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1. INTRODUCTION

(‘oal-water mixtures (CWM) are investigated aq fuel in fluidized bed co‘mbu‘storst
There are distinct advantages in using CWM in certain applicafions of FBC. Fuel
preparation and handling costs are stbstantially reduced because the fuel is in liquid
form. This advantage may be significant to small-scale and in pressurized FBC
(PFBC) applications[l]. Coal-water mixtures were originally formulated for use in
oil-fired furnaces[2]. Due to the rheological requirements of spray nozzles, these
mixtures require fine coal grinds and addition of dispersants. Of particular interest
to FBC are CWM prepared from coarse coal grinds. A number of reséarchers ‘h'fwe
demonstrated that these less expensive preparations burn satistactorily in fluidized

beds[1],[2]. Many researchers have observed higher combustion efficiency for (WM

compared to dry coal, which has heen attributed to the formation of either large

agglomerates(3],[4] or small flecks of char attached to sand particles[2] when C'WM

is sprayed in the bed.

Sulfur removal is also gf special interest when CWM are burned in FBC. Previous
research on the subject suggests improvements in sorbent utilization when limestone
is mixed with CWM(3]. Several other researchers contradict this view by suggest-
ing that sorbent utilization in CWM is clégraded by the reaction of calcium sulfate

with coal-ash[4]. Roberts et al.[1] showed that CWM and drgy coal have comparable




sorbent utilization when fired in PFBC at conventional FBC temperatures. All pre-
Viqus comparisons of sorbent .uti.l.ization between dry coal and CWM were not made .
under comparable experimentdl conditions, that is coal and limestone feedstocks, or
combustion conditions were different. |

The purpose of this investigation is to study the mechanisms of sulfur capture
when burning coal-water-limestone mixtures (CC(WLM) in fluidized beds. Special care
is taken to make comparisons with to ciry coal and sorbent under comparable experi-

) i
mental conditions, A series of experiments were performed in an eight-inch diameter

bubbling fluidized bed combustor to address this problem.
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2. BACKROUND

2.1 Tlie Mechanisms of Combustion of CWM in FBC

A number of researchefs{ have investigf‘tted the méchanisms of combustion of
CWM in FBC[Q},[B],[LL],[S]. The mechanisms of combustion of WM in FBG were
also studied by Giregory and Brown [6] and Brown a,nd Christ4oﬁcles[_7]" They demon-
strated that (WM burn primarily as large char-sand agglomerates formed when the
fiel is sprayed in FBC. The agglomeration of the (WM droplets has been studied

by a number of researchers, some of whom developed miodels that explain this phe-

-nomenon., De Michelle et al. [8] suggested that the agglomeration occurs in three

stages: heating of the droplets that commences as soon as they enter the bed, an

evaporation-devolatilization phase during which the volatiles condense on the wet
coal surfaces, and a final ash loss phaée ’(Figure 2.1). The final form of the fuel is
a porous carbonaceous agglomeratf; that has sand particles imbedded in its matrix.
Arena et al.[2], on the other hand, theorized that CWM burn as char-flecked sand
particles formed when individual char particles adhere to bed sand.

Gregory and Brown[6] estimated the a?er&ge residence time of these agglom-
erates, in a 6-inch deep sand-bed to be on the order of one minute. They further
demonstrated that improvements in combustion efficiency for CWM compared to dry

coal burned in FBC are primarily due to the differences in particle sizes between the




Water evaporation ‘ :
Heating and volatile Ash loss Carbonaceous
release g Agglomerate

\ : Figure 2.1:  De Michelle's model of WM agglomeration in FB('

two fuels, Attrition of the fuel particles in the bed was found to be of inferior im-
portance, Fragmentation was, instead, shown to be the primary parameter affecting

combustion efficiency,

Fragmentation can be explainéd by the concept of critical porosity obtained
from the percolation theory'9'. As coal particles burn, oxygen penetrates the pores
i ‘ .

o ' and consumes carbon inside the particle, resulting in increased char porosity. When
! . |
critical porosity is reached, the char matrix collapses producing smaller fragments
that are denser than the parent char, Large initial particles will produce large non-
1 elutriable fragments, which will require further percolation to be elutriated.
[f a sulfur sorbent is added directly to C'WM, then it is expected to enter the bed

N ‘ imbedded in the agglomerates. C'onsequently. fragmentation is expected to reduce




the sorbent concentration after a finite time.

2.2  Sulfur Release from Coal and the Reaction of SO, with Limestone

2.2.1 The mechanisms of sulfur release from coal

Coal contains sulfu. in the form of pyrites (e.g., FeSz) and as organic sulfur[10].
The mechanism of sulfur release during coal combustion can be described as a two

step pha‘Se[ll]'.ﬂMost of the sulfur is released during de;\folatilization. Moffat[11] |

. suggests that the sulfur released during devolatilization is the product of the reduction

- of organic sulfur compounds and some pyrites by hydrogen. The hydrogen sulfide

(H3S) produced is immediately oxidized to yield water and SO,. Some additional

sulfur is released at the end of the (har burnout via oxidation of inorganic sulfides.

2.2.2. Calcination and sulfation of limestone

Calcium carbonate, in the form of limestone and dolomites, is the economically
most feasible sulfur sorbent used in fluidized beds. Above 1000 °F, C'aC'O4 undérgoes

calcination according to the reaction :

CaC0y = (a0 + CO, (2.1)

The resulting CaO matrix is extremely porous and susceptible to reaction with
sulfur dioxide (SO;). The production of pores in the lime structure is essential to
sulfur sorption. The porosity of the calcined li‘meston‘e is a measure of how well it will

absorb the SO,. As calcination commences, the limestone density is substantially

reduced. -
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In the presence of oxygen, sulfur dioxide will react readily with CaO to produce

| C’aSO; (gypsum). Sevéral'researchefs[l?] suggest that the sulfation reaction follow a

two body mechanism, i.e., S0, and oxygen will diffuse in the lime pores and adsorb

on the lime surface. The surface action occurs in two steps:

§O,+1/20, — S0, (22
Cla0 4+ S0; — (SO, | (2.3)
On the other hand, Yates[13] sugéests that SO; is produced only if heavy metal

salts are present to catalyze the reaction of SO, with oxygen. Otherwise (‘a0 is first

converted to ("'aS03 which will oxidize to gypsum.

C'aO + SO0y — (aS0; (2.4)

CaS0ys +1/20, — CaSO, C(25)

2.2.3 Temperature dependence of sulfur sorption

Sulfur sorption by limestone is temperature ‘clependent. The temperature for
maximum sulfur removal lies between 1500 and 1550°F[10],[14']. The limestone reac-
tivity is dependent on the degree of sulfation. As the degree of sulfation of limestone
increases, this peak becomes more pronounced and occurs at lower temperatures[10].

Saxena[15] ‘suggeéts that at lower than the optimum temperatures, it is possible

that sulfation follows an alternative route as expressed by the reaction:
C’CLC"OS + SOg‘l" Og - C’CISO4 + C’Og ‘ (26)

This reaction tends to reduce the rate of sulfation.




