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1. INTRODUCTION

Coal-water mixtures (CWM) are investigated as fuel in fluidized bed combustors.

There are distinct advantages in using C!WM in certain applications of FBC. Fuel

preparation and handling costs are substantially reduced because the fuel is in liquid

form. This advantage may be significant to small-scale and in pressurized FBC

(PFBC) applications[1], Coal-water mixtures were originally formulated ['or use in

oil-fired furnaces[2]. Due to the theological requirements of sl)ray nozzles, these

rnixt, ures require fine coal grinds and addition of dispersants. Of particular interest

to FBC are (IWM prepared from coarse coal grinds, A number of researchers have

demonstrated that these less expensive preparations burn satisfactorily in fluidized

beds[I],[2]. Many researchers have observed higher combustion emciency for CWM

compared t.o dry coal, which has been attributed to the formation of either large

agglomerates[3],[4] or small flecks of char attached to sand particles[2] when CWM

is sprayed iv the bed,

Sulfur removal is also of special interest, when CWM are burned in FBC, Previous

research on the subject, suggests improvements in sorbent ut_lizat.ion when limestone

is ndxed with CWM[3]. Several other researchers contradict this view by suggest-

ing that sorbent utilization in CWM is degraded by the ree,ction of calcium sulfate
/

with coal-ash[4]. Roberl, s et al.[1] showed that CWM and dry coal have comparable
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sorbent utlhzatton when fired in PFBO at convent, iontd FBC t,emper_'t, ures, Ali pre:

vious cmnp_risons of sorbent ,ut,ilizat, ion between dry coal and CWM were not, m,_de

under conlpara, ble experimental conditions, t,hat is coal and linlestone feedstocks, or

combusi, ion condit, ions were different,

The purpose of l,his invesl, lgf_tion is to study the mechanisms of sulfur c_Lpt.ure

when burning coal-wt_t, er-limest.one mixt, ures ((IWLM)in fluidized beds. Special care

is taken t,o mt_ke compttrisons with to dry coal t,ncl sorbent under comparable experl-
J

, ¢ S i imerit, al condit, ions A ,.enes of experiments were performed in an eight.-incti chameter

, bubbling fluidized bed combustor t.o address t,his problem.



3

t

J

' 2. BACKROUND

2.1 Tile Mechanisms of Combustion of CWM ill FBC

A number of researchers ha, re invest, igat,ed the mechanisrns of combust.ion of
, .

CWMin The n ech nismsof con bustionoi:C \,VMin FBC',were

also studied by Gregory and Brown [6] _tnd Brown a,nd Christofides[7], They denton-

st,rat, ed t,hat (IWM burn primarily as large char-sand agglomerates formed when the

fuel is sprayed in FB(7), The aggiomerat, ion of t,he C,WM droplets has been st,uclied

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

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

st,ages: heal, ing of the droplets that, commences as soon as they enter t,he bed, art

evaporation-devolatilization phase during which t,he volat, iles condense on t,he wet

coal surfaces, and a finM ash loss phase (Figure 2,1), The final form of t,he fuel is

a porous carbonaceous agglomer_t,e t,hat has sand part, icles imbedded in its mat, rix,
J

Arena et, al,[2], on the ot,her hand, theorized that, CWM burn as char-flecked sand

particles formed when individuM char particles a,dhere t,o bed sand,

Gregory and Brown[6] estimated tlle average residence t,ime of t;hese agglom-

erat, es, in a 6-1nch deep sa,nd-bed t,o be on the order of one minut, e, They furt, her

demonst;rat, ed, that improvement, s in combustion efficiency for CWM compared t,o dry

coal burned in FBC are primarily due to the differences in particle sizes bet, ween the
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Water evaporation
Heating and volatile Ash loss Carbonaceous

release Agglomerate

Fiaure 2. l: De Xlichelle's model of ('V_'X[ aggh:_merat.ion in FB(I'

two fuels, Attrition of tile fuel particles in the bed wa,s found to be of ira.le'riot m-

portance. Fragmentation was, instead, shown to be tile primary parameter affecting

combttst ion efficiency,

Fragmentation can be explain&l by tile concept of criticed porosity obtained

from the percolation theory:9:...-ks coal particles burn, oxygen penetrates the pores

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-

elttt.riable fragments, which ,,viii require further percolation to be elutriated,

If a sulfu.r sorbent is added directly to ('WM, then it is expected to enter the bed

imbedded in the agglomerates, Consequently, fragmentation is expected to reduce
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the sorbent concentration after a finite time.

2.2 Sulfur Release from Coal and the Reaction of 5'O2 with Limestone

2.2.1 The mechanisms of sulfur release from coal

Coal contains sulfu.: in the form of pyrites (e.g., FeS,v),'tnd as organic sulfur[10].

The mechanism of sulfur release during coal combustion can be described as a two

step phase[li]. Most of the sulfur is released during devolatilization. Moffat[ll]

suggests that the sulfur released (luring devolatilization is the product of the reduction

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

(H2S) produced is immediately oxidized to yield water and S02. Some additional

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

2.2.2 Calcination and sulfation of limestone

C,alcium carbonate, in the fornl of limestone and dolomites, is the economically

most feasible sulfur sorbent used in fluidized beds. Above 1000 °F, CaCOa undergoes

calcination according to the reaction :

CaC/03 = CaO + G'02 (2:1)

The resulting (',aO matrix is extremely porous and susceptible to reaction with

sulfur dioxide (S02). The production of pores in the lime structure is essential to

sulfur sorption. The porosity of the calcined limestone is a measure of how well it will

absorb the S02. As calcination, commences_ the limestone density is substantially

reduced.
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In the presence of oxygen, sulfur dioxide will react, readily with C',_O to produce

('.,'aSO4 (gypsum). Several researchers[12] suggest that the sulfation reaction follow a

q,two body mechanism, i.e., _ 02 and oxygen will diffuse in the lime pores and adsorb

on the lime surface The surface aet.ion occurs in two steps:

' 5'02 + 1/202 -- 903 (2.2)

G'aO + 503 (,'c_. 04 (2.3)

On tile ot,l_er hand, Yates[13] suggests that 5'03 is produced only if heavy metal

salt, s are present to 'catalyze tile reaction of 5'02 with oxygen. Otherwise C'aO is first

converted to ('a,,q.'Oa which will oxidize to gypsum

CaO + 5'02 -- C.,'aS'03 (2.4)

Ca SOa+ 1/202 -- G'aS'04 (2.5)

2.2.3 Temperature dependence of sulfilr sorption

Sulfur sorption by limestone is temperature dependent. 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 sul'fation of limestone

increases, this peak becomes more pronounced and occurs at lower temperatures[10].

Saxena[lo] suggests that at lower than the optimum temperatures, ii. is possible

that sulfation follows an alternative route as expressed by the reaction:

('aCOa + S02 + 02 -- G'aS04 + 6'02 (2.6)

This reactioa tends to reduce the rate of sulfation.
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2.2.4 Limestone decomposition and pore plugging

At, temperatures above the optinmm there may be a variety of events that, reduce

sulfation rates. Several researchers[4],[.ll] suggest that CaS'04 will either deconlpose

t,o G'aO and S02, or it. will react with coal ash to form silicates with the release of

502.

q' -- q 1/202G'c,_ 04 G'a.O + _.,02 4-

C'aS'04 + a.sh _ s'ilicat,es- 5'02 + 1/202 ('2.7)

Sorbent utilization may also be reduced by inhibition of the sorbent due to

closure o.f the pores in tile lime matrix. Pore plugging is one of the main problems

anticipated when limestc, ne is used as a sulfur.sorbent. Due to its large molar volume

C,'cl.S04 will build up in the lime pores and reduce the rate of diffusion of 5'0_; thus

reducing the rate of sulfation.

. Simons et al.[16] modelled lime pores as similar to tree })ranches. The big and

sir ._11branches of a tree describe the progression of pores from larger to smMler size.

If the deposition of gypsum begins in the s'rnM1 pores and slowly progresses to the

outer surface, then the utilization of the effective sorption area is increased. On the

other hand, if sulfation rate is fa,st enough, then the larger pores become filled with

gypsum, thereby controlling the rate of diffusion of SO2 to the inner surface of the

lime.

2.2.5 The effect of substoichiometric conditions on sulfation

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

instead reduce to hydrogen sulfide (H2S). Hydrogen sulfide in turn will react with
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llme forming c_iciumsulfide(Ca, S)[ll],[141:

G'aG'Oa -t- H=S' ---, (Ta,S' + H=O + G'O= (2.8)

C'aO + H=_q.' --, G'a.S'+ H=O (2.9)

Calcium sulfide has substantially lower molar volume thtm gypsum, t,herefore severe

pore plugging is prevented, donke et al,[14] observed t,h_t G'a5 is the main product of

sulfation when the oxygen concentrat, ion in the bed is reduced to around 50% of the'

Stoichoimetric amount The sulfide production is reduced to 2% when the bed oxygen

concentration is increased to above 70 to [,0_,, Once exposed to the atmosphere, (,'aS
, ,

will readily oxidize t,o (,'aS'O4,

2.2.6 Factors that improve sorbent utilizat;ion

The use of a fine sorbent, grind has been observed to improve 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 part.i-

cle .qze is limited by tlm superficial velocities used in the fluidized bed. Bonn and

Mfinzner[17] have estinlat, ed this nlinimunl to be of the order of 380 microns. The

mininlum size may furt.her be increased for calcined limestone, since t,tte release of

rO,,(7.., _ during calcination reduces the density of the sorbent,.

