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.... ~ .. lo-d . built. 1M 1"", ... ,.11, c_tulanod. ~ .. .-I .. of 12 
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... t>ollnct. Tile "",.lu fr<;fl Ihl, _1 . whiCh." PIlI ""W tho 

_1.0,. c_, ... ' ....... b1, .. lth , III "pe,i_ntol , ... Its 1M 11M 
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It CO" II .., too 0.111 ... ~t.N for ", .... ""1 otller '1"'11. Or .. Itt· 
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• 1.0 fO", I ..... 10 of • ~ ... ,, ' ~'l''''' ..... 1. 
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'Op~.r 

c;,., .. ~I Ir.<; oeA In.U-..... ft\.O'IOII Gi.g' .. a' 
'M. I'HC 

Tilt !>Ott ... \.091 of U·~ ~FeC ,howl'" 
tilt f\",,~r1cl. Hnlro;. e .... ""11 <0115 
and dlllrl!>utar plou 

St. ....... tle dnwl"9 of thl ~8C pl,n, 

Prel'-''''' -''''Ignt Ol"'lr~'" of to< "","­
'\.O~' <onfl9L"Hi"" of VIt ~BC 

Sc_tlc dra"l",) of , ... P>SC 

",- lie drawing of the .uinl~, Hill 
"llIrt~tar ,"""Ing ,he po<1tl .... of In. 
Oo-c_' and '")'0"" 
St._tic drawing of thl ,nr"-Iu!e 
me ....... lng -ho I_rud bur .... " .. ,,"ly 
tilt fluldhl_g fIOts U"""" t.n. d __ ,.. 
011<1 t ... fl ",1 •• rsl .... of \1>< eye1 .... lc l<oyer~ 

5<;_lIe drawl"'l 01 1M two-fB con'I<;"",I"" 
Of tilt I'f"IC ,'-1"g tIIo 1>0'1.0<> Ge'~ Fa ae-<l 
,h.ll,.. '"" Fe 
Thon:al pOl4' or tll(l ,wo·FI pce.c at 0 <_tonI 
pre,,"re on" f1 .. IIII.I"~~ .... lcx:lty. n. 
_" ... nul , ••• IU ""',.. Obul""~ fr"" • 
• 1~1 ..... b.lo"". Oft U .. coal ,"~plied to 
\Me ,ORv.\<l,. -1>0 tM,,"l1ul ...,.uIU .... r. 
<lleu i lled u.ln; ,,,,I'f"HC <_""~ prog .. .. 

O' ygeft tC.S....ro \. 1M! oottOl!' FB O~ te rtll"e~ 
"--"P"rl",nt.olly ,1>1 H. Geo."".nu on tM 
'01_ fa t.IqIe •• ",re for "Hf."" .. PflC 
~re .. "r ••. Tho tlle .... Uc.l OOIM. ~re oDUII\IOS 
"'In~ '''' O"'P"IO' .ppli .. \0 U>e _-Fa ... ctor 

0, )'90" <on._ In t.no tcp Fa d<to mhel 
• • ~.rI .. n"l1, '1>1 110 <lOjIond •• CI on , .. \00 
Fe ~e.u",.. for d,U.reM PfBC P~""~" 
T'" IPltMetic,l polna "",.. deteno,ned "'1119 
til. <r;",wte, pr"'l'"""e '00110<! ta lhe two-fa 
<-'010. 

,1.-



n ........ 10. 

fI, ••• l.'.1. 

~. C ......... I~ thl t-. rl .... IU 
'" Itl_ \.0 lilt top tl' 1'"'1."" .... 
CGrlIU . 1 ... n U ,_ .. 1",11 ........ ," 
.. ",n 

0; ph c .... 'HI ... . .01.. \0 lilt top f. 
_11 .. f ... _",torr •• nd , ........ 
. ... I " ... hll"", ... till ,-IUIIU," Of 
0GP' I .. U. fI' _I .. U. top f. 
r-I _, of lilt "1( .... ,..1_ 
.. perl .... u llt ...... 101 ..... viti! t'It 
torrt<pOftdt ftl COOPUI ... ,.lcu,"tId •• IUl 
... Ift" lilt 0',01"" .... ctor ~ .... "r. 
1_·ul..,' r.lnlOOI of 1M 0'"19" 
,,,,",,,,,,tl,,,,, rUt for lilt lop IOd 1Io1t"'" 
n .,., lilt po 0Il(10 I I_II I¥ COIIIII<I' 
U~ .. f ....... "uI.·lIt1 ........ '10. 
{(.7 .2). AI ... _ ....... ''''~'''''''''''l 
~""up of ,Oil ...... In lilt "I( 

'III UIror't l lul rolnl'" of Oont<" 
C"'~I I .. r .... .... !./It n . ' po.llel . 
,,~" ' .... Ufol ..... tl- \0 (E. 7 .1) 
_1&1-.1 f.-- tN c __ ...... _ 
_ ."11. to UIIt boG'" "IC 
_lar .I_al , _ for , ... or.hlll", 
of lilt fore" aU. too"1ICI ...... " .. 

'1"10 .. 1&1 1"" of lilt , "tiO of I., ..... ''''1 
'OIl .. dl ....... l/Io 1.11111 .. ,.1 r.~I". 
1001 Uro < ·00\\001 II •• Coo l " DoI"t ,. 
lilt I bWIlCl Of oolln _, ""'tc~ cO,dltlo", 

1M ... 1111 .. of 1111 Ntl. of lilt .,.,,,1'11 ,0011 ,04i., ,nil !.hi 'n1ti ..... dl.,. 1.4 tilt 
,_n l .. U ... Coot boo ... 1 ,." fI ""cIo. 
btt<l> condl t t"",". 



Tabl.6.1 . 

,.~1. 1.1. 

loth 1.l. 

Totl. ~.1.2. 

10:1. ~.l.l. 

, •• ,. A.2.t. 

T .. I . A.2.2. 

1.<1. A.l.l. 

Totl. ~.2.1. 

l!sr OF r ..... {s 

A~~rlc llId pr ..... I . .. fit s,.. ... . 
c ......... tIY "I"'. nl"'l 0. Nt •• -=-1 .. 1 ... 109 

SI.I"'l INI coo""", <""tent ~f U' l .... n~ wltfl 
tt.e ' ...... lOr off"",,1 for 1M I",,·f. PFII: 

A list of .""",I ... tll , ... hs oIIt1f""d ,..,. t~. 
test< ... t~ t ...,·fI Pfle 

A liu ~f t~"," tl~ol ,..."tI, r"" fo" to" 
...,.fl PUC sl\owl"'l tile tn"'! dot. to ' on ,,"'" 
•• ".d .. ntll ",no ..... tilt .but.eO Inoo,.."I, .1 
reluit •. '~Sl ....... 110 ...... ","d f or 
c .. ~rhOfl _SH betwe .. I~oory I~ 
_rl ... t 

(_UU ..... uhs IMolold OIl IN lI'e .... tlcol 
~I f •• the ...... Ictlon Of VIe .. .. 
VI." •• rH f .... tho FI .... Ule l~",od 
<COOling col1< (lIOrhonu.l eOns) 

Sin ... Iy,'" of .. lIdl .sed ,. t .. 
..... rI .. nU ... d""""_,, 

_.lul HI.nrHiO' of Jllt!lfl ~I 011 
lho UR of d"""c ..... f (>J" V'.'\IO.tl.g 
oaHU 11<_ .. Fl. 

"","olcol ,,,,,,"n',, of 10llU •• ed I. ' no ."""rI ... to ... t.IIe •• ,,,. 

ElII''''_ntll ... ,.111 U,owlog ,"< p .... ".~ 
In ' no rB '1U", the prl".r. pr.fH •• ". 
th. f1_,U of t ho lolldl t".ou~~ tr.o 
... 1 .... 1iI,"lt. obUl/IeCI .\t~ On nr ;',,~ 
pl.to ... I •• 1. JU .N 1",1"<:<. for to, 
~I ... of """"""oiled 'I"" 

O~ .... td 1011 uk.lot." a",p' 
'M IftCt)' "-91011 (I) ~ l ilt , 
(~.rItIOll • 0,/1 • 10· ..... '.) ·" 



r.~I. ~.).1. 

ll~ll ~.l.l. 

lobI. _.'.1. 

SIn I",'~h ~ Illlu , ...... UHCI 1~ Inti 
.nLII t_neoI _ .. ~ """ tuto .nUc I .. _ 
t1Pe dhtrlllor_ 

Proptrti •• '" LPG ...... 'III' loull1" 1114 ~'u 
01 I_ned_r 

!Iou f ..... tfttl OIl "" 0 ,l16li O\I~, di_Itr 
*-I"IH "" ....... 