2.2.4 Limestone decomposition and pore plugging

At temperatures above the optimum there may be a variety of events that reduce
syulfa,‘ti(')n rates. Several ‘;'esearche‘rs;[tl],[ll] suggest that ('a§O4 will either decompose
to C'aO and SO,, or it will react with coal ash to form siliéat:es‘with the release of

S0;.

CcSOs — CaO + SOy +1/20,

0o
~3¥
~

C'aSO4 + ash — silicates + SOy + 1/20, - (

Sorbent Lyt,ilizdt,ion may also be reduced by inhibition of the sorbent due to
closure of the pores in the lime matrix. Pore plugging is one of the main problerﬁs
antic.ipated when limestone is used as a sulfur sorbent. Due to its large molar volume
('aS04 will build up iﬁ the lime pores and reduce the rate of diffusion of 50,, thus
rédufing the rate of sulfation.

Simoné et al.[16] modelled lixﬁe pores as similar to tree branches. The big and
sirall brémches of a tree describe the ﬁrogression of pores from larger to smaller size.
If the deposition of gypsﬁm begins in the small pores and slowly progresses to the
outer surfacé, the n the utilization of the effective sorption area is increased. On the
other hand, if sulfation rate is fast enough, then the larger pores become filled with

gypéum, thereby controlling the rate of diffusion of SO, to the inner surface of the

lime.

2.2.5 The effect of substoichiometric conditions on sulfation

It has been observed that under reducing conditions sulfur will not oxidize, but

instead reduce to hydrogen sulfide (H;S). Hydrogen sulfide in turn will react with




lime formmg calcium sulfide (C'aS)[11],{14]:

C'aClOg + Hy§ — CaS+ H20 + Oy (2.8)
(a0 + Hy§ — (laS + Hy0 (29
C'alcium sulfide has substantially lower molar volume than gypsum, therefore severe

pore pluggmg‘ is prevented. Jonke et al. [14\ observed that C S is the main product of

sulfation when the oxygen concentration in the bed is redu(ed to around 50% of the

stoichoimetric zymount. The sulfide production is (reducecl t0 2% when the bed oxygen

concentration is increased to above 70 to £0%. Once exposed to the atmosphere, C'a§

will readily oxidize to (‘aSO4.-

2.2.6 Factors that improve sorbent utilization

The use of a fine sorbent grind has been observed to impréve sulfur sorption.
Theoretically there is a minimum particle size of 6 microns for which the sorbent
utilization approaches unity (see Figure 2.2)[17]. In practice, the minimum parti-
cle size is limited by the superficial velocities used in the fluidized bed. Bonn and
Miiﬁzner[l’?] have estimated this minimum to be of the order of 380 microns. The
minimum size may further be increased for calcined limestone, since the release of
('O, during calcination reduces the density of the sorbent.

Gireen[18) has observed that sorbent utilization may be improved by inc‘orporat-
ing abrasives in the bed. They reasoned that the abrasives grind the crust of ('aS04

forme on the outer surface of the sorbent particles, thus recovering fresh active sites.
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Figure 2.2: Particle dependence of S0Os capture

2.2.7 Limestone regeneration and hydration

It is well known that limestone may be reccled after being regenerated by re-
ductive decomposition 10]. Reductive decompusition involves the reaction of ('aN0,

with either ('O or Hglat temperatures in the range 1830 to 2010 “F":
C'aS04 ~ ('O — (a0 =S50y~ 0y (2.10)
('aS04 ~ Hy — (a0 +80,+ H,0 (2.11)

The treatment gés. which is a mixture of Hy and C'O, may be produced from the
combustion of.coal under slightly substoichiometric conditions. A small progressive
los‘s of reactivity occurs with each regeneration cycle, mainly because of incomplete
regeneration,

A less expensive process to partially recover unreacted lime from litnestone par-
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ticles {s hydration. The unreacted sorbent particles enter the FBC' where they react
with SO, forming a dense layer of (‘aSO4 aroitnd a core of residual ('aO. Partial
hydration of the semi-reacted sorbent generates C'a(OH )y, the molar volume of which
is much larger than that of ‘C’a.O. The expansion of the core of ‘the treated particles
produces' cracks in the surface Jayer of ‘C"c'uS'()4. The partially hydrated sorbent is
re-introduced to the ‘l)ecl where it is subjected to simyltaneous d‘ehydration‘ and sul-
fation. These processes take place in the core of the particles. The hydration of the

sorbent may be repeated until the entire matrix of ('aQ is converted to gypsum(5].

2.3 Sulfur Capture When Burning CWM

C'en et al.[3] were among the first to directly introduce limestone to CWM. They
suggested that the intimate contact of limestone and coal in the (har sand agglomer-

ates would improve sulfur u\ptme ‘On the other hand, Mei et al. [4

pointed out that
limestone incorporated into the agglomerates will calcine and sulfate at temperatures
typical of char combustion, which may be as much as 300 o higher than the bed[19].
These temperatures may be higher than the desired optimum for sulfur sorption.
Decomposition of (‘aS0Oy in the agglomerates, at these higher teinperatures, will re-
duce sorbent utilization. Limited experimental evidence supports It.he hypothesis that
incorporation of limestone in CWM will improve sorbent utilizvation[B];[20].
Sulfation within the agglomemtes has not yet been demonstrated experimentally.
Trivett et al.[20] implied that the mechanism of sulfur sorption involves the capture of
S50, by free floating C'aO particles in the bed. These pzirticles are supposedly released
after the agglomerates break. Brown et al.[5] tested Trivett.et al.’s[20] hypothesis

by injecting coal-water-limestone mixtures (CWLM) in sand beds of different depth.
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They determined that SO, sorption increased with bed depth, suggesting that Trivett
et al.’s[20] hypothesis is correct, If st1l'fatiof1 occurred solely within the agglomerates,
then bed depth should have little or no effect on sﬁlfur retention. On the contrary, il
s1.11‘fat,ion‘occurs after individual C'aQ particles are released to the bed upon attrition
or {ragmentation[20] of agglomerates, then sorbent utilization is expected to increase
with increasihg bed dépth.
~ Toley et al.[21] compared sorbent utilization for CWLM with results for dry coal
in a limestone bed obtained from Stantan[22]. They estimated that the optimum
temperature for sulfur sorption when burning CWLM to Le as much as 200 “/7 higher
than for the dry fuel and sorbent. If the limestone is trapped in the agglomerates,
then it is most li‘kely‘vexpected to calcine and sulfate at the particle temperatures
which are as much as 200 °F higher t.ha.nv the bed.[19] Consequently, the optimum
temperature for sulfur retention might be lower for coals that incorporate limestone
in their ash.[23]
The present experimental evidence, concerning the mechanisms of sulfur removal
during combustion of CWLM in FBC, is not sufficient for deriving a definitive con-

clusion.




3. EXPERIMENTAL APPARATUS

3.1 Combustor

The 8-inch diameter fluidized bed combustor is shown schematically in Fig-

ure 3.1, The distributor plate at the bottom of the bed is a stainless steel plate

- perforated with 250 3/32-inch holes. A 100-mesh stainless steel screen, spot welded
on the plate, The main body of the combustor consists of a mild steel cooling wa-
ter jacket the inner part of which is lined with a I-inch thick layer of Kaocast REFT
castable refractory. The plenum at the bottom of the bed serves as a mixing chamber
for the air and Liquified Petroleum (LP) gas mixture during the préheat cycle,

A 4-foot long mild steel freeboard extends above the main body of the combus-
tor. The freeboard serves both as an afterburner for elutriated fines, thus improving
combustion efficiency, and as a mutfler, The flue gas exits‘ the combustor via a rootf-
mouﬁted exhaust fan that draws the exhaust from a pipe at the top side of the
freeboard.

