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ABSTRACT

A thermogravimetric analyzer was used to measure the reactivity of several
limestones with SO,. The laboratory results can be directly used to predict coal
combustion results for pilot-plant atmospheric pressure fluidized beds. Also, the
TGA information was fitted to two different straight-line least-squares fits. These
equations allowed prediction (by two different methods) of calcium utilization in
atmospheric-pressure pilot plant finidized-bed combustors (FBCs) from knowledge
of only the CaCOj; content of the limestone. When the predictions based on laboratory
work for seven limestones were compared with the pilot-plant experimental resulits
of Pope, Evans and Robbins, Argonne National Laboratory, Consolidation Coal Co.;

and Morgantown Energy Research Center, agreement was good for all three methods.

INTRODUCTION

Fluidized-bed combustion of coal is receiving considerable attention due to its

potentially higher efficiency and lower capital costs' than conventional methods. In -
this process, coal is burned in a fluidized bed of a partially sulfated solid SO,-sorbent

(such as limestone or dolomite) at 850-950°C and 101-1010 kPa pressure. The heat

of combustion is utilized by generating steam in boiler tubes immersed in the bed .

with the rest of the heat recovered in a downstream steam generator. The bed material
not only heips to transfer heat to the boiler tubes but also captures SO,. The CaCO;

_ in the limestone (or dolomite) bed material reacts with SO, and O, at these opemting -

conditions to form stable CaSO,.
Naturally occurring limestones have been mtenswely studied?~7 as bed
material because of their high calcium content (for SO, removal) and their low cost.
Harvey et al.® made an extensive study of the Petrograpkic characteristics of
~ limestones and attempted to correlate their findings with limestone desulfurization
. data. O’Neil et al.® smdied the reaction of specific lim&ston&s'under a variegy of
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conditions (101-1010 kPa and 750-1050°C). The rate of calcination of the limestone
was found to have a large effect on the SO, capacity of the limestones. Coutant
et al.'° studied 25 limestones: however, he used short residence times and small
particles (~ 100 gm). Potter'® studied 86 limestones and found that the surface area
of pores larger than 0.3 ym in limestone particles was important in the capture of
SO, but that smaller pores were ineffective. Investigators!?> !3 have attempted to
model the limestone-SO, reaction process. Most models assume that two diffusional
processes occur; the diffusion of SO, through pores and the diffusion of SO, through
a solid reaction product which forms on the pore surfaces or grain surfaces.

Lacking from all of these studies is a method of predicting the limestone
reactivity with SO, at fluidized-bed coal combustion conditions. When a high-sulfur
coal (4% S) is used, approximately 859, of the SO, must be retained in the bed
material in order to meet EPA SO, emission standards. Therefore, process R&D
engineers, in reporting results from experimental tests, usually give SO, reduction or
retention as a function of the molar ratio of calcium (in the limestone)/sulfur (in
the coal) in the feed. The calcium utilization of the limestone can then be obtained as
follows.

R
CafS
where U/ = the fraction of the calcium converted to calcium sulfate, R = fraction of
sulfur dioxide reduction or retained in bed, and Ca/S = molar Ca/S feed ratio.

The designer of a plant knows the value of R required to meet the EPA SO,
emission standards for a designated coal and needs to know the Ca/S ratio required,
for designated limestone(s), to meet this EPA standard. Therefore, if the calcium
utilization, U, for a given limestone can be predicted, then the Ca/S ratio required
to meet the EPA SO, emission standard, R, can be determined from egn. (1). How-
ever, the limestone calcinm utilization, U, is a function of the Ca/S ratio. Obviously,
when a Ca/S ratio of 4 is used, the maximum calcium utilization is 0.25. Therefore,
for a highly reactive limestone, the calcium utilization will be limited by the availability
of SO, or the Ca/S ratio, whereas for a limestone which has a low reactivity with
SO,, the calcium utilization will be limited by the reactivity of the limestone. When the
value of R is just large enough to meet the EPA SO, standard, the minimum required
CafS ratio is known. The predictions presented below are only for atmosnheric
fluidized-bed combustion and cannot be directly used to predict pressurized flui dized-
bed operating conditions.

