe regulating the height
of the fluidized bed, and AT is the temperature difference between

the bed temperature, Ty, and the inside wall surface temperature, Tj.

As T4 was not measured directly, it was determined by an iterative
solution of the following equations

X
T =T - _(f_‘l)_(_,‘:,’_)._ (6)
1w (i ) (&)
m
kT = ko + C(Tw + Ti) (7))
n 2

where kp equals the thermal conductivity of the reactor wall at the
average Ball temperature, A, is the log mean wall area for heat
transfer, X, represents the wall thickness, T, is the experimentally
determined outside wall temperature, and ky and C are constants.

The values of bed-to-wall heat-transfer coefficients determined
for the eleven experiments in the "VAR" series are presented in
Table 10 and Fig. 13 as a function of velocity. Values of the
coefficients range from about 40 BTU/(hr)(ftz)(°F) at a gas velocity
of about 2 ft/sec to more than 135 BTU/(hr) (£t2)(°F) at 5 ft/sec.

The high degree of scatter that the data exhibit may be attributable
to large uncertainties regarding (1) the effective height of the
fluidized bed, because this determines the wall surface area actually
being affected by the fluidized bed for heat transfer, and (2) the
particle density of the fluidized bed, because this directly affects
both the rate of heat transferred by conduction and convection through
the lamina or sublayer of gas at the combustor wall. Bed temperature
may also be a significant factor affecting the rate of radiant heat
transfer between the bed and vessel wall. The effect of temperature
1s not obvious, however, from the data shown in Fig. 13.

The values reported here for bed-to-wall coefficients appear to
be slightly higher than the 50 to 100 BTU/ (hr) (£t2) (°F) values reported
for other fluidized-bed combustion systems as heat-transfer coefficients
between the bed and tube surfaces immersed in the bed.’

Solids Loading in the Flue Gas. Data on the distribution of
flue-gas particulates in the "VAR" series of experiments are
presented in Tables 11 and 12. The flue-gas particulate concentration
is expressed as grains/scf in Table 11, because these units are
generally used in determining the suitability of the pressurized flue
gas for driving a gas turbine. 1In Table 12, the distribution of flue-
gas particulates is expressed as 1b/10® BTU. The latter units are
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Table 10. Heat-Transfer Coefficients for the "VAR" Series
of Statistically Designed Combustion Experiments

Fluidizing~Gas Bed-to~Wall Heat~Transfer
Experiments Velocity, ft/sec Coefficienta, BTU/ (hr) (£t2) (°F)

VAR-1 2.1 65
VAR-3 2.1 42
VAR-4 2.3 78
VAR-5 3.4 65
VAR-6 3.5 84
VAR-6-2R 3.5 101
VAR-6~R 3.6 96
VAR-8 3.6 115
VAR-7 4.2 100
VAR-9 4.9 96
VAR-2 4.8 136
aBased on inside area of combustor wall.
140 T T I E T
Ca/S RATIO: -3 o
EXCESS AIR :~I5% (3% 0, IN FLUE GAS)
120} FLUIDIZED -BED HEIGHT: 31t _
z TEMPERATURE , °F: a
o O ~ 1450
b O ~ 1550
Y 100 A~ 1650 —
o Fal
W
i
u. o
g= 8o —
g:
=3
E?so— —
Tz
3
£ 4ol o -]
e
2
@ 20 =
| | | | |
% ] 2 3 4 5 &

VELOCITY, ft/sec

Figure 13. The Effect of Velocity on Calculated
Bed-to-Wall Heat-Transfer Coefficients
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Table 11. Distribution of Flue~Gas Particulates in ''VAR"-Series Experiments
Expressed in Units of Grains/scf

7s

Nominal Flue-Gas Particulate Concentration, grains/scfa
Cca/s, Bed Temp, After After 1lst After 2nd After

Experiment Mole Ratio °F Combustor Cyclone Cyclone Filter
Gas velocity, 2.0 ft/sec

VAR-3 1.0 1550 4.1 0.7 0.3 b

VAR-4 2.0 1650 4.8 0.5 0.3 b

VAR-1 3.0 1450 6.3 0.8 0.3 b
Gas velocity, 3.5 ft/sec

VAR~5 1.0 1450 7.5 1.3 0.5 b

VAR-6 2.0 1550 8.3 0.6 0.2 b

VAR-6-R 2.0 1550 10.8 0.6 0.3 b

VAR-6-2R 2.0 1550 10.0 0.8 0.4 b

VAR-8 3.0 1650 13.5 0.9 0.3 b
Gas velocity, 5.0 ft/sec

VAR-9 1.0 1650 10.4 0.6 <0.3 <0.1

VAR-7 2.0 1450 17.8 4.7 2.1 <0.1

VAR-2 3.0 1550 23.4 1.2 0.7 b

®Estimated accuracy, +107%.
bNo data obtained.



Table 12. Distribution of Flue-~Gas Particulates in "VAR"-Series Experiments
Expressed in Units of 1b/10® BTU

19

Nominal Flue-Gas Particulate Level, 1b/106 BTU?
Ca/s, Bed Temp, After After lst After 2nd After
Experiment Mole Ratio °F Combustor Cyclone Cyclone Filter
Gas velocity, 2.0 ft/sec
VAR-3 1.0 1550 7.3 1.2 0.5 b
VAR~4 2.0 165G 8.8 0.8 0.5 b
VAR-1 3.0 1450 10.5 1.3 0.5 b
Gas velocity, 3.5 ft/sec
VAR-5 1.0 1450 12.3 2.2 0.9 b
VAR-6 2.0 1550 13.8 0.9 0.4 b
VAR-6~R 2.0 1550 18.7 1.0 0.5 b
VAR-6-2R 2.0 1550 16.7 1.3 0.7 b
VAR-8 3.0 1650 24,0 1.6 0.6 b
Gas velocity, 5.0 ft/sec
VAR-9 1.0 1650 17.1 1.0 <0.5 <0.1
VAR-7 2.0 1450 27.9 7.4 3.3 0.1
VAR-2 3.0 1550 39.1 2.0 1.1 b

2Estimated accuracy, +10%.

bNo data obtained.



used by EPA for control of particulate emission from a fossil-fuel-
fired steam-generating plant, Such a plant has a maximum particulate
emission standard of 0.1 1b/10%® BTU heat input.

The solids loading in the flue gas as it left the combustor is
graphically presented in Fig. 14 as a function of Ca/S mole ratio at the
three levels of gas. velocity studied. Loadings ranged from a low of 4.1
grains/ft3 at a Ca/S ratio of one and velocity of 2 ft/sec to a high of
23 grains/ft3 at a Ca/S ratio of three and velocity of 5 ft/sec. Extrapo-
lation of the curves to zero Ca/S ratio would roughly indicate the
contribution to each curve made by the fly ash from the coal., At gas
velocities of 2, 3.5, 5 ft/sec, increasing the Ca/S mole ratio from one
to three increased the solids loading in the flue gas by 60, 80, and 125%,
respectively. While these results suggest the desirability of maintaining
low Ca/$S ratios to minimize solids loading from the additive, loadings at
high Ca/S ratios could be reduced significantly at suitably selected gas
velocities and sorbent particle sizes. Thus, the loadings quoted here
should not be considered representative of what could be acheived under
optimized conditions.

The data presented in Tables 11 and 12 on the concentration of
flue-gas particulates after the two cyclones and the filters are for
informational purposes only and should not be construed as representing
the limit of particulate retention. Design of the cyclones and filters
used in the ANL combustion pilot plant was not optimized for particulate
collection.

Carbon, Sulfur, and Calcium Material Balances. Carbon, sulfur,
and calcium material balances have been calculated for the 'VAR"
experiments. The calculations were based on chemical analyses of
riffled samples of the various solids streams added to, or removed
from, the combustor and on analyses of the flue gas for CO,, CO, CHy,
and SOp;. The results are summarized in Table 13. More detailed
material-balance data for each of the eleven experiments in the "VAR"
series are presented in Appendix B of this report, Tables B~1 through
B-1l, inclusive.

As shown in Table 13, the material balances ranged from 103 to
116% for carbon, from 80 to 99% for sulfur, and from 79 to 107% for
calcium. In light of the numerous possibilities for inaccuracies in
weighing, sampling, and analysis of the various streams, material
balances of 100 + 10% are considered acceptable. Of the 33 values
shown in Table 13, 25 (or 76%) of the values are within this range.

Particle-Size Distribution of Fluidized-Bed and Elutriated Selids.
Screen analysis data for the "VAR" experiments are presented in Table C-1
of Appendix C and summarized in Fig. 15, which is a pilot of the mass-mean
particle diameters of the indicated samples against gas velocity. The
data reflect the increased elutriation of additive with increased velocity
as shown in Fig. 10. As the gas velocity increases, progressively larger
bed particles are elutriated from the bed and retained in the cyclones.
Thus, the mean diameters of all the samples tend to increase with increas-
ing gas velocity.
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Table 13. Carbon, Sulfur, and Calcium Material Balances
for "VAR" Series of Experiments

Percent Accounted For

Experiment Carbon® Sulfurb Calcium®
VAR-1 116 80 106
VAR-2 114 96 107
VAR-3 103 88 86
VAR~4 113 93 92
VAR-5 107 93 79
VAR-6 105 90 92
VAR-6-R 105 90 97
VAR-6-2R 105 90 93
VAR-7 104 99 96
VAR-8 116 95 97
VAR-9 108 95 93

aAnalytical accuracy, +5% relative for solid samples.

bFor >5% sulfur, analytical accuracy, +57% relative for
solid samples. For <57 sulfur, analytical accuracy,
+10% relative for solid samples.

CAnalytical accuracy, +2% relative.

57



1000
o -7
900 ° ’
o o
SL 800} FINAL BED Y o
- L]
o
P 7001 L
¢ o DOLOMITE FEED
=
o 600F .
o SAMPLE : Figure 15. Mean Particle Diameters
0 soof © FINAL BED of Solid Samples from the '"VAR"
E OZE%TRY;WCEQNE Series of Combustion Experiments
& 400 © SECONDARY CYCLONE vs. Fluidizing—Gas Velocity
4
§ 300 -
[72]
2 200 o
= " PRIMARY g SECONDARY
CYCLONE—— YooOnE
100 .50 -
- S <
0 1 t ) t '
0 ! 2 3 4 5 6

FLUIDIZING GAS VELOCITY, fi/sec

The results of limited experience gained in the use of a Brink im-
pactor to measure the solids loading and particle-size distribution in
the flue gas being vented from the system are presented in Appendix D.

Combustion-Side Corrosion of Internal Cooling Coils. Corrosion on
the external (or bed) side of an internal cooling coil was studied after
an estimated 500 hr of operating time. Samples No. 3 and 11, taken from
the cooling coil where it extended below the surface of the fluidized
bed, exhibited intergranular corrosion to a depth of 30 pm (see Fig. 16).
Both samples exhibited sensitization and sigma phase formation. Sensi-
tization of type 310 SS occurs at 800 to 1500°F and sigma phase forma-
tion at 1200°F. It should be noted that tube temperatures were not care-
fully controlled and may have occasionally approached the temperature of
the fluidized bed. In a commercial unit with optimized tube materials
and carefully controlled metal temperatures, it should be possible to
keep corrosion within acceptable limits.

Sample No. 12, shown in Fig. 17, was taken from the cooling coil
in the freeboard area of the combustor, ~4 1/2 ft above the bed. Very
little intermal, or coolant-side, corrosion was observed, but external,
or bed-side, corrosion was to a depth of 600 um. The sample was exam—
ined using an electron microprobe. Photographic images show some deple-
tion of Fe and Ni along the grain boundaries where corrosion took place,
Sulfur is seen in these grain boundaries to the depth of corrosion. Elec~
trolytic etching of the sample showed that the metal was sensitized.
This particular sample had seen V1000 hr of operating time.
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a. As-polished Photomicrograph of
Sample No. 3 (275X)

b. As-polished Photomicrograph of
Sample No. 11 (275X)

Figure 16. Sample No. 3 and 11, Showing Intergranular-
Type Corrosion on the Bed-Side Wall of an
Internal Cooling Coil Immersed in the
Fluidized Bed
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Combustion of Low-Sulfur, Subbituminous and Lignite Coals

Combustion experiments were made in the 6-in,-dia pressurized
combustor to determine whether any difficulties would be encountered
in processing a San Juan mine, subbituminous coal having a high coal~
ash content of 17% and a Glenharold mine lignite having a low heating
value of 7,625 BTU/1b. The nominal operating conditions for the two
experiments were a bed temperature of 1550°F, fluidizing-gas velocity
of 3.5 ft/sec, and an 0, concentration of 3% in the dry flue gas. Due
to the low sulfur content (<1 wt %) of the two coals, a Ca/S mole ratio
of 1.0 was selected. 1In Table 14 are summarized the actual operating
conditions and flue-gas analyses for the two experiments. Included
in this table are estimated SO, and NO flue-gas compositions for
Arkwright coal combusted under nominally similar operating conditions.
The estimates are based on correlations reported for the results of
combustion experiments with Arkwright coal.