....... , .. It 1 .. 1)'111 1l1li Ir .. ; .. I,,'~h of 
lIM I:.""de cool 1M char p ... h"'t UHCI '0' 
e-._t1"" It." 'ft U .. _11 fl <_nor 

-" 
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"T~TlOfj 

S'g nlflcol>01 

c ........ cU .... l .. eo .f FI 

< ... tlnt (Ll.ll) 

c ... tIo.t til ..... Y.'t,)' (L3.1) 

COfIStIIOt I •• 10tI'1111 ... tIl""tio, (£'l. l ) 

po,_tor dethld I. £'1.l 

I,,<\\on Of f"eo Clri>o" tn c • • l 

91' dhch0'"il coefficient 

conetnt"tl"" .f o~. tn ~ .. H' ... 

eli_tor. cl l .... te, of fB 

c"".tent (Ll.lI) 

~U dlffl.shit1 

__ , dionH .. 

•• lIdl f rl n t"" fJe!.o, 

vOl_ "tic of c lOUd ~'~I '"~ ~ub,ll 

P ~"" 

• 

• 
• 

cool 'fldrou t ...... 

"POI' l i n it Of Fo "oo .... r)" ta toU,' 

.oltd. cl.-.:ulHlon 

Ir.ctlon 01 fi ,~ c.r~ in c .. l 

flut~hM beo 

total f B h.i9kt 

, .. 1 .1 ut, to \lo. Co n,t,nt 
• 
", 
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>ol_tric ~IU Of ...... , ..... 'jed fIe __ 

tlCIUd 1M _h\_ pMH ,.r .... 1t bubble 

... 1_1.11, r.t<iI 'f 9*1 .. eM ...... 100_ 

buWol •• l1li <10901 .,.. .. ,.... "" I t 1lulli;1. 

001_ 

•• ltdl Might ,. 1'1 

.0110 Might to __ r 

doIoIK_. 1.",th 

.... of. cool 

_lowl .... I"" of "_ 

t.ou l .u d ...... to. of COIo l In n 

prtuure (9'.) 

Co.l ,h. 41,1"1>0110" t o f_ 

cool 'hI dhtrtb, t tO" In n 

PTI!u"'htcl fI"ldl .. " lot<! coot>oa l.Of" 

", 
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• 

" 

P. or 110. 

". 
". 
". 

""ctl.n of co.1 IHd ,_'nl", In _10100 p .... 

tU ..,l_t,lc n ... (STP) .J/s 

cOIl ponlcl ... 411.. " 

,"dly, Of ~"I"M(ttcl cOIl poI'tlcl. • 

'Itt Of <or:tO"Ht.., . , pfUnd n ~i.,1 

0&)'91 " <0111-'" pol' nc poor ~lbtd • ...,. 

OIl_Hud rllO Of ccUlyu ta" ((,8 .1) 

IMUI I cool p.'l lch rld l ", 
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•• 

~~ nol/~2. 

k9."jn2, 
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l!'I!!boli 

,uportlcl~l velo<ity 

Iftt ..... t ltl.l oeloxily 

wel9ht of .. ..., ~n4 ,,,,I 'n. Fa 

... u f1"~ . f solid, ( through I •• 1ft) 

""IgM of ,001 In to~ Fa 

""9nt of co.l I" bOU,,", FB 

Otlsh t 

between two lev.J. 

slip .. l"d<, 

.~'dI91 0' r~ 

rltl. of 11>1 b.~~l. ~I'I&' . v.,l..- to 1.11, 
toU1 Fe vol""" 

•• ., 

• 

.. 
" ." 

.ffo:<tl " ",,1s ' ;';11 of \l1lel sa...: (LA.I O. I) 

'1'" 010'00 i t:I 

u,..lty. coo. l aon,Hy 

.... n portlel. dl.S'I1 tn FI 

IMI<;Iu t i<1. ",,,,,,,,1 "",U 

"gl. of ... 11 f, Ic tl"" 

,h' PI factO!" 

.. .. th."9Il rot. of • ,I"'ll. COli 

portld . 

,. 

"ill •.• 

~91.l 

~!i1.1 .. 
• 
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rIle of .hr1 ..u~ of I 11"'l11 IlOrt td • 

. ....... 90 rll. of I lIrl ftla .. of ~""1 

P' r-t \(I •• In .a rl 

!III conl",I \"" 4 .. til till .... ctl ... .. I tt. 

I 11",,1. p.t.rtl cl . 

Inl o t , 01l<lI t \ 0I'1 

region ( 0 ) or I "1 ",, 

... gl on (~ ) of • , "1 , • • bot ta. FB 

buIlb l l ph ... . bubble 

clOIId p"". 
d,.:rlb<.to. 

_hlon p/IIn 

" , .. 
lou l ""ig~t of F8 

<011 .... 101' . 11ft lIre 

Nol""" •• lue 

''''pl,nt fl~'dl .. tt"" 

or H ICI 

tOi l po rt lcl. , . 1<lnlly of '''''\ ,. ,Ud_ 
rodlu • 

•• lld. 

c\"",a wne 

cOtld Il ' ... at ... 11 

In, ait'Ktlon 

, .,1 •• 



Oefinitions 

• 

• 

volume of cloud wake phase 
volume of FB 

volume of emulsion phase 
volume of fB 
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".,," .. 
TO. ..,rld in 91 ..... 1 ."" \ho "uum ..odd I . ""11<.10' h 

", .. 111 "'~.odent on 01111. 'OIJI"CI of '''''r-m' .nd \>OVoth.,.lcolo. It 

l< ..,11 ",unlly.ocI .h •• tho .... 11l.tI ... tNt oil ."" 11" co .. "',, 

will ."""111 !loc __ nUll thu ....... of , ..... trl •• h ••• hi"". 
to GOI I ., • l .. g-t ...... ,." .. ,~ of ."'.". and u""", . 

u ...... , .. I , ........... ,. $QlJth Arrlco hi," pc"",t,. 01, urly .,' 

01 cool In In ecooo""3' Uoot I< _ ,'-on (""".,.."<lu, of l"'Port.d .,1. 
_ ..... u.. •• I«tl .. u" 01 Mt~ ..... adt .... 1 for loc.\ <le1Y1Id "',. 

l<:lor! 1M \"" "~irld\"'iI of '0111\ for "u In tht I'l"_tl llo",'ul 

hldunr1. n" loft 0.1, c.""t')' wl1.11 .nt ,.,."10 of .'SCln! c ... l. 

1M COIl fi •.• > tr u.. l,",,-<j"o. cool " ......... Ig"Uo. tnon 35 9<r 

~"t Uh) I.e 1<IdH to till dhu~ <0010 Ind « •• 1 fl ... w""bl. 

coo l ......... CO" M 111(:,,""'" by ...... IN. SO .u CI.t 

li<e .dv." t.a~1 Of fiCo onO 1M P"U!bllitl of .,1011 ' UC" I 

< .......... for _.1"11 'hard ... 10 'nd fl,.. , to .. I .. 01 ... ,,,H • 

.... 110 .... re tN. 1 ,.... .... '90 "" ..... 1I.J •• ry 1 ... nl!lOU", .. flC. 

100ft < •• dod out In tlOl, <_>try 0.1"11 !oout~ Afdcln < .. lsi. 

I~ .~ .. 'UQU of FIC, ,_,..d . 1'" ,,"",I lonal co.l·ft,...., 

bOne ..... 0 lie ._riled I, foll .... . 

(I) fit. cu <_It I ......... ..,. <Olio of Ofly ,ho ........... <0, .. ,11"".1 

tIOlle".r< "",IQ1fttd to .... rn 0 .,...UI< tJ'PO ,"" .I,e ro,'I" of u.l, 

il) 1;_",,101\ t ff lCh"".>' In ne, to Mlln. ... "," .f tI,. 'niforw 

,-eo-.u.,. of tIHI bid of I .. " OItt.1&I.OII til. ,o'tl.",,", r ••• ,.1 

of tM un , ....... _rouool tho bur,l", _1 p."lcln. l~h .ttUrll I 

.. " <_'He «IOIb"HI"" Ind Millo _,tl.., rHn. 

P) H .. t l ronsf.r I . flC, I , IO>(!o btu •• He .... tile Mit V .... f.r 

. urf .... un lie pltUd 1.lhl. tilt loot ,urbul o, 1 lied of 'olid •. 

, 



(.) IIItn M~ uh .... 1o ......... I ~ ''''' .. UI.,.. ... l "'I ..... , h ,., 1,", 

. ,,; depo, i t i"" of 01~01t _"II 0<1 tho hUI • .o ..... 90r ,",r" O$ ct.'U 

~lod'II"" c ........ I ... , ."" ...... u tho .fllc lo""y .1 'hi ..,n.r. , .. 

r!IC, opern. at _h I_r t_ ,"I"I"I' ond I ... 1" .... 10.-. r .... of llIi . 