Two 1-foot long electrodes (not shown) connected to a 10-kvolt transformer
p.ovide the ignition spark for initiating the preheat gas flame. The electrodes are

bend downwards to ignite the L-P gas as close as possible to the fluidized bed.
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3.2 TFuel and Sorbent Feeding Systems

A schematic of the ex‘petrime‘ntnl apparatus is shown in Figure 3.3, Dry fuel is
fed by an Accurate Model 602 dry. material feeder via u pért at the bottora of the
frechoard, The feeder is fitted with a 15-inch dintneter center-screw, The feed rate
(1elivered‘ by the auger is calibrated, for each material fed, versus the motor setting
cotnter, |

An air assisted nozzle provides the means for feeding C'WM. The fuel is pumped
from & small reservoir using a variable speed rotary pump, A bypass line returns a
large portion of the flow to iae reservolr, leaving a flow in the range of 10-60 b/ hr
to fire the combustor.

The CWM nozzle (Figure 3.4) consists of three concnentric tubes, The outer
3/4-inch diameter tube is made of stninleés steel. The intermediate black-steel tube
is of 1/4-inch L.D.. The annulus between the two outer tubes serves as a water jacket
for cooling the nozzle, A third 1/4-inch stainless steel tube provides t,he’inlm. for
the fuel. Alr at 1.5 scfm is passed through the inner annulus to assist the CWM
dispersion in the bed. The nozzle is installed d-inches above the bottom of the bed,

Dry sorbent is fed at the bottom of the bed via another air assisted system
(Figure 3.5), A 4-inch diameter plexiglass hopper feeds dry sorbent to a 1/4-inch
screw feeder, which is driven by a Dayton Model 978038 1/15 HP variable speed
gear motor. The feeder drops the sorbent particles in an air stream via a 1/8-inch
venturi, An agitator driven by a small A/C wotor is used in the hopper to prevent
bricging of the sorbent. A 3-scfm air stream conveys the sorbent to the hottom of

the bed via a 3/32-inch water-cooled nozzle. The nozzle is of similar design to the

C'WM nozzle. The feeder feed rate is calibrated versus the motor input voltage for
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Figure 3.2:  Dry limestone feeder calibration
each sorbent size. The calibration lines are shown in Figure 3.2,

3.3 Gas Sampling System

K Five gas analyzers are used to monitor Hue gas composition: two Beckinann
Model 870 nondispersive infrared spectrometers for ('O and ('O, compositon; a
Beckmann Mocel 755 oxygen analzer ; and two Horiba Models VIA-300 and VIA-500
nondispersive infrared spectrometers for VO, and SO,.

A sample of flue gas is drawn from the top of the combustor freeboard via a
y sampling probe, which is pointed away from the flow to reduce the the number of

particles entering the sampling tube. Filtering and drying of this gas »ample prior

to analysis is necessary to protect the instruments and to prevent interference with
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the readings, This is achieved by first passing the gas throﬁg,h a Balston Type 30/12
particulate filter to collect all solids entminéd by the flow, m‘uk'l then through an
acid mist filter to collect any tar nnd acid vnpbr present in the sample. To prevent
condensation prior to drying, all lines are héut traced to 400 °F, The Balston flter is
maintained at 250 °F, and the acid mist filter at around 200 °F, A detailed diagram
of the smnpliﬁg system is shown in Figure 3.6,

A Perma-Pure Model PD625-24 APS dryer is used to remove moisture from the
sample stfe‘mu.‘ The dryer consists of a bundle of sémipemnenble membrane tubes,
The tube bundle is enclosed in a stainless steel tube. The moist flue gas is passed
through the membrane tubes. A dry purge stream of air is passed outside the mem-
branes, In this manner, a partial pressure gradient is generated and the moisture
from the flue gas diffuses thr&mgh the walls of the membrane tubes into the purge
stream. The dryer must be maintained at a temperature of 170 *F for optimum mois-
ture removal. The dry purge stream is generated by a Perma-Pure Model HD202-b
heatless dryer which dries the air to a dew point of -50 °F'. Under normal circum-
stances, the flue gas dryer is capable of drying the flue gas stream to a dew point of
10-15 °F. However, prolonged operation of the dryer resulté in the contamination of
the membrane walls and rediuces the performance of the dryer. Also, the combustion
of CWM results in large amounts of moisture in the flue gas. In the event that the
dew point of the flue gas gets high enough prior to drying, the moisture will condense
and dissolve SO;, forming sulfuric acid, The latter‘ will eventually adhere on the
membrane walls and reduce the performance of the dryer.

To detect any condensate formed in the system and to detect the possible forma-

tion of sulfuric acid, an impingement filter is installed after the dryer. Acidity tests
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on these samples showed a pH bétweén 2 to 3. Tile 'amounts of acid formed were
estimated by measuring the volume of the condensate and performmg simple a,c1d'
equlhbrlum calculahons A representa‘rlve sample of calculations is ‘carried out in tha
Appendix. Tests showed that the amount of acid formed is close to 6 x 107% (on a

wet gas basis) which is low enough so that the reading is not considerably aftected.

3.4 Data Acquisition System

The data acquisitién éystém consists oia Zenith 7-128 microcomputer. Tem-
peratures are measured using Chromel /alumel (type K) thermocouples mstalled at
the locations shown in Flgure 3. 3 A ’fhermocouple probe is used to measure the
bed temperature. The thermocoupleb are connected to two Metrabyte Model EXP-
16 sub-multlplexer boards provided with a cold junction compensation. The boards
carry an amplifier that boosts the vbltages from the thermocouples. An 8-channel
‘type DAS-8 D/A converter converts the analog signal from the reading boards into
~ a digital equivalent fed in the computer. A program written in Quick Basic 4.0 mon-
itors the output of the DAS-8. All data are monitored continuously. The recording
period may be entered as desired and may vary from‘ 0.1 secoﬁ’ds to an unspecified
top limit.

Maln air flow- rates are contlnuously measured by a Schaevitz Model P3061 linear
variable displacement transformer (LVDT) pressure transducer. Due‘to zero shift on -
the pressure transducer the‘reading has to be compensated by correcting for the
shift when the flow is off. The analog output from the transducer is fed directly to
the DAS-8 which converts it to computef compatible déta. Nozzle air flow-rates are

monitored and measured manually using two variable-area flow-meters.
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An Arlyn electronic digital scale is used to measure the C‘WM flow-rate. The
output from the scale is directly ied to the computer routme, which calculates the
mass flow mte of the fuel every 1.5 minutes, Visual mspectlon is also p(“)ssible since
the routine chsplays contmuously the mass of the CWM reservoir.