Operating Performance. The operating performance of the fluidized-
bed combustor during the combustion of both the subbituminous and
lignite coals was excellent. These results, coupled with the performance
of the combustor in processing the highly-caking, high-volatile-
bituminous Arkwright coal, successfully demonstrate the versatility
of the fluidized-bed concept for processing coals of widely varying
rank and quality.

Sulfur Dioxide Retention. The S0, levels of 250 and 120 ppm for
the combustion of the subbituminous and lignite coals, respectively,
correspond to emissions of 0.45 and 0.21 1b SO,/10® BTU. By way of
comparison, combustion of the Arkwright bituminous coal under similar
conditions would have a projected SO; emission of 610 ppm or 1.15 1b
802/106 BTU. Correspondingly, the above SO, emissions represent
sulfur retentions of approximately 72, 72, and 85% for the bituminous,
subbituminous, and lignite coals, respectively.

The somewhat higher retention reported for the combustion
experiment with lignite may be a result of the relatively high calcium
content of the coal itself. Data in Table 15 show that Ca/S ratios
calculated just on the basis of calcium and sulfur contents for the
respective coals range from as low as 0.08 for the bituminous coal up
to 0.96 and 1.94 for the subbituminous and lignite coals, respectively.
Including the coal calcium with the calcium in the additive results in
potentially effective Ca/S ratios of 1.1, 2.1, and 3.0 for the three
combustion experiments as indicated in Table 15.

The potential effect of the coal calcium on sulfur retention
during combustion is indicated by the percentage of the sulfur in the
coal which was reportedly retained by the coal during ashing for
mineral analyses. For the bituminous coal, where the coal Ca/S ratio
is only 0.08, the amount of sulfur retained during ashing was only
3.7%. Sulfur retentions during ashing for the subbituminous and
lignite coals, however, increased to as high as 42 and 99%, respectively.
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Table 14. Actual Operating Conditions and Flue-Gas Analysis for Combustion Experiments
with Low-Sulfur Subbituminous and Lignite Coals

Experiment SJ-1A LIG-1 "YAR"-Type®

Z9

Operating Conditions

Coal: Mine San Juan Glenharold Arkwright
Rank Subbituminous Lignite Bituminous
Total time, hr 21.9 27.2 -
Time at steady operating
conditions, hr 19.0 24,7 -
Combustor pressure, atm 8.0 8.0 8.0
Bed temperature, °F 1565 1560 1550
Ca/S mole ratio in feed 1.1 1.1 1.0
Gas velocity, ft/sec 3.6 3.5 3.5
Coal feed rate, lbs/hr 45.3 54.4 29.4
Dolomite feed rate, lbs/hr 2.5 2.0 5.2

Air feed rate, cfm at 70°F
and 1 atm 78 78 77

Flue-Gas Analysisb

0y, % 2.9 3.2 3.0
SO,, ppm 250 120 610¢
NO, ppm 150 130 140°¢
CO, ppm 50 80 -
COz2, 7% 17 17 -

a . . . . .
Values obtained in this column are for comparison purposes only. Experiment was not
made at these conditions.

bDry basis.

C . . .
Predicted values based on correlations derived from data of "VAR'"-series experiments.
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Table 15. Potential Effect of the Calcium Content of Coals Tested
on the Retention of Sulfur during Fluidized-Bed Combustion

Experiment "VAR"-Type SJ-1A LIG-1
Coal: Mine Arkwright San-Juan Glenharold
Rank Bituminous Subbituminous Lignite
Coal sulfur content, wt % 2.82 0.78 0.53
Coal calcium content, wt % 0.27 0.75 1.03
Coal Ca/S ratio 0.08 0.96 1.94
Percent sulfur retained by 3.7 42 99

coal during ashing for
mineral analysis®

Ratio of calcium in additive 1.0 1.1 1.1
to sulfur in coal for

experiment

Total potentially effective 1.1 2.1 3.0
Ca/S ratio

Sulfur retention, % 72b 72 85

3Based on ultimate and mineral analyses performed by Commercial Testing Laboratories,
Chicago, Illinois.

bEstimated from results of combustion experiments with Arkwright coal.



A further indication of the activity of coal calcium in sulfur
retention was observed during a combustion experiment in which Arkwright
coal was combusted in a fluidized bed of Alundum. Flue-gas analyses
for the particular experiment indicated a sulfur retention in the bed
of approximately 3% as compared with 3.7% retained by the coal during
ashing.

Nitrogen Oxide Emissions. The NO levels of 150 ppm and 130 ppm,
respectively, for the combustion experiments with the subbituminous
and lignite coals correspond to emissions of 0.19 and 0.18 1b N02/106
BTU. The projected emission for the Arkwright coal (140 ppm) under
similar conditions is 0.19 1b NO,/10% BTU.

Combustion Efficiencies. Combustion efficiencies for the two
experiments were 94 and 97% for the San Juan and Glenharold coals,
respectively. These values agree well with the combustion efficiency
of 947 reported for the Arkwright coal at a combustion temperature of
1550°F (see Fig. 7).

Calcium Utilization. Calcium utilizations for the final bed
material of 74 and 71% for the combustion experiments with the San Juan
and Glenharold coals, respectively, in Tymochtee dolomite at a Ca/$S
mole ratio of 1.0, are in relatively good agreement with the 76 to
83% utilizations reported above for combustion experiments with Arkwright
coal using the same dolomite and the same mole ratio. The slightly
lower utilizations for the lower rank coals is undoubtedly a reflection
of the high calcium content of the coals themselves. The relatively
high calcium ashes of the low rank coals, even at low ash concentrations
in the final bed material, may give somewhat misleading and depressed
additive utilizations (assuming coal Ca is not as fully utilized as
additive Ca).

Material Balances and Screen Analyses. Overall carbon, sulfur,
and calcium material balances were calculated for the combustion
experiments with the low-sulfur coals. The material balances are
presented in Tables B~12 and B-13 of Appendix B for experiments SJ-1A
and L1G~1, respectively. Except for the low Ca balance (75% recovery)
for experiment SJ-1A and the high sulfur balance (1l16% recovery) for
experiment L1G-1, the material balances are similar to those reported
for the "VAR"-series experiments.

Particle-size data for the starting bed, final bed, bed overflow,
and elutriated solids collected in the primary cyclone for experiments
SJ-1A and L1G-1 are shown in Table C-2 of Appendix C. No particle-
size data were obtained for the elutriated solids collected in the
secondary cyclone or the primary and secondary filters because the
material collected in these units '"balled" when screening was attempted.
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Effect of Combustor Pressure and Temperature on the Concentration of
NO and Other Gases in the Flue Gas

The concentration of NO in the flue gas is significantly lower
in coal combustion experiments made at eight atmospheres pressure than
at one atmosphere. In the "VAR" series of experiments at eight
atmospheres pressure, NO concentrations ranged from 120 to 270 ppm
(see Table 2). 1In atmospheric tests made with a variety of coals and
conditions in the previously installed atmospheric-pressure combustor,
the NO concentration was generally above 300 ppm (see ANL/ES/CEN-1004).
Two series of experiments were conducted for the specific purpose of
studying the effect of combustor operating pressure on concentrations
of NO and other gases in the flue gas. The NOX-I series involved the
combustion of Arkwright coal in a fluidized bed of Alundum. In the
NOX-1II series, Arkwright coal was combusted in a fluidized bed of
sulfated dolomite while feeding dolomite to the bed at a Ca/S feed
mole ratio of 1.5. Nominal operating conditions in both series were
a bed temperature of 1550°F, 3% 0, in the off gas, and a fluidizing-
gas velocity of 3.5 ft/sec. Each of the two series of experiments
consisted of six parts with the combustor pressure ranging from 1 to
8 atm. In a third series of experiments, the system pressure was
maintained at 4 atm (60 psia), and the bed temperature was changed
from 1450 to 1550 and to 1650°F.

In addition to the concentrations of gases ordinarily monitored
in the flue gas (0,, CO,, SO,, CO, NO, and CH,), instrumentation was
installed for the continuous or intermittent determination of ammonia,
hydrogen, and C,-C, hydrocarbons. An EAI Quad 1200 residual gas
analyzer (quadrupole mass analyzer) was used to determine the NHj
concentration in the flue-gas stream. The Hy and C,~Cy hydrocarbons
were analyzed by gas chromatography. Hydrogen was also analyzed by
a thermal conductivity detector. Ethylene, ethane, acetylene, propane,
iso~propane, and butane were analyzed by a flame ionization detector.

An attempt was also made to monitor NO, continuously using a
Mast Model 724-11 analyzer, preceded by sodium carbonate scrubbers to
remove potential SO, interference. (Separate laboratory experiments
indicated that a gas stream containing up to 2500 ppm SO, can be
scrubbed to less than 1 ppm using this procedure.) However, the Mast
analyzer, which is actually designed for ambient air monitoring, gave
results that appeared to be biased by other flue-gas components, such
as strong oxidizing agents. The pressure and temperature effects of
NO, flue-gas levels will, therefore, be reserved for a future
investigation.

The NO, component has generally been considered to be a relatively
minor flue-gas component (<50 ppm), although only limited data are
available. Information that has been published was obtained by British
workers, who, in combustion experiments made at 5 to 6 atm, measured
NO and NO, levels on the order of 150 ppm and 5 to 10 ppm, respectively.
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Pressure Effect on NO Levels in the Flué Gas. The NO data gathered
from the NOX-I and NOX-II experiments are presented in Fig. 18, which
illustrates the effect of pressure on the concentration of NO in the
flue gas. 1In the absence of dolomite (NOX-I series), a rapid increase
in NO concentration is noted as the combustor pressure is reduced,
going from less than 200 ppm at 8 atm to around 1600 ppm at 1 atm.

The levels of NO reported for this experiment were higher than those
previously observed during combustion of coal in Alundum beds. No
explanation is available for this result.

In the presence of dolomite (NOX-II series), an increase in NO
is also observed at reduced pressures, although it is considerably
less pronounced than in the first series of experiments. The level
of NO increased from 200 ppm at 8 atm to 400 ppm at 1 atm. The NO
levels observed for this series are consistent with previously
reported values.
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Pressure Effect on the Concentration of Flue-Gas Components Other
Than NO. The observed concentrations of $0,, CO, Hy, and CHy in the
flue gas of the NOX-I and NOX-II series of experiments are presented
in Figs. 19 and 20, respectively. After an analysis of the data,
the following conclusions were drawn:

1. The SO, concentration is not affected greatly by changes in
system pressure. During the NOX-I experiments, the S0, level was
essentially constant at 2300 ppm between 1 and 8 atm of pressure.
In the NOX-II experiments, the SO, level ranged from 400 to 600 ppm
over the same pressure range.

2. Methane levels in the flue gas increase as the operating
pressure is reduced below about 6 atm. In both series of experiments,
the CHy level was a fairly constant 25 ppm at 6 and 8 atm. The level
of CH, then increased rapidly with decreasing pressure to around
400 ppm at 1 -atm.

3. 1In the presence of dolomite, CO levels in the flue gas
increased from 170 ppm at 8 atm to over 2000 ppm at 1 atm. In the
absence of dolomite, the CO level passed through a minimum (v100 ppm)
at around 4 atm pressure, and increased rapidly with either increasing
or decreasing pressures. This phenomenon remains unexplained.

4. The level of Hp is relatively unaffected by changes in
pressure from 8 atm to 2 atm, remaining at about 35 ppm in both
series of experiments. In the NOX-II experiments with dolomite,
the level of H, increased to 330 ppm at 1 atm.

S. The levels of the other gases were below the detection limits
of the instrument used for their measurement. Ammonia was found to be
<100 ppm for both series of experiments. The flue-gas ethylene, ethane,
acetylene, propane, and iso-propane concentrations were <10 ppm, and
the butane, <20 ppm.

Effect of Temperature on the Concentration of Flue-Gas Constituents.
A series of three experiments was also completed to determine the effect
of system temperature on concentrations of flue-gas constituents. The
data from these experiments are presented in Fig. 21. Under the
conditions at which the experiments were performed, temperature
variations from 1450°F to 1650°F had little or no effect on the
composition of the flue-gas components investigated.
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TRACE-ELEMENT DISTRIBUTION STUDIES

A study i1s being made of the distribution and potential emissions
of biologically toxic trace elements during the fluidized-bed combustion
of coal. Interest in the emissions of such elements as Hg, Be, Pb, and
F has increased considerably in recent years. Although these elements
are present at very low levels in fossil fuels, the large consumption of
these fuels in the United States represents an annual potential emission
release of up to several thousand tons for some of the elements.

Since most of the trace elements in coal are likely to be found in
the sorbent used for S0, removal, there is some interest in comparing
the behavior of the trace elements in a fluidized-bed combustor with con-
ventional, coal-fired power stations. Relative to conventional boilers,
the lower combustion temperatures of the fluidized-bed boiler and the
presence of additive for SO; retention may serve to retain potentially
volatile trace elements in particulate form. The elements of interest
are listed in Table 16 in order of their priority as pollution agents as
determined by the EPA.