Green[18] has observed that, sorbent ut,ilizat, ion me_y be improved by incorporat-

ing abrasives in tire bed. They reasoned that the abrasives grind I,he crust of (._7aS04

formed on the outer surface of the sorbent particles, thus recovering fresh active sites.



100 \

\
\

\ ..---------"_
BO _ ,/" \\

/ \,

\\ s_ .7/'/ \\

\

i:! (m \'\
(k

40

Legend

Coal parOcle stze 0 I Io I 0 mm [
Bod Coal ash , I

CalS 2 [

20 PregmJre 0 I MPa I
Bod l'mnperalttre 1560 dog F [
Ga9 veloclly I mis [
Drld holgh{ 0 (} m [

Oxygen 5% II) ___ I I I I I t I 4 J ..... I f _ ' ' * J J _ I , t I, ,_ ' _ _ J

O' lO t 101 L)_

LIMESTONEPARTICLE SiZE Inllcfon._)

t'-'iodure2.2' [)_trticle del)eIl(letlce o[ -":"(-).'2cal)ture

2.2.7 Limestone regeneration and hydration

lt is well knov,,n that limestone may be rec/cled after being re_,enerated by re-

ductive decomposition 10), Reduclive clecompo._iti,?,-, involves the reaction Of (,1,3'04

witlx either ('0 or H2 at temperatures in the range i830 to 201.0 °F:

C'aS04 -- CO -- ('aO - SO_ _ C'Oe ('2,tO)

('a,5'04 -- H_ -- ('aO + S'O_ _ H.O ('2,11)

The treatment gas, which is a mixture of H2 and C'O, may be produced from the

combustion of.coal under slightly substoichiometric conditions. A small progressive

loss of reactivity c,ccurs with each regeneration cycle, mainl)because of incomplete

regeneration.

A less expensive process to partially recover unreacted lime from litnestone par-
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ticles is hydration, The unreacted sorbent particles enter the FBC where they react,

with S'O2.fornfing a dense layer of (,'a,504 aroilnd a core of residual Ca.O, Partial

hydrai, ion of the Senti-reacted sorbent generates 6'a.(OH),_, the molar volume of _,,,hich

ismuch larger than {,hat of 6'a.(), Tile expansion of the core of the treated pa,rticles

produces cracks in the surface layer of (.,'aSO,t, The pari, ially hydrated sorbent is

redntroduced t,o the bed where it, is subjected to simultaneous dehydration and sul-

fation, These processes take piace in the core of the particles, The hydration of the

sorbent may be repeated unt, il the entire matrix of (.'a.O is converted to gypsum[5],

2,3 ,Sulfur CaI)ture When Burning CWM

Cen et, al,[3] were among the first, t,o directly introduce limestone to CWM, They

suggested that the intima, te contact of limestone and coal in the char-sand agglomer-

ates would improve sulfur capt, ure, On the other tiand, Met et al,[4] pointed out that

limestone incorporated int,o the agglomerates will calcine a,nd sulfate at, t,emperatures

typical of char combustion, which may be as much as 300 "F higher than the bed[19],

These temperat, ures may be higher than the desired optimum for sulfur sorption,

Decomposition of Ca504 in the agglomerates, at, these higher temperatures, will re-

duce sorbent, utilization, Limited experimental evidence supports the hypothesis that

incorporation of limestone in CWIVI will improve sorbent utilizat.ion[3];[20],

' Sulfat, ion within the agglomerates has not yet, been demonstrated experimenta, lly,

Trivett et M,[20] implied that the mechanism of sulfur sorption involves the capture of

5'O2 by free floating Ca.O particles in the bed, These particles are supposedly released

after the agglomerates break, Brown ct.al,I,5] tested Trivett et al,'s[20] hypothesi.s

by injecting coal-water-lamest, one mixtures (CWLM)in sand beds of different depth,



They determined tilter, 502 sorption increased with bed depth, suggest, ing that Trivett

et al,,'s[20] hypothesis is correct,, If sulfation occurred solely within tile agglomerates,

then bed depth should have little or no effect on sulfur retention, On the contrary, if

Ssulfation occurs after individual (;'aO parl, lcle,, are televised t,0 the bed upon at,t;rit,ion

' 9or fragmenl.atlon[..0] of agglomerat.es, then sorbent utilization is expected to increa.se

with increasing bed depth,

I?oley ct, _1,[211compared sorbent ut,iliza, tion for CWLM with results for dry coal

in a l.imestone bed obtained from Sta.ntan[22] They estimated t,hat the optimum

t.emper_._t.ure for ,;ulfur sorpt, ion when burning CWLM to l,e as tiluch a,s 200 t-'l? higher

' than for the dry fuel and sorbent., If the limest:one is trapped in t,he o.gglomerates,

then it is most, likely expect, ed t,o calcine and sulfa.t,e at, t,tle p_rt, icle temperatures
, ,

which are as much as 200 °F higher t,han t,he bed,II9] C,oncequently, the opt, imum

t,emperature for sulfur retention might be lower for coals t,h_t, incorporate limestone

in their ash,[23]

The present experiment, al evidence, concerniItg t,he mechanisms of sulfur remova,1

during combustion of CWLM in FB(!, is not su.fl_eient, for deriving a definitive con-

clusion,
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3, EXPERIMENTAL APPARATUS,

3,1 Combustor

The 8-inch diameter fluidized bed c0mbustor is shown schematically in Fig-

tire 3,1, The distributor plate at, the bottom of the bed is a st_inless steel pl_d,e

Perforltted with 250 3/32-inch holes, A 100-mesh st_finless steel screen, spot, welded

oil the plate, The main body of the combustor consists of a mild steel cooling wa-

ter jacket the inner part, of which i_ lined with a l-inch thick l_,.yer'of I(aocast RIP']:

c_st,_rble refractory, The plenum ht the bottom of the bed serves as a mixing chamber

for the _rir a,ntt Liquified Petroleunl (LIP) g_s mixture during the preheat cycle,

A 4-foot long mild steel freeboard extends a,bove the m_fin body of the combus-

tor, The freeboard serves both _,s an _fterburner for elutriated fines, thus improving

combustion eflqciency, and as _ mifiHer, .T.he flue gas exits the combustor via a roof-

mounted exhaust fan that draws the exhaust front a pipe _t, the top side of the

freeboard,

Two 1-foot, long electrodes (not shown) connected to _ 10-kvolt transformer

p,.",vide the ignition spark for initiating the preheat gas flame, The electrodes a,re

bend downwards to ignite the L-P gas as close ,_s possible to the fluidized bed,
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3,2 Fuel and Sorbent Feeding Systems

A schematic oi'theex'perimentn[ apparatus is shown inFigure 3,3, Dry fuel is

fed by tul Accur_tte Model fl02 dry mt_t,eriM feeder via tt port t_t,t,he bot,tor,1 of the

:freeboard, The feeder iS fitted with _t l_-ln' ch di_uneter center-screw, The feed rat,,'

delivered by the _mger is cMibr_t,ed, for each mttt,eriM fed, versus the motor seri,ing

(c ttnt et,

An air assisted nozzle p_'ovides the means for feeding CWM, The fuel is puntped

t'rom _ sm_,ll re,e rye it using _ '•s., ) . w_.rtM)lesl)eed rott_,ry pump A I)ypt_,ssline rvt.u.rns

lt_rge portion of t,he flow to ille reservoir, letwing n, flow in the range of :t0-(;0 lh/br

to fire the conlbuslor,

The CWM nozzle (Figure :],4) consists of three concnentric tubes, The outer

_. .lhc lnl,errnedta,te blt_ck-stee[ tube;3/4-inch dltmteter' tube l.!"stnttde of stainless str.el, "' _ ' '

is of 1/4-inch I,D,, The tutnulus between the two outer tubes serves _s a water .itl.cket
J

for cooling t,t_e nozzle, A ttiird l/4-inch stainless steel tube provides the inlet for

the fuel, Air ii.t, 1,5 scfnl is l:)_t,ssedthrough the inner _nnllltts to t_ssis't,t,he (._IWM

dispersion in the bed, ']._henozzle is inst,n,lled 4-inches n.bove the bor,tom of the bed,

Dry sorbent is fe'd at l:lw bottom of the bed viii, another a,ir assisted system

([°il_ure :_,5), A 4-1nch cli_meter plexigltl.ss hopper t'eeds dry sorbent, to t_ 1/4-1nch

screw feeder, which is driven by t_ Dtl.yt,on Model 2Z80313 t/15 I-II:'vtl.riM)le speed

gear motor, The feeder drops l,he sorbent pt_r't,icles irt _,n air stream via a 1/8-inch

venturi, An t_git.ator driven by ii.smM1 A/C motor is used in the hopper to prevent

bridging of the sorbent, A 3-scfm ,air stretml conveys the sorbent to the I)0ttonI of

the bed vi., tl.3/32-inch wtr,tct-cooled nozzle, The nozzle is oi' similar design to the

CWM nozzle, The feeder t'eed rate is calibrated versus the motor input volttl,ge for
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3,3 Gas Saml)ling System

Five _as attalyzers ++rPttsed to monitor title ,gas ('ontl+_osition: two [!']e(.'l+.tttarttt

_[o(tet +70 nortdisi)ersive itii'r_tred +De(:trotneters ['or ("() and ("(+)'2<-'ontl)ositon; _t
t