Flue gas analysis is made possible by directly connecting the outputs from the
gas analyzers to the comput‘er via the DAS-8. All data are recorded von eithera 5'/,

floppy disc or the 20 megabyte hard disc.
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4. MATERIALS AND METHODS

4.1  Fuels and Sorbents

All tests were carried out using Illinois N°5 seam coal obtained from the Peabody
Cloal Co., Freeport, Illinois. An analysis of the bituminus coal is given in Table 4.1,

The dry fuel was obtained as prepared and had a particle size distribution of 3/8-

inch x8-mesh,

CWLM are prepared from the product of a hmnme;rmill pulverizer., Dry coal and
limestone are crushed separately in the hammermill ﬁtfed with a 1/16-inch screer.
They are then mixed in proportions,‘ to give a C'a/S ratio of 2. The coal-limestone
mixture is blended with watér to give a 57% by weight solids loading. No dispersants
are used in preparing CWM. |

Coal-liméstone briquettes are prepared from the same coal-limestone mixture
as the CWM. A binder, consisting of 22% corn starch and 78% water, is separately
prepmeci in a blender and added to the coal-limestone mixture. The proportions .
of coal/limestone/binder are 1/0.164/0.16¢ respectively. The binder is worked thor-
o‘ughly in the dry mixture until no lumps #re visible. Briquettes are formed in a
briquetting machine thdt compresses the mixture between two form rolls to a pres-
sure of 1400 psi. |

Limestone is obtained from the Gilmore City formation in Iowa., An analysis is




Table 4.1 Coal analysis

Proximate Analysis (as received)

Moisture 10.8%
Ash ‘\ 10.1%
Volatile Matter ' - 36.0%
Fixed C'arbon 42.5%
Btu/lb | 11,305
- Ultimate Analysis (dry basis) ‘
Hydrogen 3.76%
Nitrogen 1.49%
Oxygen 2.57%
Sulfur 3.00%
Ash 11.30%

Free-Swelling Index 4

Table 4.2: - Analysis of the Gilmore
Clity limestone

Constituent Amount by weight

510, 2.02 %
Al,O4 1.00 %
Feq04 0.40 %
MgO 1.93 %
C'aO - 03.36 %
Na,O 0.18 %
K50 0.02 %
T:0, 0.05 %
MnO 0.01 %
P, 0 0.10 %

505 ' 0.94 %
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given in Table 4.2, Two limestone grinds were used in the experiments: a fine grind

(270-mesh « 20-mesh) that was the same as the one used for C'VWM and briquettes,

“and a coarser 35-mesh « [8-mesh grind.

The coarse grind was prepared by double screening the product of a roll-mill

crusher. A particle size distribution is shown in Figure 4.1,

4.2 Methods and Techniques

Dry coal tests were initiated by preheating the bed with L-P gas until the bed
temperature reached 1300 “F. At this point, the feed rate of dry coal was initiated
and ihe fluidization air was adjusted to compensate for the extra fuel. As soon as

the bed temperature increased, the L-P gas was turned off and the air was adjusted
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for stoichiometry, A nominal 20% excess air was used for each test. Bed tempera-
ture was adjusted by vm'yiﬁg the firing rate. When both bed teuipemture and SO,
concentration levellgcl out, the feed rate of sorbent was initiated.

To ensure that a steady state was reached, the data recording routine was ini-
tiated as soon as the sorbent feed rate was turned on. At the end of the test, SOy
concentration was ploftecl versus time and t;'he‘stéacly state was determined,

(‘oal-water mixture tests were different in the steady state portion. Again the
bed was preheated with L-P gas, The fuel flow was initiated at around 1470 “ £ to
compensate for the water in the fuel. The air was then adjusted to account for the
extra fuel, Aé soon as the temperature increased, the L-P gas was turned off and
the air was adjusted at 20% excess. Combustion of CWM quickly achieved a steacy
state, A few minutes after the temperature stabilized, the SOy concentration in t,ile
flue gas reached a steady state,

After approximately four tests, the bed material was screened to prevent build-
up of ash, The main reason for the material accumulation was the agglomeration of
flyash in the hed,

Nozzle air was adjusted according to test conditions, No air was used through
the fuel nozzle during the dry coal tests, A 3-scfm air flow was used to convey the
limestone in the bed. During the CWM tests, 1.5-scfm of air were used in the fuel
nozzle to enhance spraying. An equal flow rate was used in the sorbent nozzle to
ensure equal bed dynamics,

Data were recorded every 4 seconds for all steady state tests, whereas a sampling

peripc of 3 seconds was used for the transient tests. The data were stored in a print-

file which could then be imported into Lotus 1-2-3 and processed. The data for
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temperature, S0y, and O, concentrations were averaged over the duration of the

~steady state (typically a period of 20 to 40 minutcs).




5. RESULTS AND DISCUSSION

B.1 Investigating the Mechanisms of Calcination and Sulfation of

Limestone in CWLM
5.1.1 Comparison of sorbent utilization for CWLM and dry coal

Roberts et al.[1] report no substantial difference in sorhent utilization for C'WLM
and dry coal during pressurized fluidized bed combustion, On the other hand, several
researchers [3],[4],[5],[20],{21] have reported improved sorbent utilization for CWLM
compared to dry coal in atmospheric fluidized beds, but failed, in one way or another,
to assure comparable experimental conditions for the twe fuel forms, To compare
sorhent ntilization for the two fuel forms, CWLM and dry coal were prepared from
the satme coal feed-stock, The same finely ground limestone was used as a sorbent for
both fuels, [nitially two tests were performed at temperatures around 1500 * ‘1,8“1"'.
Percent excess air was maintained at a nominal 20%. The calcium to sulfur ratio was
2 ¢ 1 for both tests. The sorbent utilization for the tests is shown in igure 5.1,

~The CWLM test was performed at 1505°F and gave a sorbent utilization of $2%.
On the other hand, the dry coal and fine sorbent test was carried out at 1518°F" and
restlted in a 20% sorbent utilization, which is substantially lower compared to the

CWLM. The fact that the sorhbent was very fine raised the suspicion that a fairly
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large amount was elutelating from the bed. Prom basle fluldized bed theory, the

dinmeter of elutriable particles can be estimated from the Fquation H,1:

([jl»*.lllht‘t‘i(‘ll( = \/‘ YN
( s =

[t was estimated that Hmestone particles (ner than 175 microns would fomumedi-

(5.1)

ately be entrained by the flow and leave the bed unreacted, Caleination, by reducing
particle density, allowed particles as large as 200 microns to quickly elutriate, Ifrom
fgure 4.1, it was estimated that at least 20% of the limestone was leaving the bed
prior to sulfation,

The dry coal test was repeated using the coarser grind ol sorbent described above,
[t was estimated that 99% of this sorbent remained in the bed until attrition acted
to reduce particle sizes, The results of this test are also shown in Figure 5.1, The
coarser limestone yielded a sorbent utilization of 30% at 1468“#" which is comparable
to the result obtained for flne limestone incorporated in CWM, The results of the
above tests are in agreement with the pressurized luidized bed results presented hy
Roberts et al.[L], These tests indicate that CWLM and dry coal have comparable

sorbent wtilization at conventional F'BC temperntures,

5.1.2  Optimum temperature for snlfur retention

The mechanism of sulfur sorption by limestone is strongly dependent on tem-
o M ' 1 u 1 ] ! 1
perature, The optimum bed temperature at which the sulfur sorption efficiency is
maximum lies between 1510 and 1550 ©F[10],
Basu[19] has shown that coal particles burn at temperatures as much as 360/

higher than the bed, depending on particle diaeter, Furthermore, if the limestone

which is incorporated in the CWM calcines and sulfates within the agglomerate, it is
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expected to follow closely the tetmperature history of the agglomerate, Mel ot al, [4)
were Lhe fiest to suggest thal sorbent wtllization may be degraded il limestone is added
divectly to CWLM, They reasoned that C'a S04 will react with coal ash, ot the higher
particle temperatures, and decompose, In such case, the optimum temperature for
desulfurization when burniug CWLM should be expected to he lower than for dry
coal. This hypothesis was tested by repeating the tests in Section 6.1 over/a range
of temperatures, The temperature was varled by changing the firlng tate in the
combustor, Percent exeess air was maintained at 20%.