' 11I<!.1 ~"""1 ... n .. 1010 , .... "ut"" 1_'&I.r. 01'0 11<lIn.te. til< 

..,,,Ibllh,. of .--01,. ""l ... ~l •• t ...... lo f, .. tilt u'. 
(~) F!C ... it 1.11 ~On"t."tI. lie, mulon. In 1010" ,,"c, . , •• f ,h. 

low <_ul"" '_r.UI .... (800 l<I !lOCI., <_.m " ith llQQ l<I 1.00", 

In ,.." ".,1,,.,., boll ...... ). II I •• 1.0 .. ..,. '''Y to .u It. ... it ..... ' 

..,I .-I tt ,. u.. ra<: to ,..due. 1.110 001_ of SOl 1 •• ,l n~ tho ,,,,,,,,<tor 

by ' .... fo_tl .... f ."ll'/1u", ,,10 10 _, ' .... ;11' ....... ,lfIi ' ~ .. 

"" r tf lco ll.., .p~rIUl' «) ..-,. the SOz f...., '"1 f lo .... ' U 

","0;11" I. """~'h ... l boll ... . 

Altn",,~ tho ' ..... <tl ... ~roc ... I. 1ft "It ..... «Ind I 

con.lde,"bl. "0""1 of .... tlrc h ~orld'wlde cJrin'j t'" lUI ",0 _.110. 

, .... " of tho ,d .. n .. g .. of 'B(, n ... """ b .. n ,0O(1.,hll1 •• dllt~. 

111110 " . """'" .b"", 'Oo ",'i"~."'P 01 nc •. 'nl. i. t>ec: ...... ,,.,. 
«O\"l'~O \o.I~ ... bull ro<"l" ',010 tlt r,<;"'IC,I. u,i ts Is. 

c_'~ . 0 ..... 1 ... r .... II I ho tno r,I;I<"O<e. wn'c~ ~ .. ,.,u~t, •• 

in'.H..,.. to .tll h. U!e ' Iodt n!' of I ...., "",ftn010'lY _ r_. >'e<'.' 
SUMI,Y Oft tt. s"' \.!I. of flC. t. t'l U.K. ood ~.$.A.2 ~'" ,YI"OI'"' rOOOl'"' 

tNt tllty I"""" ""I, ''''I f I 40 . ... · \' ..... IK,t&lIoti"". _rotlonol w.'" 
I few H"'" I. Id'" ,Cld ... ~ • • f d ... IOpoIORt. tn odd!!i O' IIOst of 

' OM. 10 ... 11111 ••• _ ... du lgnod for .11».0110,,< 0'.".'" "" •• atl .... 

(lfac.j. 

;',. ..... r bN ' ...... 011 ... ( P"F'8C) t>ec:."" of "'. ~t9l>*' , ...... 1 offici_Ie • 

• r>d banor cl>l1>""'", c!Ia~.'torhllcl. Tho ony.leol .u. of In< '_.il'" 
Is . ho ;_Ily rtducN . {00I> .. , 1.., of cool" Jig" o .. "ur<. odd •• 

, 



f ........ "nkn""" p.r .... tt" to t!\o .l .... dy looq Hn Of p.-obl_ ..... . 

.... 91r-dlng t ho ""erot ic" of . n fSC . 10 these p",~l_, iddlng ..... lI.-1tec1 

u-lodgo on t!\o .. no, ; oue of Sou!.h Mdo .. cool< In Fee., tho qu .. tlons 

thot ..... d to .... '>1* ... 4 In 0' ''' to ,,,,,ce .. fully ""erHe .n fBC h' !.hI< 

tClllnt l")' . ro tile fo llow i ng. 

(0 ) WIIlt I. tile .. <I Mthod for feedIng cool I • • ore"o, h" . )'>1._1 

(b) 1)0"' .. 11 fu ,ion and ,lntee; n9 <xove durlll'j tile t ..... '(loo of 'H" 

<ool< In on FBe? 

(tl ton the fSC bum o.y , i u of to&1 fr ... duff (-6nJ) to Ind." d.1 

""" 

in p ...... rhod ,,,",,,,,w,, bI red'"e.? 

(e) .... t h U .. ~ Iq" .. " .. ~ t onte"t In the cool to&t COn De ",leT.ted 

for conti,"",u, .~"e&tlon . , tho FEIC? 

( f ) ton tM turnd""" of t !\o fa:; be I"",r., ed " ... , .1"" of 1,S 1.0 

• ~.l"" of 4 ~hlth Is t!\o ,.1"" tur .. ntly OOIl ,. , . d by etM' ty,l'" of 

utlltty boil" .... 1 

(9) _ >1*11 co.. U. ~.fo, .... co of In r ae bOno _ t"""' .... wi th tNt 

01 con."nt lor~ 1 " tll l \1 bol le .. l 

(h) _ ton the qenante<l ..... t but bI • ..."ed fr .. t he <0/ICI.'1O,1 

(I) _ .ew ..... II 1M ...... Ion on<j nero.lon of tht 1_ .... or 

(ll """t If tho 01'11_ ....... tlon p ... n"~ for rBe,! r ...... IIII~ 

._rl_ntil ,_.to .. Z 
tho Mlr\""1 ......... p"f.e~"(e t .... rd •• 

t ........ t.or ~ ...... ro 0' IpjI ..... I.U .11 a .ar Whl lt t he 8'ltll~ 'O"'~'"90 

'" on oper.t1~ o ... u~ro Q\'Ntor u.." \4 blr . 

( k ) """ can u.. rIC III llIlt_tld to tnlUr~ In ""lntt rrOlllttd .n<j 

.fflcltn! _ rat Ion! 

{I} _ to .\joe! YO u.. fSe. 

, 



(n) C •• t~o rat .'1 \ill UrI,,"" , requlr_nt. re9lr611\9 I"",,,Pro.riC 

_hl0n,1 

To I."'" IMI. QotHton. In:j .nllll. So. t~ Mdc., .... kh Is _ of. 

tilt _ld'. I'IIjor ~Oll pr"""", ,, , 10 COIlld"'l. to u.. nold of fie 

ttGft.cl0>0j', ... "nclortook 10 d .. lgn Ind ~"i1d I 1 MII(t) ... 1tl>tfo911 pnc. 
T"" telS,,"S for ChOC11og I ... 1tIU.ge c ... bustor wI ll ,. uplll""d In 

dt~t1 I. 1M foll .... ir.g clII~U". 

n .. P ... C h Ndt ~p Of ' hre ••• rllc.lly ".~~d fE. It",," wlUo 

Ilrc~rl<l., IICh COIIl.ll1>1<1 I. I .. III, jlc~e\tod p,e,," , ... ,«I. TO. 

"I~M of OIch SI.I'JI is il,IIIIOC .. C~ otlgo '"' In i nto,nll 01 .... 1., 

of 0""". (IC~ ra ~". "" _rltt"~ 'lClg11t of O,'i-oI "",,,,,,nod by Ih. 

"'Igh\ of "" o .. ,flooo d __ ,.. '""C" or. uu< for COn""CII'g I'. 

thrH fB •. Dislrjlhlto, pllU's I ... 10coted II I .. flo"-; •• JOInt. of .,," 

'\.1911 Ind 1"1 coo !:If reno •• o to ,ed.x. tre PfllC f...,... tM .. to a t>oO 

or to one !!eec ra. In tilt th'H-f8 ,,,,,fl<;.rI\''''' ,,,,1 cu ~. fo<! 1ft t ... 

top .. d ..... ro it 91111 .~lltllhe>l ... """."" ..-. "'" or ;,.0 'I.I~" 

wIth \i".., .011 •• • 1>0.10 ....... cft1ng t'" '''ticol fir...,.u .. ""ICh 1\ !liU 

.1"t,101'0 '1"'Ir<I •• "rl"~ lIS (Ifill burn","" ,n tile '~Pf~ '1.19". As • 

I",,_F~ ,yUfCl, d~p.nO'n<J (10 ...,1 .. einclb,t",.- ph ... ho.s _n ,"",nd, 

tl!< ca::e"stor "" oper.U' whn tnl a"~~C rg ~.,,~1C1t184 ~b<I .. or 1111"" 

lht ~",I1"" one ,nd cool co. be loa inlO tlwr of til< oed,. ~" lIIe 

PHe 10 ... d""ed to, .1",,1. fl ~yl "'" c .. 1 CO" ~~ f.d Into toe ~ rs 

CO" • too.t It. 

el ... ~IUI~" ~f .. ltd. ,",Uldl IIIe PrBC I. ,co,.,.d by tnt ",. of 

'~""'.,III, 11ft n<HIl"c I non-","c'".'ool .ol' d. fl ow conl'ol .. h •. 