U= )

EXPERDMENTAL

A thermogravimetric analyzer (TGA), Fig 1, was used for all kinetic studies.
A sample (100-200 mg) was placed in a2 wire mesh platinum basket and was suspended
from one arm of a recording microbalance in a quartz reactor tube. The reactor tube
was heated by a platinum-wound furnace which was controlled to +5°C at tempera-
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Fig. 1. Schematic diagram of the TGA apperatus.

tures up to 1200°C. Two Pt/Pt—-109, Rh thermocouples were used for temperature
monitoring and controlling. '

The gas mixtures were prepared by blerding streams of the individual con-
stituents. Mass spectrometric analyses were made on samples of the final gas mixture
to verify its composition; the measured values of the SO, and O, concentrations were
within 59 of the values computed from the flow rates.

The gas mixtures, which reacted with the samples, passed upward through the
keated reaction tube and exited through a condenser and a series of scrubbers. A
nitrogen purge gas that flowed through the microbalance beil jar kept it free of the
corrosive reactant gases.

The TGA unit contmuously recorded the weight change of the sample during
its reaction with the gas mixture. Therefore, chemical analyses of the sample at the
completion of a2 TGA run were utilized to help determine and quantify the chemical
changes which had occurred. The accuracy of the TGA was approxxmately +1 mg
or approximately -39 of the total weight change.

RESULTS

Seven Limestones which bhad previously been tested in pilot-scale FBC’s were
tested for reactivity with SO, and O, in the TGA. All reactions were performed at
900°C with a 0.3% SO,~5%, O, in N, synthetic combustion gas. All limestones, sized

to —18 420 mesh (1000 ym), were precalcined in either 269, CO, or 1009, CO,
prior to reacticn with the synthetic combustion gas.

"~ The conversion of the calcium in the limestone to calcium sulfate is given in
Fig. 2 for the seven limestones calcined in 100%, CO,. (For limestones precalcined
in 209 CO,, for which data are omitted, initial reaction rates were the same but total
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Fig. 3. Cakcium utilization in 5 h for varions limestones precalcined in 2074, or 100% COs.

calcium utilizations were lower than when calcined in 1009 CO,.) Reaction is rapid
in the first hour and then becomes limited either by the gas-CaSO, solid diffusion
prooasorbythcdecrmscmthcporedxﬁ'nsmncoeﬂiaentofsozdmetoareducuon ’
in pore size!

In Fig. 3 the calcium utilization after Sh is glven as a- ﬁmcnon chaCO,
content. Increasing the CO, concentration of the calcination gas from 209 to 1009
increases the time for cakcination (from 10-15 min to 1-1%; h), - which increases the
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average pore diameter of the calcined limestone, and thus increases limestone reactivity
and calcium utilization. There is less effect on dolomitic limestones due to their
favorable pore structure created by the conversion of MgCO, to MgO during pre-
calcination. ) .

) Three methods were investigated as possible means of predicting calcium
utilization in atmospheric-pressure FBCs using the kinetic information obtained with
the TGA. These predictions are shown in Table 1 and are compared with pilot plant
experimental results. Pope, Evans and Robbins? (PER) determined the desulfuriza-
tion behavior of Greer, Germany Valley, and Chaney limestones; Argonne National
Laboratory (ANL) studied limestones 1359, 1360, 1337, and Tymochtee dolomite.
Consolidation Coal Co. (CCC) tested Tymochtee dolomite, and Morgantown Eneray
Research Center (MERC) tested Greer limestone.

It should be noted that pilot-plant results in Table 1 were for a wide range of
operating conditions. The PER combustion runs were done at 815-832°C. The ANL
and MERC pilot-plant runs were all performed at 871 °C. The Consolidation Coal Co.
runs with Tymochtee dolomite were performed at 982°C. In contrast, all TGA runs
were performed at 900°C.