The percent sulfur sorption as a function of temperature for CWLM and dry
conl with fine Hmestone is shown in Plgure 5.2, Sulfur retention for CWLM reaches a
maximum of 77% at around 146094, There is no distinet magimum for the dry fuel,
but the datn suggest that the maximum oceurs well above 152074 Furthermore,
the fargest sulfur retention for CWLM was signiflcantly higher then the respective
maximun for dry coal and sorbent, The peculiar behavior of the dry coal/flne sorbent
ciurve may be attributed to inereased sorbent elutrintlon with increasing firing rate
tn the cotubustor, Several additional tests were performed, this time with the conrser
sorbent, The results are compared to CWLM in Figure 5.3, The peak sulfur sorption
for the coarser sorbent occurs around 520 and is approximately 62%, which is
much lower than the CWLM peak.

The CWLM peak is 50-60YF" lower t,l‘mn optimutn temperature for dry sorbent,
which is {u qualitative aggreement with Foley et al. |21} who observed peaks for
CWLM at temperatures aboutl 200¢ F' lower than for dry coal (the typical agglomer-
ates were larger for Foley ot al.[21] siuce they were feeding CWLM above the bed).

The fact that the peak sorption for CWLM occurs at a lower temperature than for
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dry conl suggests thal both caleination and sulfation occur in the agglomerates,

5:1.3 Purther confinmation that caleination and sulfation occur in the

agglomerates

To conflem that caleination and sulfation occur in the char-sand agglomerates,
bed material was recovered from the bed after quenching the bed with nitrogen
gas, After prehieating the bed, CWLM is fed untll stendy state is achieved. The
stendy state is maintained for o certaln period of time and then the fuel and air are
shut oft simultancously, while nitrogen gas is introduced in the bed to quench the
combustion, The flow ol nitrogen Is continued until the bed has cooled sufficiently
to stop all reactions, The bed material is then recovered and the ngglomerates are
separated by screening, |

Agglomerated material was recovered from the bed and ground to a fine particle
size in a Spex shatterbox, The sample was then subjected to elemental analysis via
X-ray fluorescence, The total sulfur in the sample was estimated to be 3-5% by
weight, [t js obvious that, since the sulfur content of the coal is close to 3%, much of
the sulfur is being retained in the agglomerate,

As mentioned in Section 2.2.1, most of the sulfur is expected to be released from
the coal upon devolatilization. Very little sulfur is retained in the char of which the
agglomerate is composed, To conflrm the rapid sulfur release from the Illinois N5
seamt coal in use, a transient test was performed with 3/8-inx8-mesh dry coal burned
in a sand bed with no sorbent addition. Jpon reaching steady state, the fuel was

shut oft and the fluldizing air was slightly reduced to increase the residence time of

the coal particles in the bed, The decay in SO, emissions, as sulfur was released




; Leyend
DAY COAL AND FINE LIMESTONE
COAL - WAIER LIMESTONE MIXTURES

GLFUR DIOXDE fED 00N
= =
< c

145
HEO TEMIPERATURE (deg F)

Fignee 520 Percent sulfur reduction vs,  bed tetperature for fine limestone wid
CWLM

40

(egend

DAY COAL AND COARSE LIMESTONE
COAL -WATER-LIMESTONE MIXTURES

TiCN

SULFUR DICXIDE REDU

40 | R |
139 140 145 180 169

)
BED TEMPERA IUAE (day F) 1o

Figure 5.3:  Percent sulfur retention vs.. bed temperature for coarse limestone and

CWLM




< o i s
RSP S o

33

from the coal remaining in the bed, was recorded every 3 seconds. A plot of the first

two minutes of the transient test is shown in Figure 5.4. This rapid volatile reledse’
is followed by a more gradual decline as the small amount of sulfur remaining in the

char is being oxidized.

5.1.4 The effec* of reducing conditions in the agglomerate

The tests described in the previous section show distinct differences in the sulfur
sorption mechanisins of CWLM and dry coal. It is clear that CWLM have improved

sorbent utilization compared to dry coal at their respective peaks. Also this peak

for CWLM occurs at a much lower temperature than for dry coal. These differences

may be attributed to a variety of reasons.
" Saxena[15] suggested that under reducing conditions, the sulfation mechanism
may become more efficient due to the formation of C'a§ instead of ("a504. The

former compound has a much smaller molar volume than ("aS0Oy, thereby prevent-

king plugging of the sorbent pores and improving sulfur capture. It is possible that

reducing conditions may exist in the vicinity of the agglomeréte[%].

o To test this hypothesis, a second saxflple of the agglomerates, recovered from the
quench test described above, was finely ground and sﬁbjected‘to X-ray diffraction
(XRD) scéﬁ. The readings from the XRD scan are shown in Table 51 The test
showed fhe presence of ('aC'0U3, anhydrated C'aS0y, and ('aO. The total amount of
calcium compounds is apprOJ‘cima’tely three times that of calcium sulfate. Only small
amounts of (‘a0 were detected. These results suggest about 30% sorbent utilization.
No other sulfur compounds were detected in the sample.

The quench test was performed at 1380 °F where the sorbent utilization is
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Teyble 5.1: Results of the X-Ray Diffraction scan on the

~agglomerates
Mineral’s Name Cemical Formula Counts .
Calcite ‘ - CaC'Oy 150
Quartz, low . S104 150
Anhydrite ' - (MaS0y 70

Feldspar, undefined (Na, K, C'a)(Si, Al)404 e

predicted to be aronnd 30% (on a molar basis) for the CWLM in use. The‘resul‘ts

of the XRD scan suggest that the improved sorption for the CWLM at the lower

temperatures is not due to reducing co“nditibns in the agglomerate.

vFurthermore, the fact that 611ly small amounts of ('aO were detected suggests
relatively fast sulfation of the sorbent. As soon as t‘he lime calciﬁes, it reacts with
S0, to form gypsum. This suggests that the‘ intimate contact between the sorbent

and the coal may be the reason for the improved sorption in CWLM[3].

5.1.5 The effect of the intimate contact of coal and limestone in the

- agglomerate

The possibility that the improved sorbent utilization of the CWLM is due to
the intimate contact of coal and limestone in the agglomerate becomes clear after

proving that the limestone particles are sulfated in the agglomerate. Shorter diffusion

 distances and the increase in the available sorbent area provided by the fine sorbent

may help to improve the sorption efficiency. To test this hypothesis, coal-limestone
briquettes (C'LB) were prepared using the same grind of limestone and coal used in
the C(WLM. The briquettes in this case simulated the char-sand agglomerates.