Cl .... 1.tI00l "" .... ta,tOll Or stop;>t.c dep"ndi'Q On In.. "qui red 

UnU"\Cl t \"" of co.l lod IMU.lIy of ""'""<l fO" I n .. en rs . 

To 111141 llIf be, ... I .... , of t~1 PfBC tl!<o ... tic.lly , N I ' _tl(.l 

, 



_I "., Co •• I.,.d fQT v.. <GU. , \ I.., Of <0.01 I . , n re .od ... , '~ 11H 

to U" ... hl,t.>1jt Slot ... . Mdt, of ._d .. M . ... ~ « , dod out on 

thf PHC to .. \I~lh~ u.o .. " .klUbTo "I( ,on r l9<'U l"" . oa but 

~'Ui"g ,..,.,lt1oM I., <OIIIlIosth.,.f SDutil AId"., < ... h. T .. 

........ t illty .. <1 MQh ~o"lbl •• H!cte ~<y oH.'e~ loy tno ",,111.1190 

~ItO, wrt I"vt' tl~.~d ,.d V~ Prat .. U .neUcd be.,l", 10 .,nd 

It. <~I .. lty 1" .... ,±;t.~ ."~ CCfttrol. 

T ..... bl. tkt contl"""u, 'e<ord1"'l 0' III t"".d""ntll ~'T''''U,",. 

"Ic~ ;",,10010 c~.-Itol .... Iy .... f ~. 'tT .. ~ • . II ""HO" _'CTl tu'". 

,lid .... 01"" •• 11 t. -·,,,," I'<t~ftt ........ hoked ... 1t~ the d'PO'~M'l 

,ooputo, (etC (100). T,.. ,_"te,,... "'"'010' ,o.l-b .. to ..... "" 

. 11 u;-odotntll ~H' ""'" '"coTeiod. 



"""'. no 
HI 5.WllI AnIW COAl SITIIATlCIi 00 THE (UIIt[1fl STATUS 

f1t OtY£UPI€fT [~ FLdlDllED 00 H<rIOII 

Soitll Mrl •• 11 h tho fort'"'att poIltlO11 of do.hl,.. _I of H s 

_,..,. ,_ <Gol aM 11 .. 1", OR "'_ .... 1<. " , 1_1 \, ' ; ,".1 of 

["".rlt<! 01 1. 

r .... reunt ", .. ..-M • ...,....., tho , .. I ............ ,lid •• , .... Ublo 

Will doU",hod ... tho buh of cool wltII .. ~ co.UM I." til .. l!i PO' 

cent I, .. '011 .... : 

... 1 ... Ii... '8\,3 . H'~ to!', 

ut.",Ub]. eM': n,o. Log ~'" 

TO. 1"" Ibn .. ge 01 • • trocl.alll •• 01' III ~. ,tnt) 11 Htl.t.td .. 

tIIo to .. to of t~""'Bt .tol"ll .. _ ..... [do .... 1' '_" ,. UIt 'utur., 

Loo~lnD It tho ,.rnM..ocI '.WN ..... l_U ... , Ull h ... f'le1 .... 

... 10 ..... ....-1¥ "'Ill tho _ ef "" "At ... , .... ,. _"', ""' ... 

I •• ~ ..... Ing , .. ling thot M..,. of _ cool .tllhnt ... tIoods ,,,'d 

bo ,"' ... Ido,..... I~ On .rfort to ,..11 ... tho HT.ln 011 tho fOOl q ... 1tt,y 

tho .«_IUI.., of tloal"d .ocI COlI fl_ 0,.. tAl toll""I "" 

( 1) Tn. El t< t rtct b S<.oppl, '-lIlt., (ESCXM) . "" [<~ ,","",11 ..... 

<0. 10' ton. PI' ,..1', .... Ido 11 S5 JIot ..... \ .f 1.111 'on,,"' COO, 

Produt!]"". E5COI ..... IIHIo uoln; tho 1 .... l.rhl·~ boll.r 10 II.> 

N, Iior POW' otoll """ ........ r, !hlM boU .... "'''"OW _" ..... 11'" 

by I'IIl .. ,h •• rutl ("-) Iloo11 ..... 10 "He of UII lnlti.l ~IPl t11 ""thy 

OIl pll"U for 1'" .... 11"11 1M .... 1 .. l1l1"11 of U. <Oil ond tioI P<""!>1_ 

• 



of O' N H09 .nd n od!19 l ho < .. I I n I t . fl .. f .... (:.cCII _ ote tl_ 

In =" .. ,"" IlKiUH of V.l r II"", 'hI (lOOO 10 l~). 1\ It 

fort"nitl Ihot ,..,. Pf boll .... do ""t conlrlbl.t. '--..... _ .«_IU I.., 

of ,,001 fine •. _".r, tho' .... ",1"'1 900d q ... lll,ll ,ooh (1 ... tIIln 

II ~r tent ,,"). 

(2) 1110 loul IM ... t !")' .... Ith ''''"'"*''tl, "'" 15 por ,tn, of 1M _ ..... _1 

,oil prod Jtt lon. AltlloL>\!k ,1I 11 lIonlbl. for EstOII to ..... , .. , to 11..,. 

Pr utlllt, boll,". for ",_ltd r tUon. oN .ffltl.n<y. th. l.,.j"url ol 

.. ",or "'. to uso t ho ,".In 9"" Or ,,01. •• \]!Ie .f boll" "" Ido _ .1_ 

little ""Mlt"'l or prot.ul"'l of _ ' ... 1. Utel,.. In in Iffort t . 

rod"". ,he o~ .. uppll 0' duff '001 . i _ t1l'" 0' cool, • .... d _Ils' 

..nth I 'he of iii .... 2_ " .. In,rod .. uG to ,..pl". tho "on .. nl1 (11101 

'pu .1 .. ' , .. , (6 .l to 2_). V. ' o"..,.,.I,. dill to tool "9_,1.., 

,It ... In u.. , .. ding hoppo .... or .fter , .. I 11 f.d ".to the 9'011 . u.. 
fi nu I . the ·, .. lh· lind to !/It .1"trlo,.,d or _ u.. ,.un of 

1ou1hld _.Motlng du. UI .1. , "o_ltng. Hlh ""' ..... t Oll.I ...... bl. 

_ , .,1'9 prQobI_ I. the indu"ri,l boner oM Int"'lIlI lho P"""hH. 

of tho Industrl.l _to. t . boo .......... ,hi' tool. 

(3) 1ho thl"j .,.Jo, tool tON_r I ... !.ASCI. 1 .... SASOt. It . ""It II 11111 

lie using _. 11 PO' tent of tlot ....... 1 cool oroO""l1on by Iri~ 1981. 

1he '001 ' On,,,",,,,llon of tho,. p..,JotU •• ith.!.AS?!. 111 pl.n! UI be 

<_lit..! wlU>l~ tho ,. .... 10 ,Ignltlant. the SAS{:l pl • • 1s .. hh \ "-1< 

""In objec:tt.. W prod"". l1qu1~ r",,1 f .... <001 U," 00' 900d qUlltty 

""'h. 
(.) In. fourtll ... Joo- c""._r h t/Ie ..,"'l1." i<o1 lM"Hry ••• ing 

10 lit' cent of the ...... 1 t<lll pr"OW<tlon. A 1,,9" ~ ... !I "" of this 

<.,.1 ~n>d""tlon Is tI~." by 1.he irofl 1M ,te.1 Indus,..,. ""'c~ lIS", M,h 

~lIty <01.1", cool II ........ tont I. the Blut Fur.,," (Sr ). 1"" .. 

f urN .... . .... "..,. ... ,Hhe to tho Q ... It". o f c..-..... O • .,.j IS I. tM 

, 



.... 0' ~_, ,Uti ... l, lhIy ... OIIly ."". \fIloal 1f I~'Y ".n 
M!I~ ..... IIt'n 0' 0 .. (It I .. n : • 106 ..... Of ~ pot, ........ ). 

It h IM .. ,o .. , l tH til., In '~h ,,,,,,.,ry the .. to • g, .. 11111 

dm&1III for good _,It, tOoth .... II'I41ca ll ...... _ t ... \ 1M t~'''. ' 

t,.rId, wil l ,on,l nu. i n tho 'uture. Tho", ... 1.0 ..0" ,lngl, ~_'" • 

••• \l.bl. ""'c~ ",., t ilt dhunl cotll ."" t ... ,I.." Uh I~'.'"' \I'''" 
3; Pt' toni .. ~l , .. I ........... noll Is clearly U. ...... ......... tilt 

.... Of on FIIC tOlJld .... the ,,,rr •• t , _10"". In tnt un of coo, .1Id 

of _11· ... 10 '''''''tQ". ~ .. ,. tilt o.ljl "'Y tlJOt IndUlI.Y .... 

lSCOli .. III ,0<1,1 .... , tilt ,depth" of ' ... fit h by llulldl"i ,e" • 

boll ... n", FIIC ., .. bo .. , t ool o .... doly of South Afrl,," cOOIl Ind 

,rled undo. ,1~1.r .~ti,.."U\ ,/HI ... vI", .... nIl1 <o,"IItI ..... Tho 

. It of South Afr'c, n ''II '' i. IU""tio' Dec''''. of tntl .... Iqw f ........... 

o. 910 ... btl .... 