The superficial gas velccities ranged from 0.61 m/sec in the MERC runs to
4.51 m/sec used by PER. Pope, Evans and Robbins used —1/4 in. limestone: 509,
by weight of the material was smaller than 30 mesh (600 gm diam.). It would be
expected that very little of the material smaller than 30 mesh stayed in the bed for an
appreciable time_ In the ANL experimental runs, an average particle size of 540-630
pgm was used while Consoclidation Coal Co. used —16 +28 mesh (1190-1000 um)
material. Al TGA laboratory kinetic data was taken uvsing —18 320 mesh (1000-
841 um) limestone.

The most involved calculation method (method 1 in Table 1) requires the use
of the kinetic information (F‘ g. 2) along with a fluid-bed d&sulfunzatxon eauatxon ’
developed by Keairns et al.%, .

1 - |4 — p kHY N ‘
U=ais [1 e d - )] Q)
where U = calcium utilization, fraction, Ca/S = calcium to sulfur mole ratio,
V = superficial gas velocity {m/sec), H = fluidized-bed height (m), £ = bed voidage,
assumed to be 0.5, and kK = average particle reaction rate constant (sec™!). This _
fluid-bed desuifurization equation gives the calcium utilization as a function of the
“average” reaction rate constant of the particles in the bed (provided the superficial
gas velocity and bed height are known). Thus, in order to determine U, the “average™

rate constant, k, must be known.

The TGA kinetic information [the slopes of curves in eqn. (2)] gives the
instantaneous rate constant, k’, as 2 function of calcium utilization. Therefore, the
average limestone calcium utilization, U, is that value at which k£ and X’ are equal
-{sce Kearin et al ® for calculation details). The predictions using method 1, shown in
Table 1, are also plotted in Figs. 4 and 5 for limestones precalcined in 20% CO, -
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Fig. 4. Predicted calcium utilization via method 1. Limestones precalcined in 209, COs.
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" Fig. 5. Predicted calcium utilization via method 1. Limestones precalcined in 100%, COs.

and 100% CO,, respectively. For limestones precalcined in 209 CO,, the agreement
between TGA and pilot plant results is excellent for the dolomitic limestones; however,
the predicted calcium utilizations for calcitic limestones (1359, Germany Valley,
Greer, and Chaney) are low (overall standard deviation of 11). However, for the
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slowly calcined limestones (Fig. 5), the agreement for all Emestones is excellent; the
standard deviation is 4.2. ‘

The better agreement for the stone precalcined in 100% CO, implies that the
limestones when used in a pilot-plant fluidized bed undergo slow calcinations. It is
difficult to imagine a high CO, concentration in the combustor or a slow rise in particle
temperature when it is injected into the bed. Thus, the good agreement between
slow-calcination TGA results and pilot-plant results has not been explained. These
results also imply that precalcination may provide no enhancement of reactivity.
However, the effect of precaicination must still be determined in pilot-plant operation.

‘The resulis in Figs. 4 and 5 were obtained from the reaction rate curve for each
designated limestone on 2 TGA and by use of eqn. (2). However, the calcium utiiza-
tion can be predicted by “method 2™ by knowing only the calcium carbonate content
of a imestone. The maximum calcjum utilization of the limestone (only the slow
cakination condition with 1009 CO; is considered in the remainder of the paper)
is shown as a function of CaCQ; content in Fig. 3. If it is assumed that particle
residence time in the bed is long (on the order of hours), then there will be maximum
utilization of the calcium in the particle, provided that the reaction is not limited by
too little sulfur (high Ca/S ratio). For example, for Greer limestone, this method would
predict a calcium utilization of 57 %, (80.4%; CaCQ,, see Fig 2) for a Ca/S ratio
smaller than 1/0.57 and would predict a calcium utilization of 1/(Ca/S) for a Ca/fS
ratio larger than 1/0.57. This method, for the seven limestones, predicts values of U
which are higher than the pilot plant results by approximately 19 % (data notincluded).
Since the TGA calcium utilization in Fig. 3 can be predicted from the calcium