Beckrnann 5[odel 755 oxygen analzer ; and two Horiba 5[odels VIA-:.I00 and VI,-\-500

rtottdtsl)ersive infrared st)ectronteters for .VO,, and ._02,

A sample of fltte gt-l.s is drt;.wt), ['roln the top of the cotnl)ttstor ['reel+)oard via +t

satnl)lip.g prol+,e, vchi(:h is l)oint(+'d +n,,'ay ['rotlt the flow t(+,re(trice the the nttnll)er o['

particles entering the.'_+tttti.)ting tube, Filtering and drying o[' this _as ,,atrtl)te l)rior

to +trtalysis i,,+ttecessary tr, protect the instruntents arid to [)revellt irtter['erence with

i
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t,he reading s, This is actueved by first pt,ssing t,he gas t,hrough _ Balst,on Type 430/1,.
, ,

particulate filter to collect, ali solids entrained by t,he flow, and t.hen through an

a,cid mist. filt.er l.o collect, any tar and acid vapor present in t,he sample, To prevenl,

condensation prior t,o drying, all lines a_reheat traced t.o,-tO0°F, The Balst.on tilt.ct is

maintained at 2,50 °/;', attcl t.he _cid mist, filt,er at, around 200 oF, A detailed diagram

of the sampling system is shown in Figure 3,6,

A Perma-Pure Model PD62.5-24APS dryer is used to remove moisture from t,he

s_m_ple stream rbe dryer Consists of a, bundle of semipermeable membrane tubes,

The' tube bundle is enclosed in a, stainless steel tube, The moisti flue ,,,*as,is passed

through t.he membrane t,ubes, A cir3, purge st,ream of air is passed outside t.he mem-

branes, In this ma.nner, a l)art.iM pressure gradient is generated and the moisture

from t,he flue gas diffuses t.hrough the wMls of the meml)ra.ne tubes into the purge

stream, The dryer must be maintained at, a temperature of 170 °F for'opt.lmunl mois-

ture removal, The dry purge stream is generated by a Perma-Pure Model ttD202-b

heatless dryer which dries the air to a clew point, of-,50 °F, Under normal circum-

st.a,nces, the flue gas dryer is ca,pable of drying t,he flue gas stream t,o a dew point, o|'

10-15 °F, However, prolonged operation of the dryer results in the cont,amin_tt.ion of

the membrane walls and reduces 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

clew point, of the flue gas gets high enough prior to drying, the moisture wi.ll condense

and dissolve S'02, forming sulfuric acid, The latter will eventually a_dhere on the

membrane walls and reduce the performance of the dryer.

_1._odetect a,ny condensate formed in the system and t,o detect, t.he possible forma-

tion of sulfuric _cid, an impingement filter is installed after the dryer. Acidity test,s
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on these samples showed a pH between 2 to 3. The amounts of acid formed were

estimated by measuring the volume of the condensate and performing silnple acid
i

equilibrium calculations. A representative sample of calculations is carried out in the

Appendixi Tests showed that the amount of acid formed is close to 6 x 10-4% (on a

wet gas basis) which is low enough so t_'Lat the reading is not, considerably affected.

8.4 Data Acquisition System

The data acquisition systenl consists of a Zenith Z-128 microcomputer. Tem-

peratures are measured using chronlel/alulnel (type K) thermocouples installed at

the locations shown in Figure 3.3. A thermocouple probe is used to measure the

bed temperature. The thermocouple_ are connected to two Metrabyte Model EXP-

16 sub-multiplexer boards provided with a cold junction compensation, The boards

carry an anlplifier that boosts the voltages fronl 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 conlputer. 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 fronl 0.1 seconds to an unspecified

top limit,.

Main air flow-rates are continuously meast.lred 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 computer compatible data. Nozzle air flow-rates are

monitored and measured manually using two variable-area flow-meters.
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An Arlyn electronic digitM scale is used to measure the CWM flow-rate. The

output, from the scale is directly fed t.o the COnlputer routine, which calculates tile

mass flow rat.e of the fuel every 1.5 minutes, Vis,ual inspection is also possible since

the roui, ine displays cont, inuously the mass of t,he CWM reservoir.

Flue gas analysis is nlade possible by direc(.ly cortnecting t,he out, puts from the

gas anaJyzers tO the computer via the DAS-8. Ali data are recorded on either a 5t/4

floppy disc or t,he 20 megabyte hard disc.
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4. MATERIALS AND METHODS

4.1 thlels and Sorbents

All tests were carried out using Illinois N°5 seam coal obtained from the Peabody

Coal Co., Freeport., Illinois. An analysis of the bit,urninus coal is given in Table 4.7l,

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

inch x 8-mesh,

CWLM are prepared from the product of a hanmiernfill pulverizer, Dry coal and

limestone are crushed separately in i.he hammermill fitted with a 1/16-inch screen.

They are then mixed in proportions, t,o give a 6'oilS' rat.lo of 2. The coal-limestone

mixture is blended wit.h water to give a 57% by weight solids loading, No dispersants

are used in prepa, ring CWM,

Coal-limest, one briquettes are prepared from the same coal-limestone mixture

as the CWM, A binder, consisting Of 22% corn starch and 78% water, is separately
i

prepa, red in a blender and added to the coal-limestone mixture. The proportions

of coallimestone/binder arel/0.164/O,16<: respectively, The binder is worked thor-

oughly in the dry mixture until no lumps are visible. Briquettes are formed in a

briquetting machine that compresses the mixture between two form rolls to a pres-

sure of 1400 psi.

Limestone is obtained from the Gilmore "(,lty formation in Iowa, An analysis is
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Table 4,1: Coalan_dysis
b

Proxima, e Analysis (as received)
Moisture i0,8%
Ash 10,1%
Voigt,lie M_t,ter 36,0%
Fixed (!_rbon 42.5 %

BI,u,/lb 11,395

Ultinlate Analysis (dry basis)
Hydrogen 3,76 %
Nitrogen 1.49%
Oxygen 2.57%
Sulfur 3,00%
Ash t 1,30%

Free-Swelling Index 4

Table 4,2: Analiysis of the Gilmore
City limestone

(?onstituent Amount by weight

Si02 2.02 %
A120a 1..00%
Fe2Oa 0.40 %
MoO 1.93 %
CaO 93,36 %
Na20 0.18 %
K20 0.02 %
TJ02 0.05 %
MnO 0.01%

P20_ 0.10 %
50a 0.94. %
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given in Table 4,'2, Two limestone grinds were used in the experlmertts: a fine grind

(2T0-mesh, 20-mesh) that was the same as the one used ['or ('V_'X[ aad briqttettes,

anc[ a coarser 35-mesh ( [,_-mesh grind,

The coarse grinc[ ,,,'asprepared' by c[ouble screening the l_rocluct of a roll-mill

crusher, A particle size distril_tltion is sl',own in Figure 4,l,

4.2 Methods and Techniques

Dry coal tests were initiated t)y preheating the bed with L-P gas until the I_ed

temperature reached [300 "F', At this point, the feed rate of dry coal w_'ts initriated

and ihe t:[uiclization air was aclju.stecl to compens_Lte for the extra fuel, As soon as

t,h_. bed temperature increased, the L-P gas was turned off and the air was t_cljusted

q
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for st,otchiomet, ry, A hominid 20% excess nir wag used ['or ea,ch (,est,, Bed t,empera,-

t,u,'e was ncljusted by varying t,he firing ,'ht,e, When bot, h bed, t,emperat, ure and S'O_

concent, r_ttion levelled out,, the feed rate of sorbent, wa,s init, ia,t,ed,

To ensure t,hat, _z,at,e,_dy st,_t,e was re_ched, the da, t,a recording rout, ine w_s ini-

t,i_t,ed ns soon _s t,he sorbenl, feed rat,e wa,s turned Oil, At, ,t,he end of t,he tesi,, S'O,.,

concenl, ra,t,ion wa,s plott, ecl versus time _,nd t,he steady st,a,t,e was der,ermined,

(kml-wa, ter mixtltre t.est,s were different in the st,ea,dy st,a,t,e port, ion, Again the

bed w_,s prehettted wilh L-P ga,s, The fuel flow wa,s init,ia,t,ed a,t, nround 1470 "t a.'t,o

compensat, e for t,he wafer in l,he fttel, "Phe air wa,s t,hen a.djust, ed t,o twcounl, for the

ext, ra, ft, el, ,'-kssoon ns t,he l,emper_tl, ure increa, sed, t,he L-P g_s w_s t,ttrned off' nnd

"_ llj

t,he fdr w_s a,djust.ed a,t, 20% excess, (.!ombustlon of (.,V_M quickly a,chieved n steady

sl,a,te, A few minutes Mt,ct file t,enlperat, ttre st,a,bilized, l,he SO, concenl, rMion in t,he

flue gas rea,ched a, st,endy st,at,_,

i\ft, era, pproxlm_t, ely four test, s, the bed ma.t.eri_l wa,!_screened t,o prevent, build-

up of ash, The ma,in reason for l,he material accumulntiort was t,he agglomerntion of

ttyas h in t,he bcd,

Nozzle ldr w_s ndjust, e.d according l,o t,est, conditions, No air w_s used through

t,he fuel nozzle during l,he dry coul tests, A 3-scfnl nir [low w_s used t,o convey t,he

llmest, one in t,he bed, During the (.!WM tests, 1.,5-scfm of a,ir were used in t,he fuel

nozzle t,o enhance spraying, An equal flow rnte w_s used in t,he sorbent nozzle t,o

ensure equa, l bed dyn_unics,

Da,tn were recorded every 4 seconds for ali st,e,_dy sl,at,e t,est,s, whereas a sampling

peris,d "_f3 seconds was used for the t,ransient, t,ests, The da, l,tLwere stored in n print-

file which could then be import, cd int,o Lot,us 1-'2-3 and processed, The dat, a, for
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t,ernpert_t,u.re, 5'02, and O, concent, rat, ions were a,vern,ged ow_r t;he dur_l,t,ion of t,he

st,ea,dy st,_t,e (t,ypic_,lly vLperiod of 20 t,o 40 minut, es),
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5. RESULTS AND DISCUSSION