It was impossible to prevent breakage of some of the briquettes while they were
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fed in the bed by the auger Augered briquette particles were recovered from the auger
and were dou\)le screened to obtain a pmtlcle dlstrlbutlon ]t was estimated that 20%
by weight of the fuel was entering the combustor as partlcles smaller than 500 microns
sieve diameter (Figure 5.5); Furthermore, it was assumed that {uel particles this small
exist as individual coal or sorbent particles and will not simulate CWLM agglomerate
behavior and that the fraction of particles large enough to behave as agglomerated
waq»suiﬁci‘em to retain the validity of these fmts

tlm aqqumpilon is verified by the tests shown in Figure 5.6, which plots 902‘
removal vs. bed temperature for CWLM, (oal limestone briquettes, and dry lime-
stone, Both the bri quettes and CWLM show optlmum temperatures for peak sorbent
utilization that are significantly lower than for the dry limestone. This suggests that

desulfurization takes place in the briquette particles, which burn at temperatures

higher than the bed. 1he peak sulfur removal for the briquettes was found to he 70%

compared to 78% for CWLM.

On the other hand, the sorbent utilization for the briquettes at 1500°F" can he
approximated as the weighted average hetween the dry sorbent and CWLM sorbent
atilizations at the same temperature (i.e., 0.8 % %retention for CWLM plus 0.2 x

Y%retention for ‘dry sorbent). It is hard to reach a definitive conclusion from the

results of the briquette tests.

5.1.86 The effect of gasification conditions in the emulsion phase

Another explanation that may be given to the improved sorbent utilization in
C('WLM is the possibility of a gasification environment existing around the calcining

limestone. Equilibrium calculations performed for the bubble phase in the fluidized
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bed do not support this notlon; equilibrium caleulations treat the combustor as a well
stirred reactor, showing that there is enough oxygen to yield a very low partial pres-
sure for (O, However, Ljlngstrom(24] has shown that substoichiometric conditions
may exist locally in the emulsion phase. Furthermore, several models of burning coal
particles suggest that (‘O concentrations around coal particles may be very high[25].
The high ('O concentrations combined with the high water vapor content of C"WLM

might promote the gas-vapor reaction:

('O + HyO — C'Oy + Hy (

ot
63
~—

The gasification environment may thus be promoted in either the emulsion phase
or the boundary layer around the agglomerate. Under gasification conditions, there is
a high concentration of ('O, that will tend to slow the calcination reaction (Equation
2.1) by shifting the equilibrium to the left, Slower calcination reduces the production
of active sites on the surface of the sorbent, The rate of calcination may then be
overtaken by sulfation which will, eventually, promote pore plugging. However, the
high local concentrations of ('O and H, promoted by the gasification environment
may reduce C'a SOy into ('uO and SOq(Equations 2,10), Accordingly, calcination
may proceed to completion before sulfation began to plug the pores.

To test the hypothesis that local gasification conditions are responsible for the
improved SO, sorption in CWLM, a water injection test was performed, The fuel
used was coal-limestone briquettes. Water was injected via the CWM nozzle, A
3-scfm purge air stream was used in the nozzle to atomize the water prior to entering
the combustor, The water flow-rate was adjusted so that the moisture in the bed
was around 47%, The test aimed to simulate CWLM with 53% solids loading.

The gasification test was carried out at 1407°F and yielded a 62% sulfur sorption,
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[igure 5,7 shows the results of thls test in comparison to a dry CLIB at around 1390

which has the similar sullur sorption as the gastfication test. The water lujection test

proved that gasification conditions in the etnulsion phase are not the reason for the

lmproved sorbent utilization in CWLM,

5.2 In-situ Measurements of Sorbent Kinetics
5.2.1 DBasic principles

Sorbeut reactivity is greatly dependent on the conditions 1,111‘}(1(-,‘1' which calci-
nation and sulfation take place.[26] Sorbent reactivity is gencrally measured nader
well controlled conditions in a packed bed or a thermogravimetric balance[27][26],
It is possible that the local conditions of a CWLM agglomerate or a coul-limestone
briquette yield different limestone reactivities than dry limestone.

The evidence presented in the previous sections [)I‘()VC“(I that the mechanisms of
sulfur sorption in CWLM differ significantly from dry linestone. Consequently, the
kinetics of sulfur sorption in the CWLM agglomerates may be different than for the
dry sorbent, It is not yet evident how the reactivity of the sorbent can be measured
under these conditions,

The rate of production of volatile matter from the emulsion phase of a fuidized

bed combustor may be approximated with the differentinl equation:

where (' is the volatiles concentration leaving the bed, u is the superficial velocity of
the gas through the bed, L is the bed height, g is the rate of generation of volatile

matter from the fuel particles, and v is the rate of removal of volatile matter due
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to renction with other bed species, Equation 53 can be applied for the rute of
production of SOy from the bed, In this case, » will be the rate of sulfur sorption by
limestone,

Transtent operation of the combustor s required [n order to estimate the rate of
production ol gaseous matter from the bed, The model is applicable the esthuution

of caletnation and sullntion rates as well ns in measurlng burning rates of fuel,

5.2.2 Application of the model in evaluating rates of sulfur release from

coal

The model ini'.roflucecl in the previous section will he applied to estimate the rate
of generation of S0q from conl, The concentration (' represents the concentration of
S0y in the Hue gas,

Several transient tests were enrried out using 3/8-inch <8-mesh Hlinols N5 coal,
The coal was burned in a six-inch deep bed with no sorbent addition, Each test was
carrled at a different bed temperature, therefore a different fuel feed rate, The excess
air in the bed during steady state was maintained at a nominal 20%. Once steady
state was reached, the fuel was shut off and the SOy transient decay was recorded at
8 second Intervals, The generation rate of S0y in the bed under transient conditions

|

has two contributions:
g=9+4g" (5.h)

where ¢' is the generation rate of SO; associated with the volatiles release and g"
the rate of generation of S0, from the combustion of the devolatilized char, Volatile

Al

release from the coal is a very fast process[11], Therefore, the time constant associated

with ¢’ must be very small. On the other hand, the generation of SOy associnted




with the chur combustion ls relatively slow and steady process, The decny of S0,
with time lor one of the transient tests is shown fu IMgure Hid,
T'he general first-order expression deserlblug the evolution of volatile matter from

conl {8
[N
ek C(na)
whoere &, is the first-order rate constant for sulfur relense with volatile matter|28),
Solving for Vi

N o Nyesp (hat) (5.00)

where &, is the inltlal wass of volatile sulfur content of the coal charged (o the
cotmbustor,
The number of moles of sulfur released from the conl is equal to the number of

moles of 80y generated fn the bed (nssuming 100% conversion), Therefors

Assume that the contribution of ¢" is small and constaut over the time period
that ¢’ is neting, Substituting Equations by 5.6, and 5.7 into Equation 6.3, and
selting (* oqual to the concentration of SOy In the flue gus ([SOy]) and solviug for

[(SOy| as a function of time:

‘ haN wt
.SI )l‘ LR h Y ol ) = ) e F‘H
(S04 il ;‘.“[‘“’“‘ £) = exp(= ] (5.8)
"y
b ‘-‘f;l-l-{-’-{ L exp( ';' D (SO exp (- ';' )

where [S0y), 1s the steady state concentration of SOy meastred al the beginning of

the transient period,
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N Deflne ¢"L/u s [SOy)% the quasl-stendy concentration of SOy reached when

devolutilizatlon (s over (as ¢ becomes very lurge), Renrenglng terms and setting L/u

“ approxlmately equal to 0.2 seconds (L s 1/2 Toot and the superfielal ale velocity 1
1. on the average 2.5 ft/s), Bquation 5.8 can be shplified to:
.' : ll,’l()'l l.q()' ' l\‘(, V
A, l“ l"“_,[.l-f.’], e }\lut -+ ln ./‘ (5‘9)
[.,L' (Jul(, e [5():)1' ll/L - A‘,,

l A

The logarithm of the normalized decay of SOy on the left of Equation 5.4 s

~ plotted versus time for each trausient test, Linear regression of the SOy varluble

i gives the charactertstic time for volatile sulfur velease (7, = 1/k,). In this case, the
I e ¢ s corrected for the delay assoctated for the plug flow of the gas from the hed

surface to the gas analyzers via the freebonrd and sumpling lines, The results for the

churactertstic times of seven transient tests nre shown in Table 5.2,
Very limited work has bed doune in weasuring characteristic SOy release times
: during conl devolntilization, Moftat(11] observed that the sulfur relense during py-
. rolysis ol coal particles 1s a very fast process, Typical rates for devolatilization of
l stall coal particles (J, < 100 microns) can be found in Howard [20], and they are of
1‘ the order of | second, Ou the other hand, the characteristic tes for sullur release
' in the present experiments with relatively large conl particles (dp = 54 mm) were

found to be of 8.4 seconds (averaged from Fable 5,2).

Bssenhigh[30) tested relatively large conl particles (sized 0.205-4.76 mm) which

2 ‘ | are expected to display mass-transfer-limited devolutilization, Loy the rate of de-
! volatilization from these particles is limited by diffusion of the volatile species through
|

the particle pores and gas film surrounding the particle, Using a shrinking liquid

sphere model for the volatiles within the coal particle, fssenhigh(30] related de-
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Table 5.2¢  Characteristle volatlle  release
timoes,

Bed Temperature  Characterlstle time (r,)

(V1) ’ (sec,)

o land ﬁ 7008
1404 0,442
9] 0,16
1501 ‘ 8,230
1520 10,585
LR G494
1h72 7143

volutilization time to particle dinmeter as:
T (5.10)

where d s the particle diameter and Iy is the devolatilization constant in a/nmim®,
The avernge value of I, for Essenhigh's[30] data is found to be 0.98/mm*, Using
Fiquationd, L0 (and setting £, = 3 < the thue constant, &), the mean diameter of the
coal charged the combustor at the beginning of the transient tests was atound 5.3mm,

It is still ditHeult to draw definitive conclusions singe the coal feed for the transient

tests was not monodlspersive and K, is certalnly different for the conls tested by
1 Bssenhigh(30] and the Ilinols N5 used for the transient tests, Nevertheless, this
! estimate of coal particle size from sullur release vates is in reasonable agreement with

the actual feed size,




y
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5,23 Measuring calcination and sulfation rates using the model for sulfur

release
The reaction of SOy with lime may be summed up as:
C'aQ + SOy + 1/20y — Ca80y (5.11)

The sulfation rate is observed to be of first order with respect to [S0y)[27] and
zeroth order in oxygen concentration [31). The reaction takes place after S0, is

adsarbed on the lime surface:
« ‘ 4 — * 4 (51[2)

where « are active sites and s s the S04 adsorbed,
The rate of sulfation is equivalent to the rate of consumption of active sites,
Assuming that the sulfation reaction is essentially irreversible, aud accounting for

the fact that the reaction rate does not depend on oxygen:
SRk, (5.13)
The total number of active sites may be expressed as:
Cap = Cy ot Clns (5.14)
Substituting in the rate equation:
= k(O — Cluae] O (5.15)

Dividing this equation with the initial number of active sites ¢; and defining fractional

conversion as;
{
('ﬂ*.'l

a;

o =

(5.16)
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the pore closure model of sulfation reduces to:

%% = k,C’s[cxw - ol ‘ (5.

fuh1
—t
-1
~

where a 13 the maximum fractional conversion for a particular sorbent.

This simp'e model can be used to describe the rates of change of C'a 903, C'a0,

" and $0, in the be of an FBC‘ The limestone rate of consumption is given by

l[( (1( 03]

= f : ke|C'aC'O) (5.18)
Tdt ‘

where f is the feed rate of limestone in the bed and k. is the speciﬁc rate constant

* for calcination. Now, the rate of consumption of the calcined limestone (lime) is:

fl[C’aO]
dt

=k [C'aC'O3) = kyaus Ca, C, - (5.19)

Recalling Equation 5.3 and substituting for the rate of absorption of SO, by |

limestone (r):
‘ dcy, uC,

—_ e ‘ ‘ 5.20
dt L wCaCt g (5.20)

~where g is the uniform rate of generation of SO, within the bed. Solving for limestone

" concentration from Equation 5.18 as a function of time:

f[]' - exp('—l"’ct)]

[CaCO;) = ?

(5.21)

Finally, assume and that a quasi-equilibrium state is achieved for the rate of

consumption of C'aO (Cly,):

ke[ CaC'Os)

), = e 5.2
‘ kyoroo C's (5.22)
Substituting the last two equations in Equation 5.20 and rearranging:

i,  ud, | | |

T (~kt)+g (5.23)

dt* L
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The above equati‘on can be solved with Laplacé transforms (replacing €', with [SO,)):

(5.24)

As steady state is achieved the concentration of SO, approachés a value [SO,|*

where:
g-f

' 5’ *
[50a]" = u/L

(5.25)

‘amce the re'sulence time of the gases in the bed is significantly shorter than that

-of Ca,lcmatlon or sulfation, the normalized SO, decay may agam be approxnnated as:

§504) = [50,)° |
504) = [$03) __hwf__ bt (5.26)

In
[SO3], — [SOa)* (u/L)

Se\%eral transient tests were carried out by injecting limestone in the bed while
burning 3/8-in><8-mesh dry coal: The data were normalized (using the SO, con-
centration ratio given above) for each test and the respective values for k, were
estimated by linear regression. The experimental and computed normalized SO: de-
cay are shown in Figure 5.8. The close fit to the data provides strong support for the
simple modei developed. The calcination constants estimated are given in Table 5.3.
The average calcination rate constant was estimated to be 0.0044sec™! and the ap-
parent activation energy for calcination from these data is ‘47.3 + 3.6 kcal/mol. These
results are‘ in relative agreement to activation energies obtained by Kim et al.[32] for
calcination of Fedonia limestone. Their tests showed that limestone particles of size
0.2 to 1.7 mm would calcine with average activation energies of 67 kcal/mol for tem-
peratures below 1550 °F'. Thi‘s shows that the simple transient tests may be adequate

for further evaluation of sorbent kinetics in the FBC.
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. Table 5.3: Calcination mﬁe constants

Bed Temperature Clalcination rate constant (k)