I 1 it 1 i I i | I ] I
u, = 842 [1.7-L4(CaCO4]
u,= 842 [ 1/(carsi]
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Fig 6. Predicted calciom utilization via method 2. Limestones precakcined in 100% (s MU
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carbonate limestone content by the use of a straight line fit to the data, the pilot-plant

calcium utilization can be estimated by adjusting the results lower by a factor of -

0.842 to take into account the high predictions. The equations for method 2 are given
below. , ,

U, = 0.842 (1.7 — 1.4 [CaCO0,]) ' 3)
U, = 0.842 [1/(Ca/s)] 4.
U= U, ifU, <U, ' sy
U=U,ifU, < U, ©)

where, U U,, U, = calcinm utilization, {CaCO,;] = CaCQO; content, fraction.
Figure 6 (predictions obtained by method 2, also listed in Table 2) shows the good
agreement between the pilot-plant experimental results and the calcium utilizations
predicted by eqns. (3)-(6) using method 2. The standard deviation is +4.3.

The third method also requires only knowledge of the CaCO; content of the
limestone. The equation for the third method was developed from data used in the
first method, which requires plotting of the instantaneous reaction rate constaat, X,
as a function of calcium utilization, U, for each limestone. This curve is a straight
line except at the beginning and end. Except for very high or low Ca/S ratios, the
fiuid-bed desulfurization curve (k vs. /) and the instantaneous reaction rate curve
(X" vs. U) intercept on the straight-line portion of the k' vs. U curve.

It was also found that the straight lines for the various limestones were parallel.
A linear equation was obtained for the intercept as a function of calcium carbonate
content. With this and the slope of the curves known, an equation was developed
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which predicts calcium utilization as a function of (1) CaCO; content and (2) the
instantaneous rate constant. Using this equation in conjunction with the fluid-bed
desulfurization equation, eqn. (2), allows the pilot-plant calcium utilization to be
pradicted from only the limestone calcium carbonate content, Ca/S ratio, superficial
gas velocity, and bed height: ‘

B k + 2.03 [CaCO,]

U=1- ( e ) ™
= h_- Y a- —ww]

V=G5 [1 e ¢ ) @

U is then the predicted calcium utilization when &/ = k.

The comparison between predicted and experimental results is shown in Fig. 7
(also in Table 1 under method 3}. Except for one point for Tymochteec dolomite for
which 2 low CajS ratio of 0.95 was used, the correlation is excellent (a standard
deviation of -+-3.9 with one point excluded; for all points, a standard deviation of 5.5).

Predicted results are in good agreement with pilot plant results using all three
methods. However, the predictions are more reliable using method 1 which requires
kinetic TGA information and the fluid-bed desulfurization equation.

CONCLUSIONS

A number of methods can be used to predict desulfurization performance of a
specific limestone in fluidized-bed combustors for a specified Ca/S ratio. One method
requires only knowledge of the CaCQO; content of the limestone. Another requires
knowledge of the CaCQO; limestore content, the superficial gas velocity, and the
fluidized-bed height. Both methods give good predictions of FBC limestone per-
formance. Method 1, which is even more reliable, requires determination of the
conversion of Ca to CaSOy as a function of time for the particular limestone, using a
thermogravimetric analyzer. The standard deviation between predicted and experi-
mental results was +-4.2. In all of these methods, kinetic data was obtained on slowly
calcined limestones (1-11%5 h in 1009, CO,). Limestones calcined in 209, CO, (in
15 min) did not correlate with FBC desulfurization results.

The designer of an ctmospheric pressure FBC plant may wish to screen
potential limestones near a plant site location by using methods 2 or 3. Potentially
attractive limestones could then be tested in a TGA for more reliable estimates of
their desulfurization potentials. '
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