5,1 Investigating the M(.,,chanlsms of Cale.inaf, i(:)tl and Sltlfaf, lon of

Limestone in CWLM

5.1,1 Comparison of sorbent utilization f<)r CWLM an(I dry coal

• ¢ q (I.li'l.ol)ert,s.e(+a,l,[ l.] report, no subst.ttnttal dilI'ereuce in sorl)(:nt t).tilizat.l(.)tt for . ',,VI_M

ttnd dry c'oa,l during pressurized [lttidized bed eontbusi.ion, On the ot.l).er hired, s(-,ver+_l

resetu'chers [3l,[4],[51.,{2(31,[21.] h+,w, reported i.mpPoved sort)ent utiliza, tion for (:!WI, M

compttred t,o dry (,otd in atmOsl)herl(' fluidized beds, but. t'ttiled, in one w_ty or tutot, her,

t,(+)tt,ssttre ('OtUl)arttl)le experlment.tt, l condit, lotts for the two l'ttel l'ornts, "['o cotttl)ttt'e

sorbent, tttilizttt, iort for t.he two fuel l'orrns+ (:IWI.,M a,nd dry coal were l+rt:l_ttre(l frotrt

t+b.esame coa.l t'eed-stocl¢, ']. lt(: sa,me tinely ground limestone was used a,s a, sorbent ['or

_. _ o ti'both fuels, [ttitittlly two tests were performed a,t tentl:)era, tttres a,round 1.50(} + l_..,
+

Percettt, exc'ess a.ir Wa,S ma,tnta, itled a,t t_nol.ttlrt.a,t °,?+(1%,'I.'tte ca.lrium i,o sttlfttr ratio w_s

2:1 ['or both tests, 'I.'he sorbent, ttt,iliz_t, ion ['or the tests is shown irl Figure 5,.[,

The CWLM t,est, wits perfornted ttr, 1505°F +tttd _;ttve +_sorbetlt utilization of ,,,+t;_,.. t_/0,

On t,he other ha,hd, the dry eo+.da,nd tine sorbent test w_s ct_rried out a,_1518°f;' a.nd

resttlted irt tt 20% sorbent utiliztttion, which is sttbstttntitflly lower comp,'n'ed to the

C!WLM, The ft_ct, (,ha,t, the sorbent wa,s very fine ra,ised the suspicion t,httt u, fa,lr ty



i

28

large _t,utouut, _,v+_,selut, rta,t,lug t.'rom i,he I,ed, lg'om basic, lluldlzed I_e_l t,heoPy, t,he

dlt_met,er of elttt, rt_,ble part, lcles c,a,n be est,iula, t,,,.,dfi'otu t,ltc: !!_qua.t,lou r,,t:

.........ii q'ii'iii.......

Ii, wt_s esi, lnta.t,edt, htl,l, llutesi, oue l_a,Pi,Lc:'lt-,sIlnc.'v t,hau ,175 tllicruus wottld ir.ulec,il-

fti.t'ly be etlt,t'a.itted by t.he flow/txtd [eaw+, t,he bed ttltt'etu'ied, (!/tlciu_ttlott,by reclttc'ivlg

ptLrt,tc'lc.,densit, y, allowed ptu'l.iclc3s tts large a,s 200 tttic't'c_tts t.o quickly _elut, t'iate, lg'out

I.,'igure 4 1 ii. was est,lma, i,ec[ i,hll.l.a.t, lea,sf 20% o the [inwsi.¢,rle wtt,s [ea,viltg t.he bcc[

pt'ior l,o sttll'a,t.ion,

'l_tte dry cord l,est ;,va.st'el.>ea.i.edttslug tlte c!ua.rser _,'ittct 1,1'sot'befit, deset'il:Jecl a,bc._ve,

lt+ was c,siitnttt+ec[ l,[tat, !)[)% oI' t,his sot'befit, t'ettl.l+itlec[ itr the l_<'+.tttttt.tl ++t.t,rli.[on a,c't.ec[

, "_ 1't,o reduce l)a.rtit'ie sizes, l.he t'esttlts o t,ttls i,est. tr.re a.lso shov,'t_, irt l;'igltt'e 5,1, 'l.'lte

+ ' _ I('+ _+;t +

coa.rset' litnest.,,tte yi<,tdecta sorl+t,nt, ttt,iltztl,t,tott c:,[',+()%ttt ,+,.Jc, I;', which ts ¢'c+_tt_.l+tt+t'tt,l:_Ic,

l+ot.he resltlt, ol:Jt,luttecl l'or flue litttest+otte itlc' ' C , I'' .Oll+Ot'a.t,ed itr WM 'l'he r<.:'sttll,s o l.h<'

t+l.+ovetests +t,t'eitr a.greemettt, wit.h the l:,res+,+Itt'izedllttidize<l bect t'esttlt.s l:_t'eseltt.ed by

ttoberts et al,[l.], These tests itlctic'a.t+e that (!\'V1,M 'attcl dry c'o.,t have cc,ttll++_rabl<P

sot'bextt. ttt+iliztti.iot+ +ii,¢'ottvettt, iontd I;'I:._(+l.etttF+erat.ttres,

5,1,2 Ol)t, it_tlttm t,eml)erat,_tre for sulfur ret, ettt, iou

Iii: ntecha, ntsnt oi' sttlt'ttr sorption by [it+ttesl,otte is st.rongly del')endet+i. ()tr t.ettt

pera, t,ttt'e, The opi, irttttnt beet t,entl>et!a,t.ttre ++l,which t,lte sttll't'tt' sorpt.Lott ellicLency is

ma,xit+ttttttt tt,,s bei, weett 1.5I(I a,rtd +1.550"1;'[I 01,

l!la,stt[19] h++sshowrt t,hal, coal pa,rtictes burn a,l, t,etnpet!a,l, ures a,s ttttt¢'l+ta,s 3(;()_'1;'

higher t.ht+,,+ttt,he beet,depending 'atr pa,rr,tote dLa,tuet.er, ]+'ttrtltertll,ore, ii' t.he liutesi.ot_e

which ts [nc'orl:>ora,t,ed i:t+tt,he CWM c+flcines a,ttd sulfl+,tes wit, ttitt t,he u,gglotuera+t,e, Ii, .ts
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expect, ed _,o follow cL_,seiy Lhc t,eull_t,v!_t,ure htst, ory oi' <,he +_loutt, t'+_l,e, _'leL _:_t,_1+1,['+LI

were l,he ,lt'sf t,o site/test, t,httl, sort:Jet<t+ttt,tllztl,t,lott rtt_1,yl:,e c'te_t!_ulc,,dii' lltn_.*st,c+ttc!is +ulcled

<tlt'c.+'_:t,ly t,o (IWI'+,M, Tltey t'c,,+l,+ott¢_dt.ltt_t+(+'c+_q'(.),_++rillt'c,+t,¢'l+wll,tt c'olt+t++sl<,_t, t,ite til+<tct'

p+_,t't+tc,le t.t_tttl]t,t'tt,l,ttt't,s, +_,t_tclcleo'<:,ml+<tj+e,Iii +ttc'h _.'_,sc,,<,Ii<,oi+ii<tit<ttr l,¢,t+ttpt'Plt,t.ttP<+_'l'oP

ctc,stt tl'ttrtm_+t,lott wh+,xt bttrttlttg C?WI,Mshould lte e×l:,e¢'t,ed t,o l_e Lc+wet't,tt_t.tl l'ot' dt'y
+

('o+tJ, 'li'ht+ ttyl+ot,ttestm _,_,,+1,mt,est,ed I+3, ' '' ' tel+Pitt,lit_ t,he t est,m iii _et't.[cJtt ,+,[ c:_vc,t'+,'tt+l'tt,tt_t',

[_ , _ 'c+ t.etttl+et'+t,l,ttt'es ',['lte t.etttl:>t,t'_.+l+ttt'c_, ;,vlt,8vi+Pied by Clttt,tt/¢,ttL+t It<:'lltqttg t'tt.t,e ttr t.he

t'otttbttst.ot', [_erc'ettl, <+,×¢'essIfip _,',,'tl,m ttt+tttttttitte¢[ _1,t+'20%,

'+l,'[tel><'t'c't'ttt,+till'ttr +Ot'l:_l.lutttr+ _+t.l'ttttt:t,lc+tt c:_+l+etttpt,rtt+l,ttt'e ['c_t'C+W+I+Mt_,ttcictrv

l 0,,, q) ,c'c))tlwlt.lt ltir<:'lttttt+st.otte is showt'_ ill I' _gttr(' ;.),,,.,,St<Ii'ttr t't,t.(,Itt.lott ['(+>t'('WI..,M l:(,tt,c'Ites (t

l' 0" ' *ttttt,_itttttttt <> ?'{.,J,,_t, tt,t'<>ttttd .l,:I(iO"l,", '['tt<"t'e i_,;<to <[Istittc't vtt_v,:,uttttlt I'ot' the dry ,'<tel,

t+ul. <.tie c[+t.t,tt, +ttggemt, l.htut. <+,ltetttlt,xitttttttl oc't't,tt's ,,v<,tttt1+ove I_2+()"1;', Is'itri+herr<tor'e,