(°F) (sec™!)
1467 , 0.00804
1490 - ‘ 0.00292
1539 k ‘ 0.00382

1567 | 0.00273

This analy‘tical‘technique‘may be applied to CWLM to determine intrinsic rates

for calcination within the agglomerate. These will help to determine whether a unique

sulfation and calcination environment, within the interior of the agglomerated fuel,

‘ is responsﬂ)le for the improved sorbent utilization. Furthermore, the transient tech-
, ‘ : nique may be applied to monodispersive coal sampleq injected into an 'FBC operating .
at ‘st.ealdy state on a baseline crushed coal. Perturbation from the steady state can
‘provide significant information about the mechanisms of coal combustion, sulfur re-

lease rates, and calcination rates,




50 -

cl

(‘unu) JNIL

Ledap ¢{(p§ pazirwIou painduiod pue [ejusmidadxa jo uosuedwo) :y°¢ 2Ind1 g

r 0

S0

30

20

80

60

[



- 6. CONCLUSIONS

Sorbent utilization for dry serbent and CCWLM was found to be comparable at
arqund 1500 °F, provided that a non-elutriable sorbent is used with the dry fuel.
When the finer sorbent was used with dry coal, sorbent utilization was severely
~ degraded by elutriation. |

The maximum sorbent utilization for CWLM bcfurs 60 “F below the respective
peak for dry sorbent, thus suggesting that both calcination and sulfation occur within
the chdr-sand agglomerates formed when CCWLM are sprayed in the bed. X-ray
fluorescence scan on a sample of agglomerates showed that a large portion of the
sulfur is retained in the agglomerates. This confirms that the sulfur is retained by
the sorbent before the agglomerates break to release individual sorbent particles.

The peak sulfur sorption for CWLM is significantly higher than the respective
peak for dry coal. The possibility of a reducing environment in the agglomerate being
the reason for the higher sorbent utilization was examined by recovéring samples
from the bed after a quench test, XRD analysis of agglomerated material from the
bed showed no traces of ("aS which is the expected product of reducing conditions.

Conditions inside the agglomerate may be described as oxidizing rather than reducing,

Dry briquette tests showed a slightly different sorption mechanism compared

to CWLM. This was partly attributed to the breakage of briquette particles while
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feeding them in the‘bed. However the optimum: tempemt:ure for. su.lfuf sorption
when burning briquettes was found to be significantly lower than for dry sorbent,
This shows that thete are enough sizable particles left, while feeding briquettes, to
simulate agglomerate behavior, The sorption mechanism‘for briquettes may be a
combination of CWLM simulated by the 80% coarse particles and the 20% fines
produced. The fines will behave as individual coal and sorbent paﬂic‘les fed in the
bed.

(rasification in the bubble phase was excluded since there is an abundance of
oxygen in the bed. Furthermore, gasification in the emulsion phase was examined by
izijecting water in the bed during the combustion of briquettes. The water injection
test showed no significant change in sorbent utilization compared to dry briquettes.

The peak sorbent ufilizntion for CWLM is higher than for the dry sorbent and
occurs at lower temperétures‘ The improved sorbent utilization is most possibly due
to the intimate contact of coal and limestone in the CWLM agglomerate,

Finally, transient operation of the combustor was found to be extremely useful
in determining characteristic volatile release times and intrinsic reaction rates for

calcination. Several transient tests with dry coal in the absence of sorbent showed

characteristic volatile release times to be on the order of 8 seconds. Sorbent transient

tests revealed calcination rate constants of 0.0044sec™! and an activation energy of
47.3% 3kcal/kmol-K.

Future work may involve the applicability of this technique in determining rates
of sulfation and calcination in CWLM agglomerates and sulfur release rates during

steady state operation of the combustor.
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8, APPENDIX, ESTIMATING THE ACID CONCENTRATION OF
THE CONDENSATE

[t has been previously mentioned that condensation of acld mist or water vapor
in the gos sampling lines may result tn serabling of the §Oy readings und may
even damage the gus analyzer cells, Thus an iplugment filter was installed down
stream of the Perma-Pure dryer to avold such a condensate to reach the tnstraments,
Additionally, the condensate could he collected and cliecked for neidity.

Oue such snple was collected after o 2 hour CWELM test, The nnalysis that
lollows estimates the precise nmount of SOy dissolved in the condensate,

The amount ol condensate involved was around 3.2 mil and had an approxiate
pIl of 2, The pll of a solution s deflned as the negative logarithi base 10 of the

concentration of hydrogen tons (H*1) [33):

1)][ PR l()gl('l[f[" l (H. | )

When S04 is dissolved in water, the following reactlons take place:
: 1

S0y 4 Oy = S04 (8.2)

SOy -+ HyQ  += HySOy (8.3)

The sulfuric acid produced will dissoclate according to the reactions:




hY

HySOy o HY ¢ HSO) (8al)
S0, = HY 4 50, (M)
The equilibrium constant for the flest reaction s Ayl 10 and for the second

renction kg2 = 0,012, The total equilibrium constant for the solution Is estimated to

et

JRE
K, = [

150,

PO T SR R Al K Yy T u Hl‘
[[1““{(‘)“ /ul /‘Hu | ( (’)

Now, from the pll valuce:

pll 2.0
= LY = 0,01 wole/IL

The amount of sulfurle acid s caleulated from the equilibrium constant since
SO s equal to ({172, Thus the concentration of ({4804 is found to hoey

! |
g

[HyS04) = S =l 16 10 Mmole /1t (8.7)
& u

From Fquation 8,2, 1t is estimated that 1 mole of §Oy will produce | mole of
Hy 80O, Thus, 4,16 < 10-* moles/1t of sulfur dioxide are dissolved (assumlng that the
contribution of the reverse renctions in Bquation 8.2 are negligible). Since 3.2 ml of
solulion were obtained, t.lu.\‘unu‘)unt of SOy removed from the gas stream, durlng the
tost, fs Ladd x 1079 mole/lt, |

The total number of moles of SOy produced when no Hmestone is added may be

found from the ideal gas law,
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P
n o= 1[”1' hs Q (8.8)

where Q 18 the avallable gas flow, The total flow-rate of the sample is 7 sefl,
M, the total low-rate of ts 0.01787 moles/hour. When no sorhent i acdded {n the

bed, the S0, concentration s approximately 2120 ppw or 0,00212 %, Thus the total

amount of SOy produced s
SOy In fue gas = 0,002120 ¢ 001787 = 3,70 < 10" moles/hour

The amount of gas passed through the SOy gas wnalyzer fs only 2 scfm, therefore

only 2/7 of the mmount estimated ahove:
S0y through gas analyzer = L8 < 107" moles/hour

Por & wwo hour test o total of 2,16 = 10°% woles of S0y ure passed through the

analyzer, Thus the overall error muy he estimaled to bet

S0y ~ i~ cond

nadte
H()g }.‘[1 - gds

e 100 = 0,0000 (8.9)
alredm

pereerror s

Ihe nbove error may be incrensed to 0,002 % if limestone is incorporated in the
CWLM. The limestone may reduce the SOy concentration in the flue gas to 600 ppm.
from the caleulptlons, it is obvious that the error in the reading is negligible.
Despite this, the acld mist must be removed because it may damage the reading cells

in the gas analyzers,