Four combustion experiments have been completed to study the distri-
bution of trace elements in the combustion system. The approach being
taken is to make mass balances around the combustion system for as many
of the trace elements as possible within the economic limitations of the
study. This involves sampling and analyzing all the solid materials
charged to or recovered from the combustion system, including particu-
late matter entrained in the flue gas. The flue gas is also analyzed
for the more volatile trace-element species, Hg and F .

Table 16. Trace Elements of Interest and Their Order of Priority
for Experimental Investigation

First Priority Third Priority
Beryllium Copper
Mercury Zinc
Fluorine Barium
Lead Tin

Phosphorus

Second Priority Lithium

Vanadium
Cadmium Manganese
Arsenic Chromium
Nickel Selenium
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Solids Sampling

The mass balances are made over the duration of the combustion
experiments and not just over a specific interval of time. Inputs
to the mass balance, therefore, consisted of the initial bed charge
(either Alundum or partially sulfated additive from a previous
combustion experiment), the coal fed to the combustor and, for
experiments with a bed of additive, the sorbent fed to the combustor.
Outputs from the system consisted of the final bed, overflow material
removed through the standpipe, and entrained solids from the combustor

recovered in the primary cyclone, secondary cyclone, primary filter,
and secondary filter.

With the exception of the coal and additive feeds, samples
submitted for analysis were obtained by splitting or core éampling
the bulk materials. Because of the large volume of coal and additive
used during a single experiment, samples of these materials consisted
of randomly taken grab samples, which were combined into a single
sample for analysis. All samples were ground to a powder using a
mortar and pestle to promote homogeneity before further dividing the
samples for the individual analyses.

Flue-Gas Sampling

Whereas the solids were sampled prior to and at the conclusion
of the experiment, the flue gas was sampled over an interval of time
during the course of the experiment. The flue gas was sampled after
it had passed through the principal gas-solid separators, which
remove nearly all of the particulate matter above 5 pym in diameter,
and through the pressure let-down valve, This had the advantage of
allowing the sampling to be accomplished at atmospheric pressure,
even though the combustor and the ancillary equipment were operating
at pressures of up to 10 atm.

The modifications made in the flue-gas line to accommodate the
sampling process are indicated in Fig. 22. The sampling zone is a
5~-ft length of 4-in.-~dia, Type L copper tube with a nominal inside
diameter of 3.905 in. The sample probe is located approximately
12-pipe diameters downstream and 3-pipe diameters upstream from any
flow disturbances.

Sampling of the flue gas for particulate matter and gas phase
Hg and F~ was made using the apparatus illustrated in Fig. 23. The
sample probe was constructed from 1/4-in., Type 304 stainless steel
tubing. A tapered nozzle with a 5/32-in. opening was affixed to the
end of the probe to provide for streamlined sampling. The probe could
be inserted to any depth along the diameter of the flue to allow for
sampling at several traverse points. However, because of the relatively
small diameter of the flue, the highly turbulent gas flow, and the
location of the probe away from flow disturbances, sampling was done
only at the centerline of the flue. Thus the assumption made in
sampling was that the concentrations of interest were not a significant
function of radial position,
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The particulate matter in the gas sample was removed in the Brink
Cascade Impactor (in-line cyclone + 5 stages) and the follow-up, glass-
fiber filter (Gelman Type A). The impactor removed and separated the
particulate matter into five size ranges, which covered the range
from 0.3 to 3.0 ym in diameter. The sample probe, impactor, and
filter housing were heated to over 250°F to prevent condensation of
the Hg and F~ on the metal surfaces.

The sample of flue gas, after removal of the particulate matter,
passed through a series of scrubbers in an ice bath to remove the
volatile F~ and Hg compounds. The first scrubber contained 400 ml
of either a 1 wt % NalHCO; or saturated NayCO3 solution to remove the
F~. The second and third scrubbers each contained ~100 ml of a 0.1 M
iodine monochloride (ICl) solution for removing the gas-phase Hg. In
two of the four combustion experiments, the first ICl scrubber was
replaced by a straight section of glass tubing containing two frits
of compactly wound fine gold wire. Because gold is an excellent
amalgamator of Hg, it was anticipated that the Hg in the flue-gas
sample passing through the first scrubber would be trapped by the
gold. The second ICl scrubber was retained to serve as a back-up
for the gold frits.

The volumetric flow rate of the gas sample through the impactor
and scrubbing solutions ranged from 0.1 to 0.15 cim.

Analytical Methods

Mercury and lead are being determined by atomic absorption
spectroscopy, fluoride by specific ion electrode, and beryllium by
fluorimetry. WNeutron activation analysis methods are also being
developed as an instrumental method for analyzing as many of the
second and third priority elements as possible. Detailed analytical
procedures currently being used for the various trace elements and
types of samples (solutions, coal, ash, and additive) are presented
in detail in Appendix E.

Results

As indicated above, four combustion experiments were made for
the specific purpose of investigating the behavior of trace elements
during combustion. A summary of the average operating conditions and
flue-gas compositions for the trace-element experiments are presented
in Table 17. Nominal conditions for experiments TRACE-3 and TRACE-4B
were a bed temperature of 1550°F, 10 atm pressure, and 4% Oy in the
of f-gas as compared with values of 1650°F, 8 atm, and 3% 0, for
experiments TRACE-5A and TRACE-6. At each set of conditions, one
experiment involved the combustion of Arkwright coal in a fluidized
bed of Alundum, whereas the other experiment involved the combustion
of Arkwright coal in a fluidized bed of Tymochtee dolomite.
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Table 17. Summary of Average Operating Conditions and Flue-Gas
Compositions for Trace-Element Experiments?

Flue-Gas Analysis:

Run Bed System Feed Rates Gas Dry Basis
Time, Temp, Pressure, Coal, Dolomite, Air, Ca/S Velocity, 0,, CO,, SO,, NO, CO,
Expt. hr °F atm 1b/hr 1b/hr scfm Ratio ft/sec % % pPpm ppm ppm
(Experiments in a Fluidized Bed of Alumina)
TRACE-5A 6.0 1670 8 29.4 0.0 67.1 0.0 3.3 3.0 16.0 2180b 110 70
TRACE-3 4.0 1560 10 24.9 0.0 63.0 0.0 2.4 3.9 16.1 1660~ 180 120
(Experiments in a Fluidized Bed of Tymochtee Dolomite)
TRACE-6 7.5 1660 8 29.7 6.1 67.9 1.2 3.4 2.9 16.5 440 150 39
TRACE-4B 4.75 1550 10 28.2 14.2 75.5 2.9 3.0 3.8 19.0 140 200 35

2A11 experiments made with as-received Arkwright coal.

bLow value due to malfunction of SO, IR analyzer.



Mercury Mass Balances. Mercury balances for the four experiments
are presented in Table 18, Experiments TRACE-3 and TRACE-4B, which
were completed first (with two ICl scrubbers in the gas-sampling
apparatus), exhibited Hg recoveries, expressed as the percentage of
Hg entering the combustor which can be accounted for in the combustion
products, of 56 and 43%, respectively. For experiments TRACE-5A and
TRACE~6 (with two gold frits and one ICl scrubber in the gas sampling
apparatus) the respective recoveries were only 29 and 25%. The lower
total Hg recovery values for the latter experiments apparently resulted
from the decreased recovery of Hg in the volatile form, which was
lower by a factor of 6 as compared with the earlier experiments (3 and
5% vs. 19 and 34%). The amount of Hg recovered in the solid-phase
combustion products ranged from 9 to 37% with an average recovery of 23%
for the four experiments.

Measured concentrations of Hg in the flue gas for experiments
TRACE~-5A and TRACE-6 (made at 1650°F) were only 0.03 and 0.05 ppb
as compared with 0.32 and 0.66 ppb for experiments TRACE-3 and
TRACE-4B (made at 1550°F). It would seem more logical to expect an
increase in the level of Hg in the flue gas at the higher combustion
temperatures. The lower measured concentrations did not, however,
appear to result from the modifications in the flue-gas sampling
equipment discussed above. In the experiments with the modified
apparatus, traces of Hg were found in the carbonate solution
(considerably less than in the first two experiments, however), on
the gold frits, and on the filter following the ICl scrubbing solution.
As with the first two experiments, no Hg was detected in the ICl
solution.

Several attempts have been made to determine the cause for the
poor recovery of Hg in the combustion products. The particular
question areas that have been or are being examined include the
following:

(1) The inability to detect mercury in the ICl scrubbing
solutions used in sampling the flue gas.

(2) The recovery efficiency of the mercury sampling
equipment.

(3) The possibility that mercury is plating out or
condensing on the walls of the flue~gas ductwork
before reaching the sampling zone.

Efforts that have been expended to define the problems are discussed
below.
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Table 18.

Mercury Material Balances for Trace-Element Combustion Experiments

Combustion in Alundum Bed

Combustion in Dolomite Bed

TRACE-3 TRACE-5A TRACE-4B TRACE-6
(1550°F)2 (1650°F) (1550°F) (1650°F)
Conc., wt, Conc., Wwt, Conc., Wt, Conc., Wt,
Component ppm ug ppm ug ppm ug ppm ug
IN: Coal 0.15 5,900 0.07 5,680 0.15 9,100 0.07 7,050
Additive —___E)NO Add%}ive Used———————- 0.017 510 0.025 530
Initial Bed <0.005 Neg. 0.028 640 <0.01 Neg. 0.005 70
TOTAL Hg In 5,900 6,300 9,600 7,600
OUT: Final Bed <0.005 Neg. <0.005 Neg. <0.01 Neg. <0.005 Neg.
Overflow = =—=————— No Overflow —=—w=w—w—- <0.01 Neg. <0.005 Neg.
Prim. Cyclone 0.46 2,100 0.15 1,280 0.035 520 0.06 890
Sec. Cyclone 0.46 130 0.39 130 0.28 170 0.35 420
Prim. Filter ~-—— No Sample--- 0.45 150 0.15 90 0.28 110
Sec. Filter --— No Sample -—— 0.52 10 ~-—~ No Sample —-- --— No Sample -—-
Flue Gas 0.32 ppb 1,100 0.03 ppb_ 180 0.66 ppb 3,300 0.05 ppb 390
TOTAL Hg Out 3,300 1,800 4,100 1,900
Recovery,dZ:
TOTAL 56 29 43 25
In Flue Gas 19 3 34 5
In Solid Form 37 26 9 20

4ped temperature.

bEstimated.

“Considered negligible.

dRecovery = (Hg out/Hg in) x 100%.



Iodine Monochloride Serubbing Solution. Sulfur dioxide has been
reported as interfering with the detection of Hg in gas streams when
using ICl or K,MnO, scrubbing solutions.® To test this, S0, was
bubbled through an ICl solution containing a known concentration of
Hg. Samples were taken of the ICl solution at various times and
analyzed for Hg. The Hg concentration remained constant, thereby
indicating no interference from the SO,. However, excessive exposure
to SO, can cause I, or MnO, precipitation, which then makes analysis
of the solutions for Hg impossible. This, however, explains the
inability to detect Hg in the ICl scrubber in only the TRACE-3
experiment.

In subsequent tests, it was observed that if the ICl solution is
first exposed to flue gas, then trace quantities of Hg subsequently added
to the solution cannot be detected. Recovery is generally less than 50%.
Trace amounts of Hg added to ICl solutions unexposed to flue gas, however,
exhibit 100% recovery of the Hg by analysis. This strongly suggests that
components in the flue gas other than SO, may be interfering with the Hg
analysis in the ICl solutions.

Condensation of Mercury on Flue-Gas Ductwork. Several tests
have been made and additional tests are in progress to determine the
possibility that Hg condenses on the walls of the ductwork before it
reaches the sampling zone. Copper and stainless-steel tabs were
suspended in the flue gas just upstream from the sampling probe during
a typical combustion experiment. When analyzed for mercury at the end
of the experiment, the concentrations of Hg on the copper and stainless
steel tabs, respectively, were 0.7 and 0.2 ppm. Copper and stainless
steel tabs which had not been suspended in the flue gas exhibited Hg
concentrations of 2.5 and 0.2 ppm, respectively, indicating that the
Hg on the test pieces was not Hg which had condensed out of the flue
gas.

The fiber filters used in cleaning the flue gas of particulate
matter were also examined. Indications were that any mercury on the
filters was associated with the particulate matter trapped on the
filters.

Scrapings were also taken from the walls of the flue-gas piping
and analyzed to determine whether abnormally high levels of Hg were
present there. The samples did have Hg concentrations approximately
an order of magnitude higher than the combustion products recovered
in the cyclones and filters. It is doubtful, however, that enough
Hg accumulates in the piping to explain the poor recoveries of Hg
reported for the TRACE experiments.