Lhc ]_t,t+++e+t.+Ltir'ttr't'et+ettt.tott ['or (",WI_,M _,','+t,+8igvtiltt'tt,ttt+ly hit+her t.[t<,tt<+het'c,mpec!t,iw:,

' 0 ' l'tr<rr.mit+tit<tilfor dry c't:,++lt+ttc:tso,'bt'ttt. '12he l>e<:'ttlL+_,t' belt+_,vior o l+he<tryc°o+_,t/lltte+_rbe, ttt.

c!ttt've ltt+l,,Ylt<++t,t,t,t'ibttt,<:'dl.c:,ittc't,(:'+t,_+ed sot'bet<t, e'Ittt.x!i++t,iott wiLh it_c't'e+t,sittg Itri<rg t'+t,l+e

ttr the rorclbttst, c:_r, ,_ew:,t'tt,t +u:Ldlt.tutt+_,lt,esl,+ wet'e t+_.'t't'ortt+ted,tsl<i,,+t+Ltu+wit,tr t.tte c'olt.t'ser

sorl_evtt.,"'tr<:'resttlt, s ft,re ¢'<>tttl+tt,t'<++'c[I,o (+W[+,N[ttr l'+'L_ttre;5,:_+,'li'lte i++<+,+_,I_sttl+t'urs,rl',t, tott

l'ot' t,tte eot_t+rsormorl+_ent,c:,¢+ltt's +t,t'ottttd .L,+90"I;' +_,ndts +_+l,+l++roxittt+_,l,<+,ly(+2,%, wtti<.'ttts

tttttc'l.t lower t,tt+_,ttt,he (?WI_,M pe++k,

'l.'he (+WI,Pv[ pc+'+_,kts ,:_()-(_ .l;' lower' t,ltt_tt ol+t,ititttttt t+et+ttpet'lt+t.ttr<_>fot' ++.Lt',,,sot'b¢-,ttL,

wt<it:trLs itr qtt++lit,+xt.lv<+.' tt,ggreeutettt, wLt,h l]'oley ct. tri, ['2,>I]wtto obsc:,rved pet_,ks ['<++P

(_l\¥ I+,b,'[ tsl+t,etul+er+t,t,ttres +tbottt, '200" l;' Lower t,htt,tt tbr clry c'o++l(t,he i+yptc't;,l+t,ggiottter-

+l,t,t+swc+'t'e[++r/_erfor FoLey ct, +_tl,[21]sLttc'e t,ttey +vet'+ l'eedLttg (7+"vVI+,Mtr,hove <,he bed),

'12het't_,ct:t,h+t,t,t,l+e I,e+'_ksot'pt, Lor_tbr (+WI+M oc.!c'ttgs++J,++lower t.elt+tpera,t.ttt'e t,ht+t:t for
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dry eo_d_u_e_t,st,h_tt,bothca,lclna.t,lon_tnd,,_ulf_t,ionoccurint,hea4_lomern,t,e_,

5,l,a Ful.,t,her ronflt'mat,ion thai_calcinai_ionand _ult'a.i_ionoccur in i_Ite[

agglonJ,evat,e_
i

']_oc'oni[rtn*,ha.t,c'_Ic[n_.t,lon_.ndsulf'a.t,ionoct,uPinthecha,r.sa,nd a.gglomera,t,es,

bed m_l,terial w_s recovered from *,he bed a,l't,er quenching the bed wlt,h nitrogen

, , CWI, M ts fed until st,ell,dy st,a.t,e is a,chleved, "I'heg_Ls After prehe_t, ing t,he bed, ' .

st.e_._,dyst, t-ti,e is nl_dt,t,a,ined for a, eeri,a,.inperiod of time _tlcl then the fuel and _dr t_,re

shttt t_ll'sin,ttltat,eottsly, while t_it.rogen gas is introduced it| the bed to qttench *,he

cotnbustion, 'l.'he {low o1'nlt.l:ogen is continued ttnt[] the bed has cooled sutitclet,tly

t,o stop ali re_tcttons, 'l?he bed t.u_tt,erial i' s then recoverecl and the a,gglomertttes are

separated by screening,

Aggiotner_;tt,ed.. tna,t,erial w_ts t_:cov(:r','' _ o.d froth *,he bee[ and ground, to a flrte particle

size irt i_ Spex sha, tterbox, 'I'he sample was l,hen subjected to e[ementa_l _maiysis via

'ii' ' ' ,X-ra.y tltto.rescet_ce, he total sttlfttr itr the sample was esl.ttna,t.ed t.o be ,21-5%by

1 1 _ t i f*Wetg[|[, [I, ls obVlOttS *,hat.,stnce the still'ttr con,efd, of the coal is close to 3%, much o

the still,tr ts being rel,a[ned t _ the ltgglomerate,

As ment, ioned in Sect, ion '2,2, t, ntosl, of the sulfur is expected to be released from

the eoa.l upon devo'ta,t,iliz_d,lon, Very lltt, le sulfur is ret,a,ined in the chair of which the

_gglotnerate is composed, q?o conlirm the ra.pld sulfur release from the illinois N°5

se_tm coal lr, use, _ t.r_msient,tesi, wn.s performed with 3/8-tn×8.mesh dry _.'o_1burned

irt a. s_md bed with no sorben.t, .ddit, lon, Upon rea,thing steady si;a,te, the fuel was

shut, off and the ttuidizing _ir w_s slightly reduced to increase the residence time of

*,he com pa_rt,icles in *,he bed, rI?he deea.y in 5'O_ emissions, as sulfur w_s televised
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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 release

is followed by a more gradual decline as the small amount of sulfur remaining in the

char is being oxidized. "

5.1.4 Tile effec* of reducing conditions in the agglomerate

The tests clescribed in the previous section Show distinct differences in the sulfur

sorption mechanisms 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 tha't under reducing conditions, the sulfation mechanism

may become more efficient due to the formation of Ca.S instead of CaS04. The

former compound has a much smaller mola.r volume than (,'a,,-q'04, thereby prevent-

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

reducing conditions may exist in the vicinity of the agglomerate[24].

To test this hypothesis, a second sample of the agglomerates, 'recovered from tile
.,

quench test described above, was finely ground and subjected to X-ray diffraction
, ,

(XRD) scan. The readings from tho XRD scan are shown in Table .5.1. The test

showed the presence of Ca6'Oa, anhydrated CaS04, and (2,'aO.. The total amount of

• calcium compounds is approximately three times that, of calcium sulfate. Only small

amounts of (:aO were detected. These results suggest about 30% sorbent, utilization.

No other sulfllr compounds were detected in the sample.

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

agglomerr_tes

Mineral's Name Cemical Formula (',ounts

Calcite 6' a.COa 1.,")0

' Quartz, low S'i02 1,50

Anhydrite (,' a,S04 70

Feldspar, undefined (Na, K, Ca)(Si, A1)40s ---

predicted to be a,round 30% (on a molar basis) for the CWLM in use. The results

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

temperatures is not, due to reducing conditions in the agglomerate.

Furthermore, the fact that only smtdl amounts of 6'aO were detected suggests

relatively fast sulfation of the sorbent. As soon as the lime calcines, ii. reacts with

502 to form gypsum. This suggests that the intimate contact between the sorbenl

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

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

agglomerate

The possibility that the improved sorbent, utilization of the CWLM is due to

the intimate contact, of co_l 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 t,o improve the sorption efficiency. To test this hypothesis, coal-limestone

briquettes (CLB) were prepared using the same grind oi' limestone and coal used in

the CWLM. The briquettes in this case simulated the char-sand aggiomerates.

It was impossible to prevent breakage of some of the briquettes while they were
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feel in tile bed by t,he attger, Augered briquet, tc part.icles were recovered from the a,uger

and were double screened t.o obt, ain a particle dist, ribut, ion. lt wa,s estimated that 20%

by weight of the fuel was ent, ering the combustor ,as particles smaller than .500 microns

sieve diameter (Figure 5.5). Furthernlore, it, was assumed that. fuel particles this small

exist, as individual coal or sorbent, particles a,ndwill not, simulate CWLM agglomerate

behavior and t,h at. t.he fraction of particles large enough to beh_we ,a,s agglomerated

was sufl-lcient, t,o retain t,he validit, y of these t,ests.

'iPhis_,ssumption is verified by the tests shown iI_, Figure 5,6, which plol, s SO=

removal vs, bed temperature for (!WLM, ()oal-limest, one briquettes, and dry lime-

stone. Both t,he briquettes and CWLM show optimum tenlperat.ures for pe_k sorbent

utilization ,t.h_t are significantly lower than for the dry lilnest, one. This suggests that

desulfurization takes place in the briquette part, icles, which burn at temperal, ure,_,:

higher than the bed. q.'he pea,k sulfur removal for the briquettes was found to be 70%

compared to 78o7ofor CWLM.

On the ot.her hand, t.he sorbent utilizat.ion for the briquettes at. 1500°F can be

approximated as the weighted average between the dry sorbent and CWLM sorbent

utilizations at the same temperature (i.e., 0.8 x %ret, ention for CWLM plus 0.2 x

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

,results of the briquett, e t.ests.