III South Af"c~. <011. ,,... cIII,"cUd,1ld br' nigh fi , od ' ... . If 

, n_gnout tilt ,,,,,I 10 1_",_1, , ... , It .. I n tilt .... loooblll'y' ... 

";lSr.dlng of OIIr ,,,,, I , .. " ... 1)1 dlffl,u ' tl. 

III S .... of our , .. I cli!r",IU con"ln >,I"'ble .,,,,, .. 11 I. tho un 

10.,. "".1 ... ). I!e<..,..el")' of tho ... ' .. ,a1, U f ...... r.~ by, I"" , .. 1 

c_,lion .....,."'~,... (I ... 111 ... 680Dc). 

2.2. C1.IR~(M ST~TUS OF o£m.i)Plor 

• 



• 

(.~r; ... "\1 In tlil un " f rIC. for .~ \IOne,Ollon ~IJI" ""1 otur 

tilt ond Of IIDrld lit, II wIotn till Id."ftU9t> of f8 ,_1Ian OV, T 

.. htlng boll." ........... ,II . ed' . 

_ . 0 ' ,,. ,.rrlot do ... l~nt wor\: h ""led CI<J' I n Uk Ind U.S.A. 

In tho UK 'no ..... "10 110" ... tnq rIC. for 9O", •• tlft9 _ •• _ ..... 

\n to. U.S.A . • tht _M.I, 10..,,.. orlen tl«d ,_rd. t n. "" I 1u, I"". 

frft utlltu,t ... of hI9/l-,.lptwr , ... In . ' llIlJ' I>oil ..... 

I n tho UK t he d.~I_nt of <_rd,1 flC 'y>~ t. c.rrlN 

... ' .. 1,,\, b,'1iI Ir"hh C ... l uttlhut ... ~ .... "h '''0(\''\0" (ICIJU) • 

..... till .tItl"", ) COIl Boord (~B) loci _.;dlldn , In UIe U.S .A. tilt 

work In this field h '""ded ~1 to. Del>lrtnt. \ of (ne,iIY (OOE) ' n" Is 

,orw;enVU."d on hduHdl1 ..... ~tt1ttJ bOll .... A 9'"U portl"" of u. 

\0 •• ' ..... \ . 1\ocHed fundI for f.,,11 .""9,)1 ,.., ... ,<" h I.,ett.,.. 

'M""llyin '_ntll tn.ol~ In ... n.n:~.ocI lleftl_.t of fa 

toil .... lobi. l. l. , h_ It,. de"'_nt,. till tlilt .... of li /9 , In the U, 

.IOCI U.S.A. 11>1 glvu • ducriptl"" .f to. .. In nc. l~ t~.e '....,trl .. 

• n<! ._ of tke lr problem "tile;' ..... of nl • •• OCI to our--". 

lool<l"9 <loser.t Ike FBC. \""ludN In Tob Ie l.l It .. y lit 

<ofIClodt<l thlt 'ft .~ite of tho f." tr..t .. it of u..e <_.tor. hu. 

b .. n .",I ~a up to In"uHfl.1 ,hIS . ... ny of t~ H Il i • • ff .. fr .. 

ilgh ,.rtI"" I ..... Ind __ I ... prtlbl_. '.,t/ler, ._ of U- .... 

, .. I In . pu l . .. I,~a fo .. 1)1" .fur 1>0;09 ._le sc"ft""d ""I<h h 

,1 ••• ly.nrc_I"I. 

~ fur\.l>tr dI'.crlplloo of .. In'1 !\fBI:> .... Iu ..... stUI unar 

tonnrvc tloo • • neI "Old> "II I bo u.ed for ufHlrl ... nul work lnel 

'ndust,ld .J!Plkotl .... "1 "" fOOorld in Rofo."nu. 2. S, .1Id 6. T/It 

-nell<III .... or. t!\at ArSC. ~ I I I r .. <1, lod.stry by U81.fler suffIcient 

..... "r .. I"" uni t> .... _n built ..... Itq"'tely \fl .... ,'" 'floC 

• 
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',.,,"rI'l<! f llC .yH .... OCt.ool11 cpernl"ll Or ;" <_'SSIO"I"'I .u.~. 

'h .. 1 ~p&dty "t.c~l1._, ~ 00 •• 011 ... 1 o. t. 

GII I":TIIOItP[ IUlj PF8I: foe ~ .. t",'I"" 80 '111 (tII ...... I) 2.~ <I/o; to "" , !Ie •• <_1<,;",,'''11 
InU ..... II .... (1IL"f"g)' St.11 l . ,., l t .. t 
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""t'_1 tot' Il00,6 

~1 .... 1 
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h .h. _ohl.., ... 1 ........ 1"11 porl\"" of till nt "'Nre~ offorl 

11«& ... of iU ~C_ .. ~1" __ I 11111'_'''' 111<1 ,_I"" 

<)tl0 'l>\I11co<IO'''. Pflt ..... It"" gp 'or ,"0," utllltt boll .... and 

• '_"1'1.11.1 <lUill'l '.f • lOOO III I'FIIC ""it Oo ..... " i" .. UI .. 1H b, 

tuobI.Ilt!on S)'lt_ lUi. [ ..... st .. hl 'Lll, 1'F1e ....... pe<ta4 to .... th 

i"'.It'y I" the U9O<. 

n. 4S/'CCTS Ilf USL\RCII I,KI tl[VUCf'I£lIT IX n.U!~IZ[D WMlIOST!I:* 

IH./.! FGaI'(~ TIll: IlASLS (If M JI!V[smATl(fj 

An 1110""'"' -...t of _I. 110. Iott. '.fdld 
,-. 

out I. tlIlo f l. ld . 

A 'hort re . l .... ond <110<"111 .. of ,..1 ••• • t " •• ,rth f hlll l"'! •• nd operUI .. ; 

"p, .. I.tIt .. ""Ie h fo ... d IIIe flllll'ldlt l Otl of OUr "". ,OtItrlO"t1." !.O 

, ..... rt. ' M toe ",,,'_n,.f our ... .,;" g,. ... 1>01"". 

1.3.1 . II .. t trl"d .. 

,lit .,1" (100'_ \.0 ... 1.""",,,1"11 till 'H' of h .. t , .. n. fer In 'ft 

(I ) TOo portltl. p""lcol ' ....... 11 .. Ind Iho dIUri""U.". 

(.) ,lit _rotllrt of u.. r •• nd ""if....tty of fI.ldl .. t;"", 

(t) ,lit ..... portl .. lIIOI 'Iw~ of l:1li lItO, Ir ... h, •• , f.e., """ UIIlr 

1111 ....... rdo -" t. tIIh filid to _ ...... It~ hH, to . .. blo 

_ to cllDo .. ,lit '_I n.I<lldlO] ... ...-I.l. tM _f.U", ,_.blrO 
,f ,t." f$.'" ... ar"""'''''", '.'l'< ..... '_."'0" Gf """ ""'''''II 
,.111 In """ fll."", follo-ing r .... rtft f lMI", ..... to 1>0 '0fII1_.-..I: 

T .. hool ,,,"'for 'ill '" In roc h"'H ..... itll , _ ....... , . tlll_. 

porUcl. 'lzo. _t ... l .. ol ... t ••• 1 .... for por",I •• 1," I, .. till" 

1.8000 •• r. 000 10 5\D WI~Z OC
IO

•l1 _ ....... " 'oo" ... 11>0$ l:1li , .. M'''' 

,.It orO!>< t. 200 1<1 300 111.2 OC
U

. Tho ptY ","1 propo,,;", of """ 

f\,ld!,I11'l ",'Iicl .. ar. of 10" .. i ..... \I nc. ".10 .. ~rogltlo" .. htl 
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• 

due to differences in 
ll. 1 .. particle densities ftlghe r gas ve OCltl!~S are 

then rellyired t o induce backl!rlxlng especially in high pressure combustors 

when! c(NI 1 particles tend to segregate t o the top. Variation in the 

oversize fraction of a given particle size distribution has little 

effect on the heat transfer while sigilar increases of the undersize 

fraction increase transfer rates due to the effective reduction of the 

I' lI inimllll fluidizing velocity (Ullf ). It has also been reported that heat 

transfer rates continue lllCn!ulng with up to gas velocities of 6 II Ur,f' 

Furthe r increase of the superficial gas velocity effectively causes 

dilution and a levelling off of the heat transfer rates. 