Efficiency of Mercury Sampling Apparatus. Plans are to inject
a known amount of Hg into the flue-gas sampling line during a future
combustion experiment at a point just upstream of the sampling apparatus
and determine the mercury material balance. This should help to
determine whether the problems are with the sampling of the flue gas or
whether the Hg is condensing out in the system before reaching the
sampling location.
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Retention of Mercury in Solid Products of Combustion. The recovery
of mercury in the solid combustion products is in keeping with results
reported by other investigators. Billings et al. made a mercury
balance around a 660 MWe coal~fired power station using a coal con-
taining 21% ash (<1% S) and having a heating value of ~9000 BTU/1b.?
They reported that ~10% of the mercury remained with the furnace
residual ash, and 90% was emitted in the vapor phase, The average
concentrations of Hg in the coal and ash products were 0.3 ppm and
0.2 ppm, respectively.

It is interesting to note that the fly-ash samples in the study
by Billings et al. were less concentrated in Hg than the coal being
combusted, whereas in the TRACE experiments the elutriated solids were
consistently higher in Hg concentration than the coal (except for pri-
mary cyclone samples highly diluted with sulfated dolomite). This is
reflected in the higher retention of Hg by the ash products (37 and
26%) reported for the TRACE experiments made with an Alundum bed. This
is an indication, at least, that fluidized-bed combustion may offer the
potential for increased retention of mercury by the solid products of
combustion.

Diehl et al. have also studied the fate of Hg during the
combustion of coal in combustion units of various sizes.!® 1In a
100-g/hr test unit, 60% of the mercury was retained in the fly ash
(combustion at 2100°F) when burning a coal containing 0.15 ppm Hg
(~0.9 ppm in the ash). Approximately, 35% of the mercury was retained
in the fly ash when burning a coal containing 0.24 ppm Hg (~0.35 ppm
in the ash). In a 500~1lb/hr combustor burning pulverized coal
containing 0.18 ppm Hg, ash removed in cyclones at “360°F contained
0.22 ppm Hg, which accounted for +12% of the Hg in the coal. They
also sampled fly ash from 250 MWe and 175 MWe power plants, and
reported mercury contents in the ash of 0.10 and 0.26 ppm, respectively,
for estimated Hg retentions of 7 and 19% in the fly ash.

Lead and Beryllium Mass Balances, Lead balances for the four
trace-element experiments are presented in Table 19, The material
balances range from 78 to 125% recovery of the lead entering the
combustor. Beryllium balances for the trace~element experiments are
presented in Table 20. Recoveries of Be were somewhat lower than
for the Pb, ranging from 56 to 877%.

The results strongly indicate that the lead, with the observed
high recoveries, is essentially retained by the particulate matter
in the combustion products. Emissions of Pb, therefore, will be
controlled by the efficiency of particulate removal from the flue
gas. However, because the concentration of Pb in particulate matter
increases with decreasing particle size, the efficiency of lead

removal will be somewhat lower than the overall efficiency of parti-
culate removal,

The beryllium mass balances, with the lower recoveries, suggest
the possible volatilization of beryllium (or compounds of beryllium)
during combustion. This seems an unlikely possibility, however, for
the bed temperatures used in these combustion experiments.
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Table 19. Lead Material Balances for Trace~Element Combustion Experiments
Combustion in Alundum Bed Combustion in Dolomite Bed
TRACE—Ba TRACE-5A TRACE-4B TRACE-6
(1550°F) (1650°F) (1550°F) (1650°F)
Conc., wt, Conc., wt, Conc., wt, Conc., wt,
Component ppm mg PpPm mg Ppm mg ppm mg
IN: Coal 29 1,100 1.6 130 29 1,800 1.6 160
‘Additive 0 ————- No Additive Used ————- 6 180 12 310
Initial Bed 1.1 14 1.1 25 21 290 11 150
TOTAL Pb In
1,100 160 2,300 620
OUT: Final Bed 51 670 2.8 60 16 260 11 150
Overflow = —————— No Overflow —————-- 15 220 12 100
Prim. Cyclone 95 440 15 130 70 1,000 16 270
Sec. Cyclone 260 70 13 4.3 180 110 27 33
Prim. Filter - No Sample - 22 7.4 300 170 96 38
Sec. Filter - No Sample - 46 0.6 = e No Sample ——————-—wuw
TOTAL Pb OQut -
1,200 200 1,800 590
Recovery, %: TOTAL 109 125 78 95

a
Bed temperature.
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Table 20.

Beryllium Material Balances for Trace—-Element Combustion Experiments

Combustion in Alundum Bed

Combustion in Dolomite Bed

TRACE-3 TRACE-5A TRACE-4B TRACE-6
(1550°F)@ (1650°F) (1550°F) (1650°F)
Conc., Wt, Conc., Wt, Conc., wt, Conc., Wt,
Component ppn mg ppm mg ppm ng ppm mg
IN: Coal 0.7 28 0.66 54 0.7 42 0.66 66
Additive = -————- No Additive Used —-—---- 0.67 20 0.75 16
Initial Bed 0.83 10 0.83 19 0.78 11 0.66 8.9
TOTAL Be In 38 73 73 91
OUT: Final Bed 0.76 10 0.79 17 0.75 12 0.80 11
Overflow = = ==e———ne No Overflow --——————- 0.73 10 2.44 21
Prim. Cyclone 2.65 12 2.29 19 1.55 23 2.24 37
Sec. Cyclone 5.95 2 6.62 2.2 5.20 3 5.63 6.8
Prim. Filter - No Sample - 6.75 2.3 6.77 4 7.70 3.0
Sec. Filter ~ No Sample - 8.05 0.1 = - No Sample —-—-——=~————-
TOTAL Be Qut 24 41 52 79
Recovery, 7%: TOTAL 63 56 71 87

8Bed temperature.



Preferential Concentration of Lead and Beryllium in the Finer
Particulate Matter. Aside from material-balance considerations, the
results indicate that both lead and beryllium concentrate preferentially
in the finer particles leaving the combustor. Figure 24 shows Coulter
Counter particle-size analysis curves for the primary and secondary
cyclone materials as recovered from the TRACE-3 experiment. The
combustion gases leaving the combustor pass through a primary cyclone,
a secondary cyclone, and a porous filter, in that order. A 50% cutoff
value of approximately 10 um was obtained from Fig. 24 for the "mean"
diameter of the primary cyclone material. A "mean" value of 1.5 um
was found for the diameter of the secondary cyclone material. For the
coarser primary-cyclone ash product, the lead and beryllium concen-
trations were 95 and 2.65 ppm, respectively. In the finer, secondary-
cyclone ash, the lead and beryllium concentrations increased to 255
and 5.94 ppm, respectively.

Although particle-size data are not available for the primary and
secondary cyclone and filter solids from the other trace-element experi-
ments, we can infer from the concentration data for Pb and Be in Tables
19 and 20 a definite trend of increasing trace-element concentration in
the finer fractions of the material recovered from the flue gas.
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Figure 24. Particle-Size Distributions for Fly Ash
Recovered by the Primary and Secondary Cyclomnes
in Experiment TRACE-3
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The preferential concentration of relatively nonvolatile trace
elements in particles of smaller diameter has been demonstrated in
samples taken from ambient airll»12 and more recently in fly-ash
particles retained in the precipitation systems and in the airborne
fly ash leaving eight different coal-fired power plants in the United
States.l® It has been proposed that preferential concentration occurs
by volatilization of the elements (or one of their compounds) during
combustion, followed by condensation or adsorption onto the larger
surface area, per unit mass, of the smaller particles.13 It was noted
that the normal temperature in the combustion zones of the conventional
plants tested was between 1300° and 1600°C, a temperature similar to
or above the boiling points of the elements investigated (Cd, As, Ni,
Pb, Cr, and Zn).

Although our results appear to confirm the preferential concen-
tration of Pb and Be in smaller particles, there is little evidence
to support the idea of volatilization and subsequent condensation or
absorption as the mechanism by which this concentration occurs. In
a report by the Illinois Geological Survey, it was shown that there
was no significant loss of beryllium in coal ash prepared at 700°C.1l%
As the TRACE-3 and TRACE-4B experiments were carried out at 10-atm
pressure and a bed temperature of only 850°C, it does not appear
likely that volatilization would be a significant factor in the
apparent concentration of the beryllium in the finer particles. A
somewhat simpler explanation may be that the trace elements in the
larger particles are simply diluted by unburned carbonaceous materials.
This is evidenced in Table 21, which tabulates the concentrations of
trace, minor, and major elements in particulate matter recovered
during the TRACE experiments at various stages of removal from the
flue gas. As experiments TRACE-3 and TRACE-5A were made using an
Alundum bed, the changes in concentration with subsequent stages of
solids recovery from the flue gas are not biased by the presence of
large amounts of additive. 1In the TRACE-3 experiment, the level of
carbon decreases from 51.3 to 29.2% as the concentrations of the
trace and minor elements in the coal increase in the ash. In
experiment TRACE-5A, the concentration of carbon decreases from 34.1
to 6.6% as the levels of the other elements show concentration
increases.

An interesting observation can also be made by comparing the
ratios of lead to beryllium in the coal, additive, and in each of
the materials removed at various stages of the gas cleanup system.
These ratios are presented in Table 22.

The columns of particular interest are those under experiments
TRACE-3 and TRACE-5A, in which additive does not appear as a factor
in the calculated ratios. While there does appear to be some .
variation in the ratio of Pb to Be, these variations could well fall
within the accuracies of the analytical methods. If volatilization
and condensation are the mechanisms by which preferential concen-
tration occurs, it seems likely that the Pb-to-Be ratio would change
significantly over the range of samples analyzed.
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Table 21. Concentrations of Trace, Minor, and Major Elements
in Particulate Matter Recovered at Various Stages
of Removal from Flue Gas

Concentration
Pb, Be, c, S, Ca,
Source of Solids ppm ppm wt % wt % wt %

(Experiment TRACE-3)

Primary Cyclone 95 2,65 51.3 0.86 1.29
Secondary Cyclone 260 5.95 29.2 1.80 1.80

(Experiment TRACE-4B)

Primary Cyclone 70 1.55 2.3 4,5 15.4
Secondary Cyclone 180 5.20 13.1 2.6 5.58
Filter 300 6.77 8.4 3.1 6.65
(Experiment TRACE-5A)
Primary Cyclone 15 2.29 34.1 1.8 2.11
Secondary Cyclone 13 6.62 16.8 2.5 2.02
Primary Filter 22 6.75 6.6 4.9 2.89
Secondary Filter 46 8.05 ———
(Experiment TRACE-6)
Primary Cyclone 16 2.24 19.6 4,8 8.11
Secondary Cyclone 27 5.63 11.3 3.1 4,89
Primary Filter 96 7.70 5.2 4.3 5.44

Table 22. Ratio of Lead to Beryllium in the Raw Materials and in the
Particulate Matter Removed from the Flue Gas during the
"TRACE" Experiments

Experiment

Material TRACE-3 TRACE-4B TRACE-54 TRACE-6
Coal 41 41 2.4 2,4
Additive not used 9 not used 16
Primary Cyclone 36 45 6.5 7.1
Secondary

Cyclone 43 34 2.0 4.8
Primary Filter no sample 44 3.3 12
Secondary

Filter no sample no sample 5.7 no sample
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Fluoride Mass Balances. Fluoride material balances for the trace-
element experiments are given in Table 23. The indicated recovery of
fluoride for the experiments at 1550°F are 123 and 110%, which are
reasonably acceptable values. The recoveries of 208 and 276% reported
for the experiments at 1650°F, however, are unaccountably high. The
only differences in sampling between the two sets of experiments were
the use of considerably larger flue-gas samples and the use of Na,COj
scrubbers instead of NaHCO3 scrubbers for the experiments at 1650°F.

Perhaps the most significant observation that can be made from
the ¥ balances is that the retention of the F~ in the solid phases
leaving the combustor appeared to be significantly higher when additive
was used in the experiment. The reported recoveries of F~ in the solid
samples were 56 and 62% for combustion with additive present and only
23 and 5% for combustion in an Alundum bed. A possible explanation
for such a phenomenon could be the formation of CaF, which is a
relatively stable compound.

Neutron Activation Analysis, Developmental Work. Neutron
activation analysis is being considered as a possible instrumental
method for expanding the trace-element study to include elements of
second- and third-priority interest (Cd, As, Ni, Zn, Cu, Ba, Sn, P,
Li, Mn, Cr, Se, and V). A preliminary testing of the method was made
by taking 100-mg samples of ccal, TRACE-3 primary-cyclone ash, and
TRACE-3 secondary-cyclone ash and irradiating them in the ANL CP-5
test reactor for 2.5 hr. Flux monitors irradiated with the samples
revealed that neutron exposure of the samples was considerably
lower than had been anticipated. Subsequent inquiries indicated that
an error may have occurred in positioning the samples in the reactor;
this would account for the low measured neutron flux.

After the irrxadiation, periodic y-ray counts were taken using
a Ge(Li) detector on all three samples for the purpose of identification
of activation products and relative activity levels. Results for
seven of the elements detected are presented in Table 24. Additional
elements were detected, but the data on these elements were lost when
the magnetic tape on which the data were stored was accidentally
erased. With the exception of the material balance for iron, the
remaining four elements balance as well as, or better than, the values
obtained for mercury, lead, beryllium, and fluoride by direct chemical
analysis.