5.1.6 The effect of gasification conditions in the emulsion phase

Another explanation that, may be given to the improved sorbertt, utilization in

CWLM is the possibility of a gasification environment existing around the calcining

limest, one. Equilibrium calculat, ions performed for t,he bubble phase in the fluidized
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bed do not, support, this not,Ion; equilll_,'ium cMcul_t, ions t,re_t, t,he coml_ust, or _._sa, well

stirred re,wt, or, sllowlng tha.t, t,here is enough oxygen t,o yield a very low p_ri, lM pres.

sure for CO, However, Ljilngst, rom[24] hr_s shown t.h_t subst, oichtomet, ric conclti, ions

may exist, locMly in t,he emulsion phase, I?urthermore, severM models of burning coal

l_art,icles suggest t,h_t (,'0 concent, r,_tions _round com pa,rt,icles may be very hight25],

'l?he high C'O concent, ra,tions combined wit, h the high water wq_or cent, ehi, of CWLM

might, promot, e t,he g_s-w_,por re_ct, ion:

(-'O + .H20 .... CO.. + /-I_ (,5,2)

"l?hegasificat, ion environlnent, ma,y t,hus be promoted in either the emulsion pha,se

or the boundary la,yer _round the agglomerat, e, Und¢_r ga,si[lcation conditions, there is

highconcentra, t,iou of (;'0._ t,htfl, will tend t,o slow the c'Mcill,_t,ion react, ion (Equat, ion

2,[) by shi['t,ing t,he eCltfilibriunl t,o the left,, ,.Slower cMcin_fl,ion reduces the product, ion

of _wt,ive slt,es on t,he surfa, ce of the sorbent,, The rate el' ca,lcinat, ion m_y t,heu be

overta, l(en by sulfa.t, ion which will, event, uMly, promote pore plttgging, However, t,he

high local concent, rat,ions of (;'O and H2,promot, ed by t,he g_sificat, lon environment

mt_y reduce G'a,S'O,t into C,'aO and SO2(Equat, ions 2,1.0), Accordingly, ca,lcinat, lon

S ,i _ ,m_y proceed t,o completion before _ulIatlon began t,o plug t,he pores

To test, t,he hypothesis that local gasifica, tion conditions _re responsible for t,he

improved S'O2 sorption in (IWLM, a water injection t,est, was performed, The fuel

used, was coal-limestone briquettes, Water was injecl:ed via t,he OWM nozzle, A

3-scfm purge air stream was used ill t,he nozzle to at,omlze t,he water prior t,o ent, ering

t,he COnlbUSt,or, The water flow-rat, e wa,s a,djust, ed so that, t,he moist, tire in t,}ie bed

was around 47%, The test _dmed to simulate CWLM with 53% solids loa,ding,

The gasification test, was carried out _tl,1407°F and yielded a 62% sulfur sorption,
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Fi_ttre 5,7 shows the restt[t,s oil t,h[_ l,est, in ¢ompa, rlson t,o n,dry CI_B ttr a,rottnd 1.3!}()"I;"

whirh ha,s t,he sltnlla, r sull'ur sorptiott t_s t,he gt_slilcttt,ion test,, The wt, tev luject, ion t,e,st,

prow, d t,ha,t gtt,s[.fica.tiot| cottdit, lotts in the etnttlsh:Jtt phil,s<+t+re not, t,tte. t'+'t+sottfor t,[t<+'

I

intprow_d sot'bent, ttt,itiza, t,to'tt it+ CWI,M,

5,:2 in-dtu Measurement, s of Sorbent, I(Inet, lcs

5,2,1 Basic prluciples

Sorbettt. t'etu:t.ivit.y is gt'ea, t.ly dependent+ ott the colldll, iottm tttlder which c'a.lci-

' ,2{+ +'n++t.lon a,nd sttlt'utton l,++kepla.ce [ ] Sorbent. rettct.ivity ts gettera, lly rhea, sifted tinder

+,,,,etlcottt.rolled conditions itr ++l:,+,,ckedbed ur +t t+hertnogra, vit_tetric bMtt,ttt'e[27][2(;],

.Ii, ts possible t,ha, t, the tor++t condit, ions o1' +t+(+\,VI.,M a,gg,lotnera, l+eor a, cott,l-titnest, on<'

l_riqttet, t,e' yield differeut, tinu.+,st,otte retu:'tiv:il.ies t.tttut dry lltttest.one,

i l | _ +

'])he evidence present.td in the prevtotts sections proved t.htt.t, t.ltt tnec[ttu_tlstns o'['

sttlt'ttr sorption ttf CWLM di[rer sig.niflca, nt.ly [,ront dry [[tnest.one, (+onseqtten.t,[y, t.he

Idrtet.ics oi' sift'fur sorpt, iot't it+,the (+WI.,Magglotl'tertlt, es tnn.y be d[It'erent t,hrLtt fop t.lte

cii:), sol'l:_etlt., [t. is not yet evldettt+ [tow l,he re+u.,tivit,y oi' the so'ebent, ca.n be ttteasttred

under these condlt, ions,

The r+tt,e of product, ion of vola,l,ite tnrtt,t,er front +/,lteettlulsiotl ph+_,se of +1,fluidized

bed combttst, or t'n+tybe a,pl)roxitt+++t,ed wii, h t,he differentla, l eqttMion:

+lC: ._ _ G' +,9 p (5 3)........ +_. •....... ,i

d/, L

where (' is t,he vola, l,iles concettt, r+t,l,ion lea,vlttg t,he bed, u is t,he superfici+fl velocity of

l,tte ga,s t,hrough t,he bed, L ts the bed heigltt,, ,q ts t,he r+t,te ot.'genera, ttott o:f w+la,t,ile

rnrtt,t,er from the ['ttel pa,rt,icles, a,nd t' ts the r.a,t,e oi' remowd of w.+la,tile ma, ft,eP due



'42

t,o re_t,ct,lc:,uv,4t,h.ot,het' bed _pocies, l!3clu+_t,lon _,,t_c'u,nbe _,ppllodtbr t,he P_,t.ool'

pL,oduct,Lonot' ,_'0_t'l!otu.I.h._:,bed, in t,hls c_m:,t' will be t,ho_.'_t,_..,t:,l'still'upm._t'pt,ic:,tlby

lirue,st,one,

'])Pn,n,dent, opoi't+l,ton of the cotttl.+ttst,or is reqktived [Ltorder' t,o est.luitl, t,e t,he t'tt,l.e of

pt'odttcl, iott of g_.seotts tltttt,l,er f't'otn t,ho bed, 'Pile ttloclel i_ +_ppitrul:_le t,he esl, itttn.tlott

of c'tt,lcitttt,l,ion It,tid sttlftt+t.ion t'tt,t,es It,s well +_sitx rttott+sttt'ittg l_ttrttlnA_t,tt,t,es ¢',1'ftte[,

5,2,2 Al.+l._lietttion of {;lte model in t_vltlut.x_,ing r,xt;es tit' still'uP rt, l+tt_+o t'rolii

com

'l!he m<:,dei inr,reduced in t.he previous sect, lon will be _Ipplted t.u est.ltttut.t:' l.lte rn.t,e

o1'getter_l.iotl, cii' ,-q():3l'rc+,utcot+l, 'l_[te cottcent, rut.iot+l(" represents t.lte c'otlc'ettt.rntion of

_g()2 in the flue g_t,s,

Severtt.[ t+t't_nsient, test, s were c+l,rriec[ etrr. t,sing :+/8-inch >_8-tltestt lllinuis N"_ c'_mt,

'li'he com wn,s bttvned iii t+six-ittch deep bed wit.h no serf+el+tr,uddit, ion, l+;++cht,est+ wu.,.,+

c+l,rried +t.t.++different, bed t,etnl:>er+t+t,t.tPe, t.her'et'ore t_dilt'erettt, t'ttel t'eect t'l-t+t.e,'i2h<,excess

++it'irt l,he bed during st,et+t,dy st,+t,t,ewtl,s rtttt+ittt,tt,ilted n,t l+ ito+tnitttt[ 20%, Once stelt,cly

st,n,te wt_s re++ctted, t,tte fuel w+_+sshut. off ++tldt,he S'0,2 t,rt+nsient, clot'+t,3,'wn+s recorded it.t+

:+second int,erwLs, 'Phe genern, t,ion r+t.i:t:of +'()2 in t.he bed ttttder t,rtl,nsient, ¢onctit.ic_ns
J

it_s t,wo cent, fibril, ions:

' q"_q- 0 4.+ (_,,i)

where _7_ ts t,he genern, t,ion rt.d,e oi' S'O2 n.ssoci+;,t,ec+Lwit,Lt the votut, ites triers,so tutd g"

the r_t,e of ger.lern,t,ion oi' ,5'0,,+ t'rotn l;he conlbuStiOtt of t+hedevol'.:t,tilized chn,r, Vol++t,l'le

release ['tom t,he com is +_,very first, l:>rocess[l,l,], Therefore, t,he t,ttne const, tt,rtt,_t,ssocit_t,ed

wit,h g' tnttst, be very srnM1, On t,he oi,her h+utd, the gener++t,tort of SOa +_,ssoci++ted
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,,vit,lL t,ho (,lt_trcolttl.,ttst,lou L_rela,t,lv<,ly HIo;,vr_ud _lr('+i|,(ly l)['()('(*gg,'l'lt_' (lt'C_l+yOf ''g'(L)_l

wit.h t,iut(, for ot1_,of tlt<:,l,t'iLtt,',+i(.'ttt,t,,:',.'+t,_ i..+showtt iii l,'[_ttrt, ;5,,t,