The heat is transfern!d to the heat exchanger surfaces by radiation 

and convection. The radiactive ter. contributes between 25 and 35 per 

cent of the total heat transfer rate for FB temperatures of 750°C to 

9500C14 , For a given combustor temperature. radiation incn!ases with 

increase in particle size while convective heat decreases sharply. 

The heat transfer coefficient between fluidized soli ds and iMfttrsed 

steam coils was found 14 to increase linearly with increasing FB 

temperatures , 

The heat removal from an FB Is directly dependent on the 

imersed heat transfer area, though the actual tempenture of the bed 

is determined by the coal feedrate rather than the amount of heat 

removed. This is mainly due to the fact that the heat transfer rate 

which depends on the temperature difference between the fluidized 

solids and coolant cannot be varied significan tly unless different 

coolants are sequent ially used, Hea t trans fe r s urfaces can also be 

placed in the freeboard region to e~tract heat from the fl ue gas, 

However, this minimizes the freeboard combus tion of elutrhted carbon 

particles which would have no~lly burned because of radiatiOn from 

the walls of t he combustor. Therefore un less the carbon particles are 

recycled this would represent a significant carbon loss. 

" 



The cooling coils can be arranged either in a vertical or 
, 

horizontal ori entation. The use of horizontal coi l s is not recommended 

due to t he erosion c"used by the vertical movement of the fluidizing 

solids in the bubble and e~lsion phase. Movement of solids occurs 

preda.inantly In deep rss which are used to provide both adequate 

residence time for small particles and room for suffic1en t heat transfer 

tubes. investigations on the tube spacing using two different tubes of 

O:36rrrn and 60rm and pitch-to-diameter ratios of 2 to 8 showed tha t ,by 

decreasing the pitch-tO-diameter ratio,the heat transfer coefficient 

decreases by 15 to 20 per cent. in addition the 6Or.m diameter tube gave 

15 per cent higher coefficients for the same pi tch - t o-diameter rat io. 

In conclusion the heat transfer in the FB increases with a 

decrease in the particle size distribution while changes in the physical 

properties of the particles Ire of lesser importance. The heat transfer 

improves with increase in the FB t~perature and super f icial air 

velocity. Better transhr ra tes are attained , If vert ical coils are 

used i~rscd under the solids. The cooling coils must also be well 

spaced and preferably of a relatively large tube dlafllCter. 

To get an understanding on the exoected heat transfer properties 

of the cooling colls after a long stay in an FSC the following 

must be conside red; In an rBC the ter.lperature of operation is relatively 

low and sintering of the ash does not occur. Furthermore alkali 

salts cannot form on the metal surfaces. The erosion problem in an FBC 

is less severe mainly because of the lower gas and solids circulation 

velocities within the bed of solids. lIa l l lit aL 15 measured particle 

velocities within an FB using a cinec~mera and identified a small 

fraction of particles with velocities up to 10 mls which was five 

times the bed superficial gas velocity. They also observed eros ion 

on their 316 sIs water cooled tubes with meu,l te~eratures of 

" 



less than 130°C . However, at higher metal t emperatures an oxi de fil m 

formed which appea red to reduce erosion. 

2.3.2. Pr i nciples of operation 

The research work into the dynamic behaviour and efficient 

operation of an FBe is of great value becau se it provides an initial 

understanding of the contribution and importance of all the pa rameters 

which characterize the FBe . The research work into the operation of an 

FBC is conce ntrated into the following areas: 

( a ) fluidiz ing veloc ity of gas, 

(b) coal feeding, 

(c) di s t r ibutor pla tes , and 

(d) preheating of the combus tor . 

Look ing closer at these areas of research, t he effect of t he 

fluidiz i ng gas velocity on the performance of t he FBC may be summar ized 

as follows: The fluidizing gas velocity contributes towards the soli ds 

mi xing and determines the extent of fluidizat i on . Its lowest value is 

f ixed by the ve loc ity required for inci pi ent fl uidizati on . while the 

highest is set by the highest permissible amo unt of carbon loss by 

elu t riat ion for the case of a non -circulating bed . The highest ga s 

veloc i ty in this type of FBC depends very little on the properties of 

the fluidizing material. To achieve hi gher gas veloci t i es deep FBs 

with solids recircu lation may be used which provide a higher residence 

t ime of coal par t i cle s and reduce elutriati on . This was confirmed by 

'Arigh t et; al. . 18 who found that at SOOoC us i ng coal feed of 2mm and 

gas velocities of 0 .6 m/s the carbon l oss was 6 .5 per cen t of the feed 

bu t recycl i ng f ines reduced elutriation to 0 .2 per cent . 

The me t hods of coal feeding in an FBC may be summari zed as fo l lows: 

Coal feeding sys tems differ between them depending on the feed i ng 

mechanism and the posi ti on of the feeding device relative to the bed 

of sol ids . Fine coal par t icles are commonly fed pne uma t ically USing 

18 
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The research work whtch dealt with the development of equipment 

and the supply of the necessary data for the design of our PFSC 

included the following areas(a) the interstage downcomers transferri ng 

sol i ds downwards . (b) the external conveyi ng line used for return ing 

the solids to t he top s tage, (c) the dis tri butor pla te whi ch had t o let 

through it. with the fluidizing gas , hi gh quantitie s of elutriated fines, 

and (d) the i mmersed s tart-up burner. 

3. 1 DESIGN OF DOWNC Ol1ERS TRAN SPORTI NG SOLIDS BETWEEN FBs 

The behavi our of downc omers used in ambi en t t empe rature opera t ions 

has been s tudied by a number of authors29- 35 . In these systems the 

control of soli ds is achi eved by the use of a slide valve or side 

aeration, introduced at the lower end of the downcome r. However . i n 

FBCs . solids flow cannot be mechanically control led due to the high 

operat ing temperatures and abrasive nature of solids . An investigation 

in to the use of a downcomer \'Jhi ch had the fonn of a p 1 a in pi pe was 

t hus undertaken. It "'Ia s ou r in t ent ion t o s tudy this downcomer and, if 

suitable , to use it to transport so li ds i n our mu lt is tage PFBC. 

3.1.1. Theore t ical analysi s 

Sol ids can flow down a downcomer act i ng as an overfl ow in four 

di fferent ways : 

(a) In t he s li p-stick fl ow regime which is charac teri sti c of comple-

tely non -aerated flow of large part icles . In thi s regime t he solids 

move downwards in a jerky fashion. 

(b) In the mov i ng bed flow regime whe re the sol ids flow smoo thly 

downwards with a small rel ati ve mo ti on Le tween par ti cle s and i n t he 

absence of significant discontinuities such as cracks or bubbles. The 

vo idage is genera l ly a little smal ler than the incipient voidage. 
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gas travelled up through the downcomer while the rest pas sed through 

the interstage dis t ri butor . 

In a set of exper iments t he solids level in the downcomer wa s 

fixed at an arbitrary le'lel and kept at thi s level by regulati ng 

the solids supply fr om the feed hopper. Di fferent values of total 

gas flowrate to the system were used for each selected solids 

l eve l . 

The solids mass rate was measur ed by the time taken fo r the 

leve l of solids to descend a measured dis t ance (I.) in the hopper 

(Figu re 3.2) 

To determine the aiOOunt of gas travelling through the FB only, 

(excluding the downcomer) a separate set of exper i men t s were carried 

out on the apparatus shown in Figure 3.3. In these experiments the 

same soli ds an d gas rates were chosen but the level in the downcome r 

was held artif icially as shOl'/n in tile f igure rat he r than by ove rfl ow 

from the top bed. The gas travelling t hrough the downcorr.er was 

ob ta ined by diffe rence. 

Experiments a t sel ected solids levels in the downcome r were 

performed us ing four diffe rent downcomers of .internal di ameters O,07Om , 

O,054m , O,036m and O,025m. 

The apparatus used was made out of plexiglass for easy 

observation . fine s ta in less steel mes h wa s used for t he distributor 

pl ates. This incurred on ly a very sma ll pres sure drop. 

3. 1. 3. Results and discussion 

The experimen t s on the downcomers were focused on the movi ng 

bed regi me of soli ds . DowncocJers ca n ope rate unde r FB conditions as 

well , though this reginJe often causes problems because of high gas 

velocit ies, slug formation and an unsteady solids downflow. In the 
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moving bed flm'l regime the solids downflol'l in the down comer was found 

to increase linearly with t otal gas supply until it reached a maximum 

f igure 3.4 ) . If the gas supp ly was further increased a point wa s 

reached where the pressure gradient in the downcomer became equa l to 

that of the FBs . A transition from a moving bed flow to a FG flow of 

sol ids then occurred in the downcomer . 

The solids downflow in the FG region decreased with ai r suppl y. 

Voids seen in the dovlncomer hindered the solids downflow . The same 

observation was made by Knowlton 30 et aL. At much highe r air vel ocit ies 

the downcorner became a pneumat ic conveyor with so li ds transported 

from the bottom to the top FB . 

Experiments to determine the amount of air travelling up the 

downcomer showed that : 

(a) For a given downcome r and FG cross sect ion areas , if the so lids 

height in the FBs ;s fixed, increasi ng the solids leve l in the 

downcomer resulted in a non-l i near dec rease in gas pass ing through 

the downcome r. The FBs were just fluidized (Figure 3.5) . 

(b) In the movin g bed regime if the solids level in the downcomer 

was increased this caused an increase in solids downflow for the same 

total gas rate to the system. 

(c) The fraction of gas travel ling up the down carner for a selected 

solids height in the downcomer rema ined constant for the moving bed 

regime of solids and wa s independent of gas suppl y rate to the sys tem 

(Figures 3 .6 ,3.7 ) . This can be explained if one considers that a FB 

can expand at a constant pressu re . In contrast , wi th the down comer 

still in the moving bed regime , no extra gas can travel up the 

downcorne r because it wou ld be wet with an increasing resistance. Based 

on the same argument th i s gas fraction wou ld be equal to the gas 
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passing through the downcomer when the F8s are just fluidized (p ts 8' I 

C', Figure 3.6) . 

(d) If there wa s no solids supply to the top FB then t he solids 

level in the downcomer settled to an equilibrium position depending 

on the pressure drop across the two FBs (and distributor ). Under these 

conditions the fraction of gas travelling through the downcomer was a 

functi on only of the downcomer area (DA'A . Figure 3.6). 

The pressure gradient in the downcomer for the moving bed region 

is plotted in Figure 3.8 . against the solids ve locity. Recall t hat the 

gas velocity and voidage remained consta nt in this region. This 

figure confirms work done by Voon and Kunii 37 on moving beds. 

The friction factor fs for the moving bed regi on is estimated 

from the experimental data gi ven in Table A.l.2. and is plotted as a 

functi on of Us in Figure 3.9. The empi rical equation relating the two 

parameters is: 

fS = 0 049 u -2,4 , s E. 3.5 

3.1.4. Design of downcomers 

In order to design a fluidized bed system its duty must be 

spec ified. Th i s fixes the gas throughput as well as the sol ids 

circulation rate for a circulating sys tem. The design therefore of the 

interstage downcomers reduces to finding the required diameter to 

accommodate these solids mass rates. The proposed downcomer design 

procedure i s i ncluded in Appendix 1 and illustrated with a numerical 

examp le. The same procedure was also used for the des i gn of the 

dm ... ncomers for our PFBC. (The full investigation on the downcomers can 

be found in Reference 38 ) 

3.2 USE OF A NON-MECHANICAL CONTROL VALVE TO CONTROL SOLIDS 

CI RCULA TION IN A MULTISTAGE FB SYSTEM 

In Section 3. 1 t he downcomers joining verti cally staged FBs 
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-~ = K 6u + K 6u [6U[ E.3.7 
dr I , • 

where K = 150 
(1-£) , ~ g , , , 

I £ ¢s d p 

K = 1 , 75 
Os ( 1 - £ ) , and , ¢ s d p £ 

6u = ug 
- Us 

With r increasing with distance from the entry to the, valve and into 

the FB. and from the continuity equation (on the assumption that the 

voidage of the fluidized bed, E , ;s constant and does not change near 

the entry to the valve): 

and Us r = E.3.8 

where subscript ~ refers to conditions at the entry to the A valve. The 

integration of [.3.8 (as per De Jong and Hoelen 41 ) with res pect to 

r from r=r, (the radius of the entrance to the, va lve) to r=ro leads to 

the following equation: 

, 
(6u) A 

[.3 .9 
J 

where (6u ) , = [ - u + Us [ g, , 

3.2 .1.2. The region between the entry region of the valve and 

the aeration point 
42.43 

3y the incorporation of interparticle stres ses and use of a 
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the Ergun equation for very dilu te sys tems. 

In the region of ul'IControlled flow, the s l ip velocity and the 

l inear velocity of the soli ds became essentially independent of the 

pressure gradient of the l valve (Figures 3.15 and 3.16) , whereas the 

fri ction fa ctor and i nt erpar t icle stresses became relatively small 

and less dependent on the velocity of the solids , indicat ing a much 

more dilute s tream of gas and solids (Figures 3, 13 and 3. 14.) 

Once t~,e uncontrolled reqlon was reached, control at these high 

pressures In the systen could again be re-established by the introduction 

of back-pressure to lhe 1 v<l.l ve. The in troduction of the Wc)( · pressure 

should be r egarded as a means to counteract t he effect of a higher 

pressure in t he sys tem by reduc tion of t he flow-rate of tile soli ds 

and tllerefore tile drop in pressure (Pl t o po) lllE:'asured at tile aera ti on 

point of the A valve. Tll is was acll ieved by the use, in t ile receiver of 

tile conveyor of an air je t faci ng t ile exi t of t ile A valve to the 

receiver (Fi gure 3.10. ) Data on these experiments are inc luded in 

Table A.2.2. 

3.2.4. Design of a non-mechanica l solids va l ve 

Though a genera l stepwise procedure for the design of a non­

medanical solids valve fed wi th solids fromanFB is not possibl e 

unl ess di fferent si ze va lves are considered , t his wa s no t required at 

thi s stage because the solids flowrates in the current investigation 

were of the same magn itude as the anticipated solids circulation 

rates in the PFBC. 

HOoIever, a theoretical approach and a model are presented in 

this study that can be applied to any other similar sys tem. n e back 

pressure techn ique re-instating solids flow control if higher 

operating pressures are requ i red , can be used to inc rease tile pressure 
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range of operati,on of t he l. valve and eli mi nate uncontrolled reg ions 

of operat ion . (The enttre wor~ on the non-mechan ical solids control 

valve was al so submitt ed for publicat ion t o the Chern. [n9n9 Science 

Journal in Ap ril 1981) 

3.3 . INTERSTAGE DISTRIBUTOR PLATES 

The impor tance of the dist ribut or plate on the qua l ity of fl uidi­

zation has already been outlined in Section 2.3.2. In a mu l tistage 

syst em however , there is a special requirement, and tha t is, tha t sand 

and unburned coa l should flow downwards f rom stage to st age. Also 

combustion of coal shoul d t ake place in the lower stages and th~ 

unburned coal fines and ash should be ab le to pass free ly through t he 

distributor to higher stages where they would be complete ly burnt. 

The necessity to look for a dist r ibu tor that can let high quanti ­

t ies of f ines pass through it while maint aini ng good quality of fluidi­

zation led to this i nvestigation . in a series of exper iments which are 

described below tes t s were carried out on a porous distributor and on a 

distribut or wi th a new type of cyclonic-tuyeres .for comparison purposes , 

and in orde r to determine the sui t ability of the tuyere-distr ibutor as 

an interstage pl ate for the multistage PFBC, The experimental' results 

were correlated by adopting ex i st ing theoretica l and experimental 

correlations (Section 2 .3.2 . ). 

3.3.1 Apparatus and procedure 

A plexiglass cyli nder wi th a O.298m in ternal diameter and a seven 

tuyere dis t ribu tor (Figure 3.17) were used in a series of experiments 

to determine the distributor characteri ~tics, the FB pressure recovery 

and t he effect t hat di fferen t solid sizes had on t he quality of 

fluid ization . For comparison ~ith the wor~ using the tuyere-distributor, 

similar tests were ca r ried out on the sa~ apparatus using instead, 

a porous-distributor (30um pores')which had a very high pressure drop 
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acros.~ it. Thi:s e.ns.ured good quality fluidization. Fi.nally. in a 

dHferent se.t of experiment.s:, various quantitfes of nne parti:cles with 

a 30~m mean diameter were i.ntroduced in tne gas plenum bel ow the 

tuyere distributor to test its ability to convey particulate fines. 

Each tuyere had three orifices symmetrica ll y positioned round the 

top part of the tuyere (Figure 3.17). Tuyeres with three different 

orifice diamete~were used. namely 6.3 7 and 8 mm. Two different 

~ize distributi"ol1 particles were used as the fluidizing materials 

(Table A.3.1.). Pressures were measured using water manomete rs . 

3.3 .2. Results and discussion 

(1) Initial experiments using the tuyere-distri butor in the absence 

of solids showed that the distributor pressure drop (~Pd) was linearly 

related to the square of the superficial air velocity (U) (Figure 3.18) 

and the square of the gas velocity through the orifice (Uor ) (Figure 

3.19). This indicates that the equation of the gas f low through an 

orifice (E.2.2) is va lid for this type of tuyere too . The calculated 

discharge coefficient is independent of the tuyere orifice diameter 

and has a value of cd = 0,63. 

(2) The pressure drop across the distributor loaded with solids 

differs significantly from the unloaded dis tributor when lower 

superficial gas velocities are used. However, at higher velocities 

the two pressure drops are exactly the same (Figure 3.20). The different 

pressure drops observed at lower gas velocities are characteristic 

only of the tuyere-distributor and are caused by defluidized solid 

particles blocking some of the orifices . It was found that E.2 .3 

derived by Whitehead and Dent22 can be satisfac tori ly used to determine 

the minimum superfictal gas velocity above which all tuyeres were 

operational. It is also clear from Figure 3.20 that when entering 
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the region where some tuyereswerenot operating , mavin<) from hig~r 

to lower gas velocities, the pressure drop across the tuyere distri­

butor were the same as that of the porous di stri bu t or. 

(3) f rom the e~periments on t he pressure drop across the FE it was 

found that the tuyere distributor was associated with an amount of 

defluidi zed solids resting permanently on the plate between the 

tuye res. The effect of the defluidized solids can be seen in Figure 

3.21 which gives the rela t ionship between observed and t heoretical 

pressure drops. It is also clear that for bot h the distribut ors 

the slope of the theore t ical pressure drop -l ine differs from t he slope 

of the e~perimental line . The lower experimental pressure drops, 

may be attributed to interparticle and ot her frictiona l losses 

within the FB . The pressure recovery inan FE has already been 

investigated in section 3.2.1 .3. Substitut ing t he data obtained from 

this investigation into E,3. 15 and plotting the results in Figure 3.22 

a graph is obtained which shows the relationship of the interparticle 

normal stress and the weight of solids per distributor area in 

the FE. To normali ze the theoretical pressure drop obtai ned f rom the 

porous and tuyere-distr ibutors the amount of fluidized solids resting 

between the tuyeres was sub , tracted from the tot al bed weight. The 

line in Figure 3.22 shows that the interparticle stress and thus the 

energy losses increase with the FB height. Al terna t ively in deep 

FBs there are higher fric t ional l osses and a lower pressure recovery . 

This is t rue jf one considers t he low qua lity of fl uidi za tion that 

exists in deep FEs . 

(4) From experiments to determine the transport of f ine part icles 

through the tuyere distributor , solids up to SOg/Nm3 of fluidizing 

gas were introduced in to t he gas plenur.l . No choki ng or accumuhtion 
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Of sol i ds ; n the tuyeres were observed and the di s tri butor pressure 

drop and FB pressure recove ry were not significantly diffe rent from 

the ones obtained by not introducing solids i n the entry gas stream . 

3.3.3 . Design of interstage di stributor plates 

The investigation on t he tuyere-distributor proved its suita -

bility for our multistage PFBC and revealed that for design purposes 

its behaviou r can be predicted by existing theoretical and expe r imenta l 

correlati ons . It was a lso shorin that fine solids can be transferred 

through it without blocking the tuyeres and without changing the 

predicted pressure drop across the distributor . 

The final design of the distributor plate can therefore be fixed 

by the following general distributor requirements : 

(a) No flowback of solids through the tuyeres is permitted . The 

choice therefore of the orifice length (1 ) and orifice diameter (d ) or or 
has to obey the following relation: 

d 
tan- 1

(r) , OR 
or 

where ~R is the angle of repose of silica sand . 

E. 3.17 

(b) The pressure drop across the distributor has to be at least 

one third 19 of the pressure drop across the FB of solids (£ .2.1) . 

3.4 . THE IMMERSED BURNER 

Some of the methods used for hea t ing up FBs have already been 

discussed in Section 2.3.2. The necessity to mi nimize hea t losses . 

avoi d the creation of hot zones in the combus tor and t he requirement 

to supply heat to the PFBC . if needed ,during its normal operation at 

high pressure.led to the concept of a solids immersed type burner . 

The burner consis t ed of two concentric chambers to avoid direct 

contact of the flame with the solids . It was bel ieved that this kind 

of burner could supply heat t o the solids while immersed under the 

FB surface without causing s intering or fusion of the solids . 
67 
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4.1.1. Description of apparatus for batch burnout tests 

The smal l FB used for these experiments consisted of two 

chambers positioned vertically one above the other separated by a 

porous sili con carbide plate which acted as an ai r distri butor. The 

two chaillbers were built out of fireclay bricks· , with culite bricks" 

used on the outside for thermal i nsulation (Figure 4.1) . Each chamber 

on a plan view had the shape of a square> with a side measuring a , ISm. 

The depth of each chamber was O,4Sm. 

The bo ttom chamber acted as an electric air preheater, A total 

of fourteen silicon carbide elements giving a maximum power output 

of 9kW were used. The heating elements were wired in series in two 

separate circ uits of si x and eight elements . A 380V-lSA. phase angle 

thyristor controller was connected to the set of eight elements, 

regulating the supply of heat by sensing the temperature of the top 

chamber . The se t of six elements, acting as a base heat load, were 

joined to a 220V-15A, voltage regulator. 

The top chamber was used as the comb ustion chamber for coal. 

Quartz windows were bui lt on the same leve l as the distributor plate 

of the top chamber. These windows were used to observe the combustion 

of coal particles and their behaviour during the initial evol ution 

and combustion of the volatiles. 

The pressure drop across the FB and distributor was calculated 

from water manometers . Type K (erIAl) thermocouples were used to 

indicate the top and bottom chamber tempe ratures. 

·'·lanufactured by Cullinan Refractories Ltd, Olifantsfontein , Transvaal. 
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The exhaust gas after the removal of all entrained solids was analysed 

using an infra red CO/C02 analyser ( Infra Red Industri es , model 

IR 702) and a fuel cell 02 -analyser (Teledyne. model 3268) . A chart 

recorder wa s used to record the percentage of CO2 and 02 in the 

exhaust gas. 

Coal was fed to the top chamber through the side of the 

combustor using a plunger type feeder connected to an airtight coal 

hopper. The plunger was operated manua lly. 

Two different investigations were carried out on the small-scale 

FB . one dealing with combustion of coal on the distributor plate . and 

the othe r with combuslion in an FB of solids. The purpose of the first 

set of experi ments was to detennine whether coal particles break 

during their devolatili zali on . Both coal and char were used in these 

experi ments. 

4.1.2. Experimental procedure 

The combustor was initially preheated. Du ring this period a 

cons tant fl owra te of air . measured on a rotan"le ter , was passed through 

the combustor to achieve a uniform reactor temperature . When the top 

chambe r reached a desirable temperature for the combus tion of coal , 

known we ights of coal particles \o,'ere introduced into the combustion 

chambe r. Our ; ng the combus ti on process , the percentage vol urnes of 

CO, CO2, 02 in the flue gas , and the temperatures were continuous ly 

monitored by the instruments . The quartz windows were used to observe . 

either the behaviour of coal particles on the distributor plate , or how 

well the coa l particl es mixed with the solids in the FB during 

combustion . 

During the entire experimental work an excess concentration of 

oxygen was maintained inside the combus tor whenever possible . Two 

different coal sizes were used (Table A.4.1). 
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4.1.4. Mathematical model for combustion of coal on the 

distributor under batch conditions , ;n a stream of hot 

air and in the absence of fluidizing sol i ds. 

An updated version 

d b Y . d K .. 54 pe .y a9'· an Unl' I 

of the rna thema ti ca 1 mode 1 , or; g; na 11y deve 10-

for the reaction of a single partic l e of 

unchanging size , was used here to predict the burning rate of batches 

of coal particl es in a hot stream of ai r . 

The assumptions listed bel ow formed the basis for this mathema -

tical model . 

(a) Coal is treated as char and no account is made of the vo latiles. 

(b) The resistance to gas diffusion through the ash co ntrols the 

reaction and the oxygen concentration at the unreacted core surface is 

assumed to be zero . 

(c) At steady state the oxygen consumption at any instant is given 

by i t s rate Of diffusion through the ash l ayer . 

The actual derivat i on of the mathematical equations for the 

combusti on of coal on t he distributor plate is presented in Append ix 

4 .1. The final tI~ o equations which form the basis of this model are 

written be low. Th~se are f i rstl y . the equation relating the unreacted 

particle radius (rc) and ti me (t) and the equation for the overa ll 

oxygen concentrati on balance : 

mF 
c 

t ~ C OM 
o c 

[1 -

F r 
Q(C - C ) ~-3m Si-~l !!.....I r /R) 

o p Me'R dt' c 

82 

[1 -
r 

3(--':/ 
R E.4.1. 

E.4.2 . 



when: _ 0 r4 oR). , tIIo 1" 111.1 ... 01 (001 l""Pl, ( k9) 

No tIIo ..n.r 01 cOOl plr-tIc1" In, lIIt.<:h •• 1, 

F 0 HMo! ,art.on to c .. l , 
{ 0 tbI Inl.t