Encouraged by the preliminary results, the remaining samples from
the trace-element combustion experiments are being analyzed (including
a reanalysis of the TRACE-3 samples) by this technique. Additional
developmental work (see Appendix D) is also being done to gain the
capability of detecting a larger number of elements and to improve
the accuracy of the method.
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Table 23. Fluoride Material Balances for Trace-Element Combustion Experiments
Combustion in Alundum Bed Combustion in Dolomite Bed
TRACE—3a TRACE-5A TRACE-4B TRACE~6
(1550°F) (1650°F) (1550°F) (1650°F)

Conc., Wt, Conc., Wt, Conc., Wt, Conc., We,

Component ppm g ppm g ppm g ppm g
IN: Coal 25 1.0 29 2.4 25 1.5 29 2.9
Additive 0 @-=-——- No Additive Used --————- 14 0.4 14 0.3
Initial Bed 100 1.2 100 2.3 350 4.9 130 1.8
Total F 1In 2.2 4.7 6.8 5.0

QUT: Final Bed - Not Detected - 36 0.8 38 0.6 86 1.2
Overflow = ———ee— No Overflow ——————- 86 1.2 41 0.4
Prim. Cyclone 20 0.1 36 0.3 150 2.3 71 1.2
Sec. Cyclone 10 Neg. 12 Neg. 47 Neg. 37 Neg.
Prim. Filter - No Sample - 5 Neg. 115 Neg. 29 Neg.

Sec. Filter ~ No Sample - Insufficient - No Sample - - No Sample -

Sample

Flue Gas 2.6 7.4 3.3 9.2
Total F~ Out 2.7 8.5 7.4 12.0
Recovery, 7%: TOTAL 123 180 110 240
In Flue Gas 118 157 48 184

In Solids 5 23 62 56

4Bed temperature.



Table 24. Neutron Activation Results on Samples from
the TRACE-3 Trace-Element Experiment

Concentration, ppm

Primary Secondary Material Balance,
Element Coal Cyclone Cyclone % Recovery
Fe 11,300 33,000 39,000 37
Cr - 250 330 -
Sc 2.4 18 23 96
Na 960 11,000 10,000 143
K 460 2,800 2,800 76
Zn 710 1,600 - -
Cu 33 330 410 127

Sodium Concentrations in Flue-Gas Particulates. Samples from
several of the TRACE experiments have been analyzed for Na because of
the considerable interest that has been expressed in Na as a source
of corrosion in a combined-cycle power system, particularly corrosion
of the blades of a high-temperature, gas turbine. The results of the
analyses that have been completed thus far are presented in Table 25,
It would appear from the material balances that the Na is retained by
the particulate matter during combustion. As with Pb and Be, the
concentration of Na in the particulate matter increases with decreasing
particle size. Concentrations generally vary from 0.5 wt % for
material removed in the primary cyclone to 1.5-2.0 wt % for material
removed in the primary and secondary filters. It should be emphasized
however, that the flue gas is cooled to approximately 600-800°F during
the solids removal process. Because the flue gas entering the turbine
will be at considerably higher temperatures (v1600°F), considerably
less Na may be retained by the particulates during their removal at
these higher temperatures.

Photomicrographs of Flue-Gas Particulates. Solid samples of
Arkwright coal and fly ash recovered from the cyclones and Brink
impactor at the conclusion of experiment TRACE-3 were examined under
a scanning election microscope. Photomicrographs obtained for several
of the samples are pictured in Fig. 25. Unlike the generally
spherically shaped fly ash emitted from conventional coal-fired
combustors, the photomicrographs depict the fly ash from the fluidized-
bed combustor as a rather fragile and flake-like material.
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Table 25. Sodium Material Balances for Trace-Element Combustion Experiments

Combustion in Alundum Bed Combustion in Dolomite
TRACE-3 TRACE-5A TRACE-6
Conc.,a Wt, Conc., Wt, Conc., wt,
Component wt 7% g wt 7% g wt 7% g
IN: Coal 0.10° 4  0.05° 41 0.05 50
Additive 0000 mee——e No Additive Used —==—==- 0.04 8.4
Initial Bed 0.11 14 0.11 25 0.06 8.1
Total Na In 54 66 66
OUT: Final Bed 0.12 16 0.06 13 0.07 10
Overflow B E— No Overflow —-—————-—- 0.06 5.2
Prim. Cyclone 1.1 51 0.47 40 0.35 57
Sec. Cyclone 1.0¢ 2.9 0.88 2.7 0.95 11
Prim. Filter ~~— No Sample --- 1.97 6.6 1.51 6
Sec. Filter ———- No Sample --- 1.65 0.2 ——- No Sample --—-
Total Na Out 70 62 89
Recovery, % TOTAL 130 94 135

aDetermined by atomic absorption spectroscopy.

Commercial Testing Company, Chicago, Illinois reported a value of 0.07 wt 7 Na
in Arkwright coal.

c . . . .
Determined by neutron activation analysis.



a. Arkwright Coal

Secondary Cyclone Fly Ash d. Brink Impactor
Stage 1 Fly Ash

e. Brink Impactor f. Brink Impactor
Stage 3 Fly Ash Stage 5 Fly Ash

Figure 25. Photomicrographs of Arkwright Coal and Fly Ash Recovered
in Particulate Removal and Sampling Devices during
Combustion Experiment TRACE-3
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KINETICS OF THE REACTION OF HALF-CALCINED
DOLOMITE WITH SULFUR DIOXIDE

The kinetics of the reaction of half-calcined dolomite with
sulfur dioxide is being studied to gain further insight into the
sulfation process. Preliminary results of the study which is being
carried out by a small basic chemistry support group, are presented
below. Besides their application to the current fluidized-bed
studies, it is hoped that these studies may also be of value in other
processes for SO, control, e.g. panel-bed filters.

The active material used in this program is half-calcined
dolomite, which reacts with SO, as indicated in Eq. (8)

[CacO3 + MgO] + SO, + 0.5 0, -+ [CaSO, + MgO] + CO, (8)
For economic and environmental reasons, it is desirable to regenerate

the reactive material from the product by some scheme such as that
indicated by Eqs. (9) and (10)

[CaSO, + MgO] + 4 H, » [CaS + MgO] + 4 H,0 (9a)
[CaSO, + MgO] + 4 CO > [Ca$ + MgO] + 4 CO, (9b)
[CaS + MgO] + H,0 + CO, + [CaCO3 + Mg0] + HpS (10)

where the concentration of HsS resulting from Eq. (10) is sufficiently
high to permit sulfur recovery in a Claus plant.

A brief mention of some earlier work by others on this and other
related systems seems appropriate. A considerable amount of work,
including detailed kinetic st:udies,ls’16 has been reported on the
reaction of calcined limestones with SO, according to Eq. (11)

Ca0 + S0, + 0.5 0, + CaSOy (11)

These studies were done in connection with both the fluidized-bed
combustion and dry limestone injection processes. The reactions of
fully- and half-calcined limestones with H,S [see Eqs. (12) and (13)]

[Ca0 + MgO] + H,8 + [CaS + MgO] + H,0 (12)
[CaCO3 + MgO] + HpS - [CaS + MgO] + HyO0 + CO,p (13)

have been studied in some detail in connection with other desulfurization
schemes.16720 gSome results have also been reported on the reactions

of interest in work discussed here.21723 Exploratory experiments on

the application of the system considered here to panel-bed filtration
have indicated its feasibility.23 Conclusions that can be drawn from
this prior work include:
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(1) Dolomitic limestones {(fully- or half-calcined) are more
effective reagents than calcite and show considerable
promise in sulfur emission control.

(2) The rate of the reduction reaction of the sulfation
product to the sulfide [reaction (9)] appears to be
satisfactory.

(3) The active reagent can be more readily regenerated
[by reaction (10)] from sulfide produced by direct
sulfidation with H,S than from sulfide formed by
reduction of the sulfated product resulting from
reaction with S05.

In the light of this prior work, the goals of our program are
(a) determine the detailed kinetics of reactions (8), (9), and (10);
(b) elucidate plausible mechanisms for these reactions; and (c) de-
termine those conditions that optimize each of these reactions, Ki-
netic results for Eq. (8) at atmospheric pressure are presented here.

Experimental

Apparatus. The experimental apparatus is similar to that used
by other workers!7>19522 and is schematically depicted in Fig. 26.
The reactant gas mixture, which is prepared by controlling the flow
of each constituent by means of a diaphragm-type regulator and
calibrated rotameters, flows upward through the heated reaction tube,
past the sample, and exits through a condenser and a series of
scrubbers. Total flow can be controlled in the range from 200 to 400
ce/min with an accuracy for the total flow and that of each constituent
of about +2%. The water content of the reactant gas is controlled by
a thermostated humidifier. Sulfur dioxide is added to the stream
after humidification. The sample is suspended from one arm of a
recording balance and is contained in a platinum basket. The balance,
which provides continuocus weight data over the range from 0.2 to 1.0 g
with an accuracy of + 0.1 mg, is protected from corrosive gases by
a purge flow of nitrogen. Temperature in the reaction zone is
controlled by a Marshall furnace with an accuracy of i5°C up to about
950°C and is recorded along with sample weight on a recorder.

Materials. The apparatus is fabricated from glass and type 304
stainless steel. Commercial research-grade cylinder gases are used
to make up the reactant gas stream. The stone used in these
experiments was dolomite cbtained from Charles Pfizer and Co., Gibsonburg,
Ohio, and has an empirical formula Ca;,61,Mgg.s86(C03)2. Chemical analysis
and petrographic characteristics of 1337 dolomite stone have been reported
by Harvey,?2"
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Figure 26. Schematic Diagram of the TGA Apparatus

Procedure. In a typical experiment, 200 mg of 1337 dolomite
particles having diameters in a narrow range around 1.1 mm (-16 +18
U.S. mesh, U.S. Sieve Series) are placed in the apparatus under a flow
of N, and CO, and heated to 800°C at a rate of about 25°/min to half-
calcine the stone. Calcination is followed by observing the weight
change of the sample. When half-calcination of the stone is complete
(usually after about 45 min), sample temperature is adjusted to that
selected for the experiment, the sample is isolated under the N, and
CO, atmosphere, and the reactant gas mixture adjusted to the
appropriate composition and flowrate for the experiment while by-
passing the reaction tube. At time zero, the reactant gas is
diverted through the reaction tube and the weight change of the
sample observed as a function of time. The reaction is followed
until the rate of weight change is negligible (typically about two
hours for the experiments reported here).

To study the reaction of Mg0, a sample of reagent-grade MgCOj
was pressed into a dense pellet, which was then broken up to obtain
a sample containing particles of the size used in the other experiments.
Calcination and subsequent procedures were identical to those for
other samples.
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The reaction rate, r, at any time during the reaction was
calculated from the equation

1 dn
r=g " ac (14)

where w is the total weight of the sample after calcining, n is the
amount of sulfate, as moles of SO3, reacted and t is time in seconds.

Results and Discussion

Typical experimental results are shown in Fig. 27, where the
fraction of the stone reacted [according to equation (8)] is plotted
against time for several different S0, concentrations. The reaction
temperature and reactant-gas composition are given in the figure
caption. It is evident that the reaction rate, and hence the extent
of the reaction at a given time, is a function of S0, concentration.
Figure 28 shows this same data in a plot of the log of the initial
reaction rate (initial rates were actually evaluated at t = 1 min,
because of scatter in the data near t = 0) versus the log SO,
concentration. The straight line thus obtained has a slope of 1.08
and indicates that the reaction is first order with respect to SO,
concentration in the reactant gas under these reaction conditions.
It should be noted that similar first-order dependence for the
reaction of fully-calcined 1337 dolomite has been reported by
Borgwardt15 and, in fact, the reaction rates reported by Borgwardt
are very similar to those observed here.

It was noticed in several early experiments that the concen-
tration of water in the reactant gas appeared to influence the reaction
rate. Results from a series of experiments in which the concentration
of water in the reactant gas was varied while the concentration of other
components was constant indicated, however, that the reaction was
essentially zero order in water concentration. Another series of
experiments in which the reactant gas was dry and the concentration
of S0, was varied gave the results shown in Fig. 29. Here the slope
is 0.77, indicating that the rate varies with roughly the three-
fourths root of SO, concentration. Thus, it would appear that the rate-
determining step is different depending on whether or not water is
present in the reactant gas. With water present, the reaction is
0.22 order with respect to oxygen concentration in the reactant gas
stream.