I,Lt.,uWtt(,t'a,[lit'+l,.+ort[<:,rc:,ml._r_p_+,_toud_'st+ril_ltlgtlt<.,<,votttt,lotto w,tut.il<:ttta+i,l,t,rl'rottt

('uM is:
,IN

")? ++':.+J,',,N . (,",,r,)

who,re /,',, is l,hc, llt',st,.+_,rctt,r raft., ('cJttsl.a.ttt,l'<)r,_ttll"itt't't,t(,It.s<,,,vlt.ltvola.t,il(, ttta+t.t<,,:[2,_,],

S_,+lvlugfor N:

N ....N,,<'×l_( ..../,,,,t) ( ,+'+,,(+)
+

,t I 1¢ .whert, +"_,,ts i.h<+,ittit.lal ttta,,,+soi' V(.,It'tt.tlesit.ii'ttr t'_,ttt(,tlt (J Lit+,t'oa.l ('lltt,t'g(+ctitr t.lt<,

rutttl+ttml.ot',

' l''l'ht, tttttttl_+,roI' tirol+,,+oI.'sttii'ttr t,<.+,i<,_++,+,,ctl't'ottt t,h<,¢'_ttl ts <,¢ttta+lI,o I,IL_,ttlttLtl_t:,ro

luol<.,+of ,q(),.+,K<+t'i<'rtt.t._"diii i.tt{'i,<,(+.t(a.sstttttittK I00(_'[,q:'t:Jtt_,,_,t'sl(_t'J),'l'ht,r<,l'(,r,,:

q' .:..-..:/,,,,N (,",,7)

,'kssttt'It(_'t,ha.l. life, coltt,rii>ttt.it,ttof If" is stttalt ,_tt_tc't,ttst.H,xtt,,,,:_w,t'l,i_<,t+ittt,+'l,('ri(,(t

t.ha,t, !l+ ts .n.cl.ittg, Sttl:>st._t+ttt.Lttgl+',(ltta,i._ot+s5,,I, ;:3,6,att(l r.,,-, +, ,' ' ' ,+,I ittt,{J h,qtt+_.t+touY_',"_,a.tt_l

s_+,l,i+ittg(" _,ClttMt,o t.hc,cottc<+,tti.ra,Liolt oi; ,+G'()_ltt t.he flu<+'gu,s ((,5'(.)_])n.ttct ,'.+olvltt,_For

[,+()_+]iusa, l'ItttrLiott of t,ittt_,:

/,!,N

+,+"+'(>:,+I........... i;?L+I.::+_,II['*+'"P(/""_)+-+'+'"++['(...."_L)l (+,,_)
+1_¢L . t

+................,I.t-+.,,_p(.....L )I++I,[,-"+'(+),+,I,,,,,xi,{......i_+'_)

where, [,qC),,],,Lst,hest, oa.dy ,,;t.a,t,{,cottc'_Pttt.t:a,Li(:_noli ,+'(-)mttt_,a.sttr<,da,l, t,lt_, b_,gittttittg of

t.he t.ra.ttsi_:'ttLt:)erlo(.t,
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_,l_t>t'oxtttt_t,t,<_'l,y_:'tltt_t.tl.c_(+l,_m,_'_:_t_d_(I'.,t_I/2,l'_;,,I._,ttdI,h_:_ul>_'Pl_<.'l,'_.l_,,tPv_,lu,.'il,,vi_

Itr.....';.............................:?:..-"'+;.....

'.t'It{'l<+gt;,Pit.hm_,I'l.tt_,xtt:_t'tttt_tLm_'¢+tdt.+'t't_y_,I.'.,._'['.)+utr l.tto h:,l't,of l+(lttlX.t,ic_tt,5,+:1is
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5,2,8 Measuring calcination and sulthtion l'a_es uslug t,he mod_l for sult'ur

release

I h: rc,_,etionof SO_ with Lime Ix_a,yI:,:,sumnx_,cltip _sl

C.'_l(.)+. ,{4'(,)_+ 1/"20_ .....C,'<tSO,l , (D,L1)

Th_ suli'a, io_ r_l,<-.,is ol>serwd t,0 I,_eoi' first, order wii.h r_,spectl,o [D'O_J[271a,_cl

r _ (? tzeroi.h order Iii oxygou c'oilcent.r_lt,iou [:3LI, lh: reflc't,iou t,_flce.spit,ce. ii,ft,ev <_'O_is

_dsc_rl._ecloil l,iie Lime si.irt'a,c_i

cl .i--_ .....cl, ,_ (5,;i'2)

wllere _taxe ac'five sit.estuld ,_qis t,hc:SO,,,a.dsorb_-,d,

']'lie r_l.i,¢-.'of sult'_fl,ioi_ is equlviden!, I,o t,he t'al,e o corlstlmpi, iou oft.'ax't,iw' sit.es,

Assuining t,hffl, t,ile sttli'a,t,ion ref,_c:t.ion is essent, itdly irreversible, a,nd ii,¢c'ollrll, ing f'or

t,he ['ilxt, thai, t,he rei'wt, ioli rt_l,t,edoes riot, depenci on oxyge..tl:

dt

';['lie t,ot.a,iriuml._ero[' a,ct.lvesii,es lll_l,ybe expressed_s:

C',,,= C, + C',,,,, (5,1,'.t.)

Subst,it,ut,ing in the rllt,e equation:

da i g

dr. --X,,,{C',,,--

Dividing l:his equ_t,ion wit,h t,he init,ltd number of l_ct,ive sit,es<.l.itrod cLefiningt'r_ct,ion_d
¢

conversion li,Sl

C'tll vO#1

a - (5,16)
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the pore closure model of sulfation reduces to:

da

= - (5.17)

where a_ is the maximum fractional conversion for a particula, r sorbent.

This simple model can be used to describe tile rates of change of CaSOa, (,'aO,

and S02 in the be of an FBC. The limestone rate of consumption is given by:

d[CaC'04= f_ (5.].s)dt

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

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

d[CaO]
- kc[(,'aCOa] ksa_ 6'., (-'s (5.1.9)dt

Recalling Equation 5.3 and substituting for the rate of absorption of 8'02 by

limestone (r)'
dCs _C_

- l,,_ct_C_,C, _ g (.5.20)
dt L

q,where g is the uniform rate of generation of _ O2 within the bed. Solving for limestone

concentration from Equation 5.18 as a function of time:

[CaC03] = f[1 - exp (-kct)] (5.21)
]%

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

consumption of CaO (C_,):
k_[Ca6'03]

6',,, = k, cto_G'.,_ ' (5.22)

Substituting the last. two equations in Equation 5.20 and rearranging:

dC_ 'u6'_
= f[1 - exp (-k_t)] +g (5.23)

dt L
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, (_The above equation can be solved wit,h Lap!ace transforms (replacing (,'s with [,. 02]):
, ,

' ut

' - f [exp (-k_) exp ( - -_- )] 5..4)'-_[,_qO2] - u/L-kt

ut, ut-t- [1 -exp (--_.)-t-[SO21o exp (---_-)

Assteady state is'achieVed the concentration of S'O2 approaches a value [502]*

where:
, ,

- g- f
'u,/L

Since the residence time of the gases in the bed is significant, ly shorter than that

of calcination or sulfation, the normalized _.02 decay may again be approximated as:, q'

[S02] [8'02]* .lh f kct (5.26)
1,,[s'O ]o-Iso21.

Several transient tests were carried out by injecting limestone irt the bed while

burning 3/8-inx8-mesh dry coal. The data were normalized (using the 5'O2 con:

centration ratio given above) for each test, and the respective values for k_,were

estimated by linear regression. The experimental and computed normalized 502 de-

cay are shown in Figure 5.8. The close fit, to the data provides strong support for the
,,

simple model developed. The calcination constants estimated are given in Table 5.3.

The average calcination rate constant was estimated to be O.O044sec -1 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 a1.[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. This 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 rate constants

Bed Temperature Calcination rate constant (k_)

(°F) (ec -1)
1467 0,00804

1490 0,00292

1539 0.00382

1567 0.00273

This analytical technique may be applied to CWLM to del, ermine intrinsic rates

for cMc.ination within the agglomerate. These will help to der,ermine whether a unique

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

is responsible for the improved sorbent utilization. Furthermore, the transient tech-

nique may be applied to monoclispersive coal samples injected into an FBC operating

at. steady state on _ 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.
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6. CONCLUSIONS

Sorbent utilization for dry sorbent and CWLM was found to be comparable at

around 1,,500°F, provided that, tt non-elutriable sorbent' is used, with the dry fuel,

When the finer sorbent was used with dry coal, sorbent utilizat, ion was severely

degraded by elutriation,

The maximumsorbent utilization for (IWLM occurs 60 "t;' below the respective

peak for dry sorbent, thus suggesting that, both calcination and sult'ation occur within

the char-sand agglomerates formed when CWLM are sl)rayed in the bed, X-ray

fluorescence scan on a sample of agglomerates showed that a la,rge 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 pe_k sulNr sorption for C,WLM is significantly higher than the respective

peak for dry coal, The possibility of a reducing environment in the agglomerate bei1_g

the reason for the higher sorbent utilization was examined by recovering samples

from the bed after a quench test, XRD analysis Of agglomerated material from tt{e

bed showed no traces of CaS 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



,52¸

feeding t,hem in t,he bed, However t,h.e opt,imum temperat, ure for sulfur sorpt, ion

when burning briquet, t,es was found t,o be significantly lower t,ha,n for dry sorbent,,