The temperature dependence of the reaction rate with water present
was examined over the range from 550 to 850°C (at higher temperatures,
the concentration of CO, necessary to prevent decomposition of CaCO32“
could not be maintained with the present apparatus). The initial
reaction rate increased significantly with temperature over this
range. An Arrhenius plot of the data, shown in Fig. 30, indicates a
linear dependence of rate on 1/T and yields an apparent activation
energy of 7.3 kcal/mol. Such a value does not point conclusively to
a mechanism in which some chemical reaction is rate controlling but
is somewhat greater than one might expect if the reaction is diffusion
controlled.
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In some experimental runs, a greater than theoretical conversion
to sulfate, based on Eq. (8) was observed. 1t has been reported that
MgO undergoes sulfation;?2 therefore, the sulfation of calcined MgCO4
was examined to assess the extent to which this reaction might interfere
with detailed analysis of our results. Typical results are shown on
Fig. 31, together with results for the half-calcined stone. The extent
of sulfation of Mg0 is not great and the reaction rate is much less
than that for the half-calcined stone; nevertheless, the effect is
too great to be ignored in any more detailed treatment of the half-
calcined results.
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Figure 31 also shows results obtained for the sulfation of fully-
calcined stone reacted under the same conditions as half-calcined
except that CQO, was absent in the reactant gas. The results for the
half-calcined and fully-calcined dolomite are very similar as one
might expect in view of the generally close correlation between our
work and that of Borgwardt.l!®

To date, several attempts to fit our results with a simple
kinetic model such as that based on a shrinking unreacted core or on
reaction of a porous solid have not been satisfactory. A possible
explanation for the apparent role of water in the mechanism might
be that the SO, is oxidized by the water to SO3 on the surface of the
reactant stone, followed by SO3 diffusing through a product layer to
the unreacted core of the solid for reaction with CaCO3. This concept
would be consistent with the similar kinetics observed for half- and
fully-calcined stone since the rate-determining step would presumably
be the same in either case. This view is supported by the observation
that reactivity in a fluidized bed drops off somewhat above about
850°C, where the thermodynamics of SO, oxidation become less favorable.
On the other hand, Borgwardt's observations with fully-calcined stonel®
suggest that the decreased reactivity is due to hard-burning of the
stone.
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Further work is needed to understand more fully the role of
water in the sulfation mechanism and to extend the kinetic studies to
the reduction and regeneration reactions outlined above. The potential
advantages of a process utilizing dolomite in a closed cycle for SO,
control are sufficiently great to warrant continued effort.
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APPENDIX A. CHARACTERISTICS OF RAW MATERIALS
USED IN FLUIDIZED-BED COMBUSTION EXPERIMENTS
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Table A-1. Particle-Size Distribution and Chemical
Characteristics of Arkwright Coal

Sieve Analysis

U.S. Sieve No. % on Sieve

+ 14 0.0
~-14 + 25 8.0
-25 + 35 14.2
-35 + 45 12.3
-45 + 80 24.7
-80 +170 17.9

-170 23.0

Mean Particle Dia: 323 um

Proximate Analysis (wt %)

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, 13,706 14,114

BTU/1b
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
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Table A-2. Particle-Size Distribution and Chemical
Characteristics of San Juan Subbituminous Coal

*
Sieve Analysis

U.S5. Sieve No. % on Sieve

+ 14 0.00
-14 + 25 11.16
-25 + 35 10.11
=35 + 45 15.12
=45 + 80 25.77
-80 +170 19.27

-170 18.57

Mean Particle Dia: 340 um

Proximate Analysis, wt 7

As Received Dry Basis
Moisture 9.28 -
Ash 16.96 18.70
Volatile Matter 33.28 36.68
Fixed Carbon 40.48 44,62
100.00 100.00
Sulfur, wt % 0.78 0.86
Heating value, 9,621 10,605

BTU/1b

Ultimate Analysis, wt Z

As Received Dry Basis

Moisture 9.28 -

Carbon 55.82 61.53
Hydrogen 3.96 4.36
Nitrogen 1.14 1.26
Chlorine 0.10 0.11
Sulfur 0.78 0.86
Ash 16.96 18.70
Oxygen 11.96 13.18

(by difference) —_— _—
100.00 100.00

*
Average of two samples, as received.
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Table A-3, Particle-Size Distribution and Chemical
Characteristics of Glenharold Lignite

*
Sieve Analysis

U.S. Sieve No.

% on Sieve

+ 14 0.00
~14 + 25 9.88
-25 + 35 11.19
=35 + 45 19.46
-45 + 80 28.90
-80 +170 18.15
-170 12.42

Mean Particle Dia: 353 um

Proximate Analysis, wt %

As Received Dry Basis

Moisture 30.90 -
Ash 6.11 8.84
Volatile Matter 30.00 43.42
Fixed Carbon 32.99 47.74

100.00 100.00
Sulfur, wt % 0.53 0.77
Heating value, 7,625 11,035

BTU/1b
Ultimate Analysis, wt 7
As Received Dry Basis
Moisture 30.90 -
Carbon 46.04 66.63
Hydrogen 3.03 4,38
Nitrogen 0.72 1.04
Chlorine 0.04 0.06
Sulfur 0.53 0.77
Ash 6.11 8.84
Oxygen 12.63 18.28
(by difference)
100.00 100.00

*

Average of two samples, as received.

104



Table A-4., 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 + 35 19.9
=35 + 45 18.8
=45 + 80 11.7
-80 +170 0.4

=170 0.4

Average Particle Size: 750 um

Component Chemical Analysis (wt %)
tomponent

Ca 20.0

Mg 11.3

€Oy 38.5

Hy 0.2

Derived Composition

CaC0s 50.0
MgCO; 39.1
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Table A-5. Particle~Size Distribution and Chemical
Characteristics of Type-38 Alundum Grain
Obtained from the Norton Company

Sieve Analysis

U.S. Sieve No. Wt % on Sieve
+14 0.0
-14 +25 15.7
-25 435 73.3
-35 +45 11.0
-45 +80 0.0

Total 100.0

Typical Chemical Analysis

Component Wt 7%
Al,03 99.49
§i0, 0.05
Fe, 04 0.10
Ti0, 0.01
Na20 0.35
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APPENDIX B. CARBON, SULFUR, AND CALCIUM MATERIAL BALANCES
FOR COMBUSTION EXPERIMENTS
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Table B-1. Carbon, Sulfur, and Calcium Material Balances for VAR-1 Experiment

80T

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 2.1
Bed Temperature, °F = 1445 Flue-Gas 05, % = 2.74
Ca/S Mole Ratio = 2.9
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt 7% g wt % g wt % g
Material in
Starting bed?® 14,000 1.9 266 10.9 1,526 23.9 3,346
Arkwright coal 39,917 74.91 29,902 2.82 1,126 0.44 176
Dolomite additive 19,958 10.5 2,096 0.3 60 20.0 3,992
32,264 2,712 7,514
Material out
Final bed 15,730 3.8 598 7.0 1,101 23.5 3,697
Bed overflow 16,264 4.4 716 5.8 943 25.1 4,082
Primary cyclone 4,998 51.4 2,569 1.0 50 3.58 179
Secondary cyclone 454 30.8 140 1.8 8 4.2 19
Secondary filter 278 10.0 28 3.4 9d 4.4 12
Flue gas - - 3,324€ _ 61 - -
37,375 2,172 7,989
‘% Balance 116 80 106
aPartially sulfated dolomite.
b

Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm = 47.5.
cCalculated for avg. CO conc. of 98 ppm plus avg. CO, conc. of 172,000 ppm.
dCalculated for avg. SO, conc. of 118 ppm.
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Table B-2. Carbon, Sulfur, and Calcium Material Balances for VAR-2 Experiment

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 4.8
Bed Temperature, °F = 1566 Flue-Gas 05, ft = 3.05
Ca/S Mole Ratio = 2.9
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium
Source of Material g wt % g wt % g wt % g
Material in
Starting bed® 11,353 1.8 204 8.8 999 22.1 2,509
Arkwright coal 63,731 74.91 47,741 2.82 1,797 0.44 280
Dolomite additive 34,474 10.5 3,620 0.3 103 20.0 6,895
51,565 2,899 9,684
Material out
Final bed 15,000 4.2 630 6.3 945 23.1 3,465
Bed overflow 3,018 3.7 112 6.5 196 23.3 703
Primary eyclone 32,391 11.1 3,595 4.5 1,458 18.7 6,057
Secondary cyclone 787 11.7 92 3.6 28 9.3 73
Secondarg filter 961 4.7 45 4.2 40d 10.4 100
Flue gas - - 54,109 - 107 - —
58,583 2,774 10,398
% Balance 114 96 107

aPartially sulfated dolomite.

bAvg. flue~gas flowrate (dry basis), cfm at 70°F and 1 atm = 102.9.
cCalculated for avg. CO conc. of 31 ppm plus avg. CO, conc. of 174,000 ppm,
dCalculated for avg. S0, conc. of 129 ppm.
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Table B-3. Carbon, Sulfur, and Calcium Material Balances for VAR-3 Experiment
Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 2.1
Bed Temperature, °F = 1574 Flue~Gas 0y, % = 2.95
Ca/S Mole Ratio = 1.1
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium
Source of Material g wt % g wt % g wt % g
Material in
Starting bed® 12,603 2.4 302 8.5 1,071 21.4 2,697
Arkwright coal 187,790 74.91 140,673 2.8 5,296 0.44 826
Dolomite additive 34,927 10.5 3,667 0.3 105 20.0 6,985
144,642 6,472 10,508
Material out
Final bed 9,978 1.04 104 12.2 1,217 19.7 1,966
Bed overflow 30,997 1.7 527 10.2 3,162 20.1 6,230
Primary cyclone 15,714 31.1 4,887 2.0 314 4.5 707
Secondary cyclone 1,742 21.0 366 2.0 35 3.8 66
Secondary filter 1,254 6.1 76 3.0 38d_ 4.8 60
Flue gas - — 143,621 - 914 -— -—
149,581 5,680 9,029
% Balance 103 88 86

a

b

Partially sulfated dolomite.

“Calculated for avg. CO conc. of 31 ppm plus avg. CO, conc. of 147,000 ppm.

dCalculated for avg. S0, conc. of 351 ppm.

Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm =
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Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm =

dCalculated for avg. SO0z conc. of 122 ppm.

47.9.
“Calculated for avg. CO conc. of 48 ppm plus avg. COp conc, of 162,000 ppm.

Table B-4. Carbon, Sulfur, and Calcium Material Balances for VAR-4 Experiment
Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 2.3
Bed Temperature, °F = 1648 Flue-Gas 0y, 7% = 2,97
Ca/S Mole Ratio = 1.9
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt % g
Material in
Starting bed? 14,000 3.3 462 6.2 868 24.0 3,360
Arkwright coal 98,204 74.91 73,565 2.82 2,769 0.44 432
Dolomite additive 33,793 10.5 3,548 0.3 101 20.0 6,759
77,575 3,738 10,551
Material out
Final bed 12,228 1.8 220 8.8 1,076 22.1 2,702
Bed overflow 25,871 2.4 621 7.6 1,966 23.2 6,002
Primary cyclone 10,725 17.7 1,898 2.3 247 8.2 879
Secondary cyclone 457 9.2 42 2.7 12 10.1 46
Secondary filter 667 5.7 38 3.1 21d 9.9 66
Flue gas - - 84,642° - 170 - -
87,461 3,492 9,695
% Balance 113 93 92
%partially sulfated dolomite.
b



Table B-5. Carbon, Sulfur, and Calcium Material Balances for VAR-5 Experiment

AN

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 3.4
Bed Temperature, °F = 1461 Flue-Gas 0p, % = 3.00
Ca/S Mole Ratio = 1.0
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt % g
Material in®
Starting bedb 28,310 2.74 777 9.37 2,653 18.93 5,360
Arkwright coal 195,182 74.91 146,210 2.82 5,504 0.44 859
Dolomite additive 33,113 10.5 3,477 0.3 99 20.0 6,622
150,464 8,256 12,841
Material outa
Final bed 31,890 2.04 649 10.51 3,352 17.18 5,478
Bed overflow 20,467 2.61 535 9.98 2,043 17.38 3,557
Primary cyclone 27,108 48.83 13,236 1.59 431 3.49 947
Secondary cyclone 3,452 37.40 1,291 1.74 60 3.33 115
Secondary filter 2,344 23.85 559 2.60 61 4,18 98
Flue gas® -— - 144,5724 - 1,696° - -
160,842 7,643 10,195
% Balance 107 93 79

%Values shown represent composite data for two segments of the experiment.
bPartially sulfated dolomite.

CAvg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm = 76.6.
dCalculated for avg. CO conc. of 755 ppm plus avg. COp conc. of 154,000 ppm.
®Calculated for avg. S0, conc. of 681 ppm.



Table B-6. Carbon, Sulfur, and Calcium Material Balances for VAR-6 Experiment

€1t

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 3.6
Bed Temperature, °F = 1565 Flue-Gas 05, % = 3.00
Ca/S Mole Ratio = 2.0
A Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt %4 g
Material in
Starting bed® 14,266 4.2 599 6.3 899 23.1 3,295
Arkwright coal 91,854 74.91 68,808 2.82 2,590 0.44 404
Dolomite additive 32,432 10.5 3,405 0.3 97 20.0 6,486
72,812 3,586 10,185
Material out
Final bed 16,210 4.5 729 7.0 1,135 21.2 3,437
Bed overflow 17,047 3.8 648 7.0 1,193 22.0 3,750
Primary cyclone 16,219 25.1 4,071 4.0 649 13.2 2,141
Secondary cyclone 618 19.6 133 2.8 19 6.1 42
Secondary filter 492 5.7 28 4.2 Zld 7.2 35
Flue gas - - 70,601°¢ - 201 - -
76,210 3,218 9,405
% Balance 105 90 52

o

Partially sulfated dolomite.
Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm = 77.5.
Calculated for avg. CO conc. of 32 ppm plus avg. COp conc. of 158,000 ppm.

A o U

Calculated for avg. SO, conc. of 169 ppm.
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Table B-7. Carbon, Sulfur, and Calcium Material Balances for VAR-6-R Experiment

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 3.6
Bed Temperature, °F = 1558 Flue-Gas 0s,, % = 2.86
Ca/S Mole Ratio = 2.0
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt 7% g wt % g
Material in
Starting bed? 15,385 1.6 246 10.8 1,662 18.0 2,769
Arkwright coal 84,143 74.91 63,032 2.82 2,373 0.44 370
Dolomite additive 31,298 10.5 3,286 0.3 94 20.0 6,260
66,564 4,129 9,399
Material out
Final bed 13,665 2.4 328 8.5 1,162 21.4 2,924
Bed overflow 15,194 2.3 349 8.9 1,352 21.6 3,282
Primary cyclone 20,317 18.8 3,820 4.6 935 13.8 2,804
Secondary cyclone 642 18.3 117 2.5 16 5.0 32
Secondary filter 559 9.0 50 3.8 21d 5.8 32
Flue gas - - 64,982 - 235 —— -
69,646 3,721 9,074
% Balance 105 90 97

a

b

Partially sulfated dolomite.

Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm = 76.9.
“Calculated for avg. CO conc. of 33 ppm plus avg. COs conc. of 154,000 ppm.

dCalculated for avg. SO, conc. of 209 ppm.
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Table B-8. Carbon, Sulfur, and Calcium Material Balances for VAR-6-2R Experiment

Combustor Pressure, psia = 122 Gas Velocity, ft/sec = 3.5
Bed Temperature, °F = 1549 Flue-Gas 0y, % = 2.95
Ca/S Mole Ratio 2.0
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt % g
Material in
Starting bed® 15,386 2.4 369 7.8 1,200 20.6 3,169
Arkwright coal 86,864 74.91 65,070 2.82 2,450 0.4 382
Dolomite additive 29,938 10.5 3,143 0.3 90 20.0 5,988
68,582 3,740 9,539
Material out
Final bed 16,152 3.3 533 8.3 1,341 21.4 3,456
Bed overflow 12,059 2.8 338 8.0 965 24.0 2,894
Primary cyclone 18,335 20.8 3,814 4.4 807 13.4 2,457
Secondary cyclone 752 18.9 142 2.6 20 5.6 42
Secondarg filter 813 7.4 60C 4.0 33 6.5 53
Flue gas - - 67,266 - 214 - -
72,153 3,380 8,902
% Balance 105 90 93

aPartially sulfated dolomite.
b

Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm

CCalculated for avg. CO conc. of 33 ppm plus avg. CO, conc. of 159,000 ppm.

dCalculated for avg. SO, conc. of 190 ppm.

77.1.
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Table B-9, Carbon, Sulfur, and Calcium Material Balances for VAR~7 Experiment

Combustor Pressure, psia = 127 Gas Velocity, ft/sec = 4.2
Bed Temperature, °F = 1458 Flue-Gas 05, % = 2.7
Ca/S Mole Ratio = 2,2
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt % g
Material in
Starting bed® 11,740 2.6 305 7.9 927 21.0 2,465
Arkwright coal 83,916 74.91 62,861 2.82 2,366 0.44 369
Dolomite additive 32,659 10.5 3,429 0.3 98 20.0 6,532
66,595 3,391 9,366
Material out
Final bed 15,777 2.4 379 7.8 1,231 20.6 3,250
Bed overflow 7,070 2.4 170 8.2 580 23.5 1,661
Primary cyclone 23,586 23.0 5,425 4.4 1,038 14.1 3,326
Secondary cyclone 4,718 38.2 1,802 2.3 109 7.7 363
Secondary filter 3,739 17.4 651 3.6 135d 9.7 363
Flue gas _ - 60,662¢ - 266 - -
69,089 3,359 8,963
% Balance 104 99 96

Partially sulfated dolomite.
Avg. flue-gas flowrate (dry basis), cfm at 70°F and 1 atm = 100.4.
Calculated for avg. CO conc. of 86 ppm plus avg. CO, conc. of 159,000 ppm.

o N oD

Calculated for avg. 50, conc. of 262 ppm.
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Table B-10. Carbon, Sulfur, and Calcium Material Balances for VAR-8 Experiment

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 3.6
Bed Temperature, °F = 1630 Flue~-Gas 0Oj, % = 3.05
Ca/S Mole Ratio = 3.2
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt 7% g wt 7% g
Material in
Starting bed® 15,565 4.0 623 5.8 903 24.4 3,798
Arkwright coal 65,318 74.91 48,930 2.82 1,842 0.44 287
Dolomite additive 36,742 10.5 3,858 0.3 110 20.0 7,348
53,411 2,855 11,433
Material out
Final bed 15,787 3.3 521 6.2 979 24,0 3,789
Bed overflow 12,928 3.4 439 5.7 737 24,1 3,116
Primary cyclone 20,054 11.6 2,326 4.1 822 20.1 4,031
Secondary cyclone 874 8.5 74 3.0 26 9.9 87
Secondarg filter 545 4.6 25 3.5 l9d 9.9 54
Flue gas - - 58,771°¢ - 118 - —
62,156 2,701 11,077
% Balance 116 95 97

a
b

Partially sulfated dolomite,

Avg, flue-gas flowrate (dry basis), cfm at 70°F and 1 atm = 76.5.
®Calculated for avg. CO conc. of 45 ppm plus avg. CO, conc. of 174,000 ppm.
dCalculated for avg. SO, conc. of 131 ppm.
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Table B-1l. Carbon, Sulfur, and Calcium Material Balances for VAR-9 Experiment
Combustor Pressure, psia = 121 Gas Velocity, ft/sec = 4.9
Bed Temperature, °F = 1665 Flue-Gas 0y, % = 2.93
Ca/S Mole Ratio = 1.0
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt 7% g wt 7% g
Material in
Starting bed? 11,761 3.3 388 8.3 976 21.4 2,517
Arkwright coal 206,615 74.91 154,775 2.82 5,826 0.44 909
Dolomite additive 35,608 10.5 3,739 0.3 107 20.0 7,122
158,902 6,909 10,548
Material out
Final bed 14,279 0.5 71 11.7 1,671 17.7 2,527
Bed overflow 9,338 0.9 84 10.5 980 20.4 1,905
Primary cyclone 45,430 30.0 13,629 3.5 1,590 11.4 5,179
Secondary cyclone 1,531 14.9 228 2.8 43 6.4 98
Secondary filter 1,370 5.3 73 4.7 64d 6.6 90
Flue gas - - 157,114€ - 2,229 - -
171,199 6,577 9,799
% Balance 108 95 93

aPartially sulfated dolomite.

b

Avg. flue-~gas flowrate (dry basis), cfm at 70°F and 1 atm = 100.3

“Calculated for avg. CO conc. of 38 ppm plus avg. CO, conc. of 159,000 ppm.

dCalculated for avg. S0, conc. of 846 ppm.
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Table B-12. Carbon, Sulfur, and Calcium Material Balances for Experiment LIG-1

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 3.51
Bed Temperature, °F = 1562 Flue-Gas 05, % = 3.2
Ca/S Mole ratio = 1.07
(excluding Ca in coal)
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt % g
Material in
Starting bed? 13,240 1.5 199 9.4 1,245 15.9 2,105
Glenharold Lignite 669,060 46.04 308,035 0.53 3,546 1.03 6,891
Dolomite additive 25,628 10.5 2,691 0.3 77 20.0 5,126
310,925 4,868 14,122
Material out
Final bed 13,422 1.7 288 10.6 1,423 18.6 2,496
Bed overflow 17,731 2.2 390 10.6 1,879 17.6 3,121
Primary cyclone 50,769
Secondary cyclone 982 16.9 8,894 2.9 1,526 13.5 7,104
Filters b 875 c d
Flue gas - — 272,345 - 818 — -
281,857 5,646 12,721
% Balance 91 116 90

a
b

Partially sulfated dolomite.

Avg. flue~gas flowrate (dry basis), cfm at 70°F and 1 atm = 75.9.
“Calculated for avg. CO conc. of 123 ppm plus avg. CO, conc. of 172,000 ppm.
dCalculated for avg. S0, conc. of 194 ppm.



Table B-13. Carbon, Sulfur, and Calcium Material Balances for Experiment SJ-1A

0zt

Combustor Pressure, psia = 120 Gas Velocity, ft/sec = 3.56
Bed Temperature, °F = 1565 Flue-Gas 05, % = 2,91
Ca/S Mole Ratio = 1.1
(excluding Ca in coal)
Weight, Carbon, Carbon, Sulfur, Sulfur, Calcium, Calcium,
Source of Material g wt % g wt % g wt 2 g
Material in
Starting bed® 16,356 1.1 180 11.0 1,799 16.3 2,666
San Juan coal 449,971 55.82 251,174 0.78 3,510 0.75 3,375
Dolomite additive 30,164 10.5 3,167 0.3 90 20.0 6,033
254,521 5,399 12,074
Material out
Final bed 13,240 1.5 199 9.4 1,245 15.9 2,105
Bed overflow 21,851 1.2 262 10.5 2,294 16.4 3,584
Primary cyclone 87,109
Secondary cyclone 2,956 16.4 15,129 1.2 1,107 3.6 3,321
Filters b 2,187 e 4
Flue gas - —— 235,217 - 1,213 - o
250,807 5,859 9,010
% Balance 98 108 75

a

b

Partially sulfated dolomite.

Avg. flue-gas flowrate (dry basis) at 70°F and 1 atm = 76.5.

“Calculated for avg. CO conc. of 46 ppm plus avg. CO, conc. of 166,000 ppm.
dCalculated for avg. SO, conc. of 321 ppm.
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Sieve Analysis of Bed and Elutriated Solids from "VAR" Experiments

Table C-1.
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Table C~-1 (Cont'd.).

Sieve Analysis of Bed and Elutriated Solids from "VAR" Experiments

RUN NO. 2 7 9 5 6 6-R 6-2R 8 1 3 4
Temp, °F 1550 1450 1650 1450 1550 1550 1550 1650 1450 1550 1650
Ca/S, Mole Ratio 3 2 1 1 2 2 2 3 3 1 2
Gas Velocity, ft/sec 5 5 5 3.5 3.5 3.5 3.5 3.5 2 2 2
FILTER
Wt % on Screen Size:
+45 MATERIAL NOT SCREENABLE 28.0 MATERIAL NOT SCREENABLE

-45, +80 28.0

-80, +100 12.0

-100, +170 16.0

-170, +230 8.0

-230, +325 4.0

-325 4.0

Mean Particle Dia, um

193




Table C-2. Particle-Size Distribution of
Bed and Elutriated Solids for SJ-1A and LIG-1 Experiments

Experiment SJ-1A LIG-1
Temp, °F 1565 1562
Ca/S, Mole Ratio 1.10 1.07
Gas Velocity, ft/sec 3.56 3.51

Starting Bed
Wt %Z on Screen Size

+ 14 0.00 0.00
-14 + 25 38.70 34.70
-25 + 35 40.16 32.76
-35 + 45 20.58 30.81
-45 + 80 0.56 1.62
-80 +170 0.00 0.11

-170 0.00 0.00
Mean Particle Dia, um 734 693
Final Bed
Wt % on Screen Size

+ 14 0.00 0.00
-14 + 25 34.70 41.61
-25 + 35 32.76 36.77
=35 + 45 30.81 20.97
~45 + 80 1.62 0.32
-80 +170 0.11 0.32

-170 0.00 0.00
Mean Particle Dia, um 693 737
Overflow
Wt % on Screen Size

+ 14 0.23 0.00
-14 + 25 41.21 47.47
-25 + 35 33.41 32.26
=35 + 45 23.75 19.59
-45 + 80 1.28 0.46
-80 +170 0.12 0.23

=170 0.00 0.00
Mean Particle Dia, um 742 772

Primary Cvclone
Wt % on Screen Size

+ 45 13.02 12.15

-45 + 80 26.93 21.55
-80 +100 6.84 3.87
-100 +170 18.54 13.26
-170 +230 8.83 9.39
-230 +325 14.13 15.47
-325 11.70 24,31
Mean Particle Dia, um 145 112
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APPENDIX D. CONCENTRATION OF FINE PARTICULATE MATTER
IN THE FLUE GAS EXHAUSTED FROM THE FLUIDIZED~-BED
COMBUSTION SYSTEM
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APPENDIX D. CONCENTRATION OF FINE PARTICULATE MATTER
IN THE FLUE GAS EXHAUSTED FROM THE FLUIDIZED-BED
COMBUSTION SYSTEM

A Brink, five-stage inertial impactor, capable of sampling and
classifying gas-entrained particulate matter into five size ranges from
0.3 to 3.0 um in diameter, was an integral component of the mercury
and fluoride sampling train used in the trace-element distribution
studies. As illustrated in Figs. 22 and 23 of the text, sampling of the
flue gas was accomplished as the gas was being vented from the system,
i.e., after the flue gas had passed through the particulate removal de-
vices (cyclones and fitters) and the system—pressure control valve.