This shows t,hat t,t{ere are enortgh sizable particles left,, while feeding briquel, tes, to

simulate agglomerate behavior, Tile sorption mechanism for briquettes may be a,

combination of CWLM simula, ted by t,he 80% coarse pa,rticles and t,he 20% fines

produced, _I'he fines will behave as individual coal and sorbent particles fed in the

bed,

(..,aSlfiCa,t,lotl in t,he bubble ph_se was excluded since t,here ts _.m abunda, nce of.

oxygen J,n t,he bed, Purt, hermore, gasification in the emulsion phase was exa,mined by

inject, ing water ill the bed during t,he combustion of briquettes, 'I'he wa.t_er inject, ion

test, showed no significant, change in sorbent, utilizat, ion compared t.o dry briquettes,

The peak sorbent, utillza, tion for (',WLM is higher than for t,he dry sorbent and

occurs a.t lower temperatures, .2'he improved sorbent utilization is most, possibly due

t,o the inl;ima,te contact, of coal and limestone in t,he (.2',,WLMa,gglomerate,

Finally, transient, operation of the combust, or was found t,o be ext, remely useful

in determining characteristic volatile relea,se times and intrinsic react, ion rat,es ['or

calcination, Severa,1 transient tests with dry coal in t,he absence of sorbent showed

characteristic volatile release times t,o be on the order of 8 seconds, Sorbent transient,

tests revealed c_dcinat, ion rate constant, s of 0,0044set --1_and an activation energy of

47,a+akcal/kmol- K,

lVut.ure work may involve t,he applicability of this techniquo in determining rates

of sulfation and calcination in CWLM agglomerates and sulfur release rates during

steady st,ate operation of the combustor,

i
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8, APPENDIX, ESTIMATING THE ACID CONCENTI1,ATION OF

THE CONDENSATE

lt+h_,sI:_eeul._rovioustyuteui.iortedt,ha+teonc:leu_aticJUof a,t'idtltist.(_r,,va,ton'vapor

lt .!til the glt,,+s_.ttll:Dltuglines tirol+,,,t'esult, iu sc'r+l,ull)lit_,;_, tile ,,",(.)_roacllutV_s_tncltnay

ew,u c:l_ttll_tK_.'the gas aualyzex' cells. 'l.'hus _tu ittll')lu_lxlextt.Illtor w_tslust._t,llo(l duv,,,',

sl,t'el_tlt of tile [¥rtlta-[+_ttr<.:'dt'yor t.u _woLd ,,+tic'trlt cottcletlsa, t.e to t'ea,,:[t the [tts'l.rlttltetlt.s,

A.ddlt,iutttdly, t,he et)ndettsat,e t'ot.tlttb(' eolh+,¢'tedatt_t ¢'l'_e('k(,dfor lu!idity,

()tie Site,It ,,.;a,tttple Wa,s eotleet,(,d a,t't+ertt ':>`,+It<.ttt+,('tWl,M test, 'l'.lte a.tta[ysl+' lhr+t,

l'ollows <,st[tua,l,es the precise atttottttt of ,5'0,+,dts,,+olve¢l itr the cot_dottsa, t.e,

The a,tttottttl, of cc,tttlettsa, l,e ittvolved wl+s _trottnd 3,2 tttl +utd htt,d a,tt a,l:_l_,ro×i'tn_tto

t '_ ¢ l+p[[ of 2, lhc pl l of it ,,iolttt,ion [s defltted Its l,he tlega.t,tve [o_rtrlt,[tttt ba,,,i(, l.{) () t,tl(,

c'ottcettt, ra,tiott o[' hydrc_gen lc+us ( It + ) [33]:

I+'11:+-::....logto[11+] (8,I )

Whett ,G'O_is dissolved itr witt,er, the followiug react,torts tMie,l+l+u'e:

S()+ + O_ ,+:-' ,5'(i)_ (8,2)

,5'()_+.-t'+H++O +:'+ H+,5'O,t (8,3)

The sult'urlc +c'ic.tt+roctttced',viiictissocta,t,ea,cc'ordittg to the re_tc:tlons:



H,_,g'O,L +_-, H + +to/.I _g'O,i (8,,1)

17,g'O,L+-.:_tl + + HO,i (8,,_)

'['hc, c,_lulLlbrluut_'t,n_t,_,nt,l'_:_t'tll_, Ilr,,.tt+v!o+u.,t,tou 1,,._/,,,,I :.:::1()_'L_l,ucl I.'t:,rt,lte m,_'<,ttcl

rc,t_tc't,i_,ti/,,,.°_.....(),()12, "l]h_:t,c_t,_l,!_,Clttillbv:ittlu+_.'_:_vtsl,_ut.l'UL'l,lte m_Lut.ic_tli_ <,,_(.lut+_,t,ml t._J

Ive:

I.H+l_[,s'c_,,1__ .

N(_',,v,tt(.,tu.I.h(,,1:_11vtdti(,:

t_If :.: 2,0

+.', [1.1+1-.::(),()1 tttult,/lt.

'['lte lllllOtltll, Oi' ,,.+t_tl'ttt'l<!+u'id is i'it,lc'ttl+tl.odl't'c+_ntt,hc, <+,iltLilll+v'itttttc+'ottst.tt,nt, ,,:,ittt'e

('g'(_)_i:]i+ ,,Clttn,l t,o [.I++I+'1/'2,'['lt_ts t.h,, c',,tt<.',,ul.t'a+t,lc+_nc,f H,+,,,g'(L+i,'.+fottttcl t,o b+_:

IN+J:'
Ii++,+sc,>,+l_ -;2+i7,.....-++,I,:ic+,+ic_..+',,,,_,+,+/t+ (s,7)

I ii+I

F't'Olltl++(ttta,t,tott 8,2, Jt, t+ est,itttitt,i'd t,ha.l, +I.t_lole c:_l',+:,0_will l,_t'octucoI. tttoli, c_l'

llu,5'O,i, 'l.'htts, 4,i(l :<I0 -++_tttolt.s/lt, of sttlhtr dio+i_i_,+.,_,dismc:dv<,.d(a,s_itttultigt,ha.l, the

c'ottt,ribttt,iott oI' l,h¢+., t'(_,veP8(:t't,_wl,iott,+.+itr l_qtta,t.lon 8,2 It,rP nc,gJlgtl>le), Sinc.'¢,I"1,2tttl of

8olttt,lott were ol3t++tlnect,t,h,:,+t+tuottttt,of ,5'(.):+r<'tttov(Pcth'ol+nl,h("g+t,sst,t'i+,it.tt+,,¢ittx'ittgt.ho

t,_:>st,,_lm[,t+t+× i,O'.t° mole/lt+,

ii'lte l,c:,t,+t,lttttltlb<-'t' or' tttolc's of ,q'On pt'ocLttc!odwltett t+olinte,++.+l,ono is _ctdodttlfi,y l+q+

llottnct l'rott'tt,ht', ict<+,ldga,s l+t,w,



.............:<q (s,sl
' ==:IP(I'

where Q is the a,vtl,lla,ble _as flow, 'i?he tc,ta,l {tow.rttt,e ol' the s_tuple l,,.+T set'h,

""+ i_ _'l'htts the tota.l [low.ra.tc of is (1,{11I,. I xuoles/j.tt_ttr, Wl'teu tto ,,wrbt, nt Is a,tl.ded iu the

l:,ecL,lhc .+_'()_t'Otlet+ttl,t'Itt,lott is _tl+pt'c_xlttta+t,ely 21.20 ppttt or (1,002L2, %, "l.'htts (.lte t,ot,+_li

attlollnl, of ,.5'0_ l._rotlttee+:l Is+

,-_()u til [ltte gas ==:{1,{1()212(}_<0.01787':=: .'_,lO ;+-:l() tttole,'.+/hottr

'l"he attto_ittt <_ ga,s l+_t_s<+t,tl,hr<+Jttgll l+he _()u ga,s ti+ttztl.vzt++,t' Is ottl+v '2 soLtir, l,tterelot'e

I'()n]y '2/'i' (:) the a+llt<+tltti+(,st.ll11+tt(:'d/tb<)v(':

.."Oa t,ltt'ott_tt gtts a,.tt+t+tyzer=:-::t,(,)8 :< I(1't_ tttot(-+,s/_hottr

i:"oP _} v,wo .ltoltr I,est. +_+t,c>t,al o1' 2,1.{+.',: 1{1-'+ tzloh:,s 1.>t'S'()_ tl,re pa,ssecl t,hro_tgh t,lte

ttttttlYzet', 'l?l'ttts t,he ovet'_t+llert'c+_rtttay l>e est,itttat, ect to be:

S'():+ .... i'n ....<'ondcr+.,+.tr:'
pcrt'+creop :=-:.........................,....................................................:.: LI+lO=:+O,O(}(}ft (+,9)

,q()+ .....+?+---!la,+ .....,,+t?,+'++m

'l'he a+bove error tufty l)e ittet'et_,sed t,o (}.(102% ii' tittt<.:st,otte ts t.ttcorl_or_tt,ed ttr l,he

UWI,M, ';t'tte [ttttest, otte til.try redttce the S'(+)uc'onc+'ent,rlt+tiott irt the flue g,t+st+o(l{)Opptn,

From the c'Mc.'ttlt_+ttc:_tts,l't, ts obvlotts ,tha,t tile error itr the rettdittg ts ttegti+ibte,

l)espite t,ttts, lhe tr,old mist tftr,tsr,be t'entoved l.+ect+ttselt ttttt.y cla.ztt+tgethe re++dlttg cells

itr t,he gtl,s +uia,lyzers,
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