The impactor, together with an in~line cyclone and glass fiber filter,
removed the fine particulate emissions from the sample of flue gas be-
fore the sample passed through the fluoride and mercury scrubbing solu-
tions (see Fig. 23). Details concerning the impactor and the sampling

apparatus are included in both this report {pp.71-73) and in a previous
annual report.26

With the Brink impactor, it was possible during the operation of
the mercury and fluoride sampling equipment to obtain a limited amount
of data on the loading and size distribution of the fine particulate

emissions (v0.3 to 3.0 um particles) in the flue gas being vented from
the combustion system.

It should be emphasized, that the data reported here are not neces-
sarily representative of the loadings and particle-size distributions
that would be obtained in a commercial unit with an optimally designed
system for the high-temperature removal of fine particulate matter from
the flue gas. The data are presented here as a reporting of what was
observed and as a possible basis for making future comparisons and
evaluations.

With this understanding, Table D-1 summarizes the data obtained
with the Brink impactor, The first three experiments in the table were
performed with two cyclone stages and a single filter stage in the
off-gas clean-up system. The loadings are still quite high, ranging
from 0.051 to 0.089 grains/ft3. The last three experiments in the
table, made with two cyclone stages and two filter stages in the off-gas
clean~up system, exhibited concentration levels which should be compat~
ible with the requirements for use with a gas turbine,
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TABLE D-1. Fine Particulate Emissions for Selected Combustion Experiments

Operating Particulate Matter Recovered on Each Stage, mg Emj ssions,
Condlt%ons In-Line Stage Stage Stage Stage Stage Wall Filter grains/ft3
Su?marlzed Cyclone 1 a 2 3 4 5 Losses at 70°F, latm
Experiment in Text 3.6-0 (2.0) (1.2) (0.8) (0.4) (dry basis)
Table No. (4.0 )
TRACE~3P 17 15.2 20,9 26.5 13.8 6.3 4.4 12.7 9.4 0.089
TRACE—4Bb 17 10.5 13.6 12.4 10.3 7.7 7.0 1.7 18.9 0.064
VAR—7b 2 9.3 11.8 12.2 15.6 6.7 7.3 3.4 13.0 0.051
VAR-9° 2 ¢ 0.7 0.8 0.4 T T T 0.6 0.001
TRACE-5A® 17 T T T T 0.1 0.1 T 0.6  <0.001
TRACE-6° 17 T 0.1 T T T T T 0.6  <0.001

8¢IT

3Geometric mean particle diameter in microns, Determined by means of a computor program furnished by
Mr. Bruce Harris, Research Branch, Control Systems Laboratory, National Envirommental Research Center,
Research Triangle Park, North Carolina and substantiated by analysis of photomicrographs of material
impacted on the various stages.

bExperiments performed with 2 cyclone stages and 1 filter stage in off-gas clean-up system.

cExperiments performed with 2 cyclone stages and 2 filter stages in off-gas clean-~up system.

dTrace (<0.1 mg).



APPENDIX E. TRACE-ELEMENT ANALYTICAL PROCEDURES
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APPENDIX E, TRACE-ELEMENT ANALYTICAL PROCEDURES

First-Priority Elements

Mercury, Solids. For solid samples (coal, fly ash, additive,
etc.) approximately 0.1 to 1 g of well-ground material is used. The
sample 1s placed in a quartz boat in a quartz tube and is combusted
at 600-700°C in a pure oxygen stream flowing at a rate of 280 ml/min.
The combustion gases containing the mercury vapor are passed through
an absorbent train consisting of two tubes, each of which contains
12.5 ml of a 4% w/v solution of KMnO,, 14 ml of 1l:4 H,S0,, and 23.5 ml
of water. After combustion is complete (15-20 min), the absorbent
solution is decolorized with 10% hydroxylamine hydrochloride dropwise
{(no excess) and made up to a final volume with water. This volume
may be as large as 1 liter depending on the anticipated mercury
concentration. An aliquot is then transferred to an aeration bottle
and 2 ml of stannous chloride is added just prior to the analysis to
reduce mercury to the metallic state. (The stannous chloride solution
is prepared by dissolving 20 g of SnCl, in 40 ml HCl and diluting this
solution to 250 ml with water.) The solution is then aerated, and
the air stream containing the mercury is passed through a 10-cm
absorption cell where the mercury is measured by cold vapor atomic
absorption at the 253.7 nM wavelength. The instrument can be used
to measure mercury in the range of 0.05 to 0.4 ug. Analyses are
done at least in triplicate because experience has indicated that
the distribution of mercury may be somewhat heterogeneous.

Mercury, Gold Coil. Mercury which has been amalgamated on the
gold coil is released by heating in a quartz tube to 700°C within an
0, or inert gas purge stream. The mercury vapor is then treated as
indicated in the above procedure.

Mercury, Solutions. For iodine monochleride solutions a suitable
aliquot is transferred to a small beaker, 5 ml of 1 M NaOH is added,
and the solution is mixed well. This is then transferred to the
10-cm cold-vapor cell of the atomic absorption unit and diluted to
45 ml with water. Five milliliters of reducing agent (12 g of
hydroxylamine sulfate and 12 g of sodium chloride diluted to 100 ml
with water) is then added and the analysis is performed in the same
way as indicated for solid samples.

For sodium carbonate solutions, 10 ml of solution is transferred
to a small beaker, and KMnOy is added until a pink color is retained.
The solution is then diluted with water at least twofold and made
acidic (to pH <6) with sulfuric acid prior to taking 50 ml and
transferring it to the atomic absorption unit. The instrumental
procedure used is the same as that outlined above.

Fluoride, Coal. To determine fluoride in coal, 0.8 to 1 g of
sample and 5 ml of 1 M NaOH are placed in a Paar Bomb. Combustion
requires ~V1/2 hr in pure oxygen. After cooling, the contacted bomb
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surfaces are rinsed with water and the solution is quantitatively
transferred to a beaker and diluted to 40 ml with water. The pH is
then adjusted to 5.2 with dilute (0.25 M) HyS0,; and heated over a hot-
water bath for approximately 10 min. On cooling, 5 ml of acetate
buffer (294 g sodium citrate and 20.2 g KNO3 adjusted to pH 6 with
citric acid) is added and the sample diluted to 50 ml. Instrumental
analyses are performed using the fluoride specific ion electrode
(S.I.E.) and standards prepared in. acetate buffer solutionms.

Fluoride, Non-Coal Solid. The determination of fluoride in
samples from the combustor bed, cyclone, and filter is being done
currently by a two-step leaching procedure followed by analysis of
solutions with the S.I.E. In this procedure, ~100 ml of a 25% by
volume solution of TISAB (Orion total ionic strength adjustment buffer)
in water is added to 1 to 2 g of sample. After the residue is allowed
to settle, it is separated from the supernatant liquid, washed
thoroughly, and transferred to a platinum crucible, where it is air-
dried. The dried residue is mixed with 2 g of Eschk's mixture (2:1
Mg0/Na,CO3), covered with an additional 1 g of mixture, and heated
at 900°C for 35 min. When cool, the mixture is leached with fresh
TISAB solution. Fluoride analyses of all solutions, either combined
or on an individual basis, are done using the S.I.E.

Another procedure which will be explored involves the separation
of the fluoride from samples by a pyrohydrolysis technique, followed
by determination in aqueous medium using the S.I.E. In this procedure,
a sample of known weight would be mixed with a suitable chemical
accelerator and heated to “900°C in steam and oxygen. The volatilized
fluoride silicates would be collected in an aqueous catch solution
for S.I.E. analysis.

Fluoride, Solutions, Fluoride analysis on sodium carbonate
solutions are performed by first diluting with the Orion TISAB solution
followed by a S.I.E. determination. Depending on the concentration of
fluoride anticipated, 75 ml of sample or sample plus water is taken
to a 100-ml final volume with TISAB. The S.I.E. determination on this
solution is compared with standards prepared in the TISAB solutiomn.

Lead. A well-ground coal sample of n1 g is placed in a platinum
crucible and ashed overnight at 450°C. (Non-coal samples are not ashed.)
The ash or starting sample is then treated with 4 ml of 507 HNO3 (or
10 m1 for samples of additive), evaporated to approximately one-half
the original volume, and filtered through Whatman #42 filter paper.

An atomic absorption determination is performed at 217 nM and compared
with standards in a similar matrix. The optimum concentration for
atomization is 0.1 to 1 ug/ml.

Beryllium. Coal samples are ashed at 450°C overnight and then
transferred to a 250 ml Erlenmeyer flask. (Non-coal samples are not
ashed.) Heat is applied with caution to be sure to retain any aerosols
formed while SO3~ fumes are allowed to escape. One to two ml of hydrogen
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peroxide is added to oxidize organic materials present and heating is
continued until reaction ceases. (This is apparent by the cessation
of bubbling.) Three grams of anhydrous sodium sulfate is added and
heating is continued on a hot plate for approximately 15 min to
volatilize excess acid and ensure the formation of pyrosulfates. The
solution is then heated over a Meeker burner (by hand) until the
vigorous reaction subsides (3-4 min) and no additional fumes form.
The flask is allowed to cool, 20 ml of water is added, and heat is
applied to dissolve the solid melt formed. Silicates are then removed
by filtration, washed with hot water, and all solutions combined and
taken to a 50 ml f£inal volume. A pH adjustment is made and the Be
concentration of the solution is determined by fluorescence spectro-
scopy using a Beckman DU spectrophotometer.

Second- and Third-Priority Elements

Elements of second and third priority are determined by neutron
activation analysis, a nuclear technique in which the elements to be
analyzed are made radioactive by irradiation with neutrons. The gamma
rays produced by the induced radioactive species are then measured and
identified. The radioactivity of a particular neutron activation
product is directly proportional to the concentration of its parent
isotope. The basic equation for neutron activation is

AN = nod (1 - e_At)

where

= decay constant of the radiocactive speciles, in sec~1

atoms of the radioactive species

atoms of the target material

= the activation cross section for the nuclear
reaction, in cm?

= neutron flux, in n/cm®-sec

= jrradiation time, in sec

QDB 2>
1

rt S
|

By using a suitable flux monitor and a detector of known counting
efficiency, the concentration of an element in a sample can be calculated
by means of the above equation. Fundamentally, the steps in a typical
analysis are as follows:

1. Irradiate weighed quantities of the sample (100 mg) and a
flux monitor in suitable containers for a sufficient time to produce
adequate radicactivity for the element of interest.

2. After irradiation, the analysis is facilitated by gamma
counting the samples and flux monitor on an absolutely calibrated
Ge(Li) detector at optimum times to directly measure radioactive
species with short, intermediate, and long half-lives. To ensure
proper identification of the species being measured, the half-life,
and, where possible, secondary associated gamma-rays are checked at
convenient time intervals.
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‘The samples and flux monitors are irradiated in Argonne's ''CP-5"
reactor in either the "isotope tray'" or the "rabbit" facility where
the thermal neutron flux available is about 1.5 x 1012 to 5 x 1013
n/(cm?)(sec). The samples are irradiated to a fluence of about
1 x 107 n/cm?. The Ge(Li) detector used for counting is coupled to
a 4096-channel analyzer system. The detector is a coaxial-type Ge(Li)
having a full width half maximum (FWHM) of 2.0 keV for the 1.33-MeV
gamma ray of 60Go and a peak-to-Compton ratio of about 30:1. The data
readout from the analyzer system is in the form of magnetic tape
compatible with the IBM 370/195 computer system which is used for
analysis of the pulse-height spectra.

The neutron activation procedure is currently being developed.
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APPENDIX F. CONVERSION FACTORS. ENGLISH TO METRIC UNITS
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TABLE F-1.

Length

Area

Volume

Mass

Pressure

Temperature

Energy
Velocity
Flow

Heat-Transfer
Coefficient

TABLE OF CONVERSION FACTORS, ENGLISH TO MEIRIC UNITS

English Unit

in
ft

in?
ft2

in3
£¢3

1b

atm
psi

°F
°R

BTU
ft/sec
cfm

Btu/ (hr) (££2) (°F)

135

Metric Equivalent

2.54 cm
0.305 m

6.45 cm?
0.0929 m?

16.4 cmS
.0283 m3

453.6 g

760.0 mmHg
51.7 mm Hg

1.8 (°C) +32
1.8 °K

252 Cal
30.48 cm/sec
0.472 1/sec

5.68 W/ (m¥)CC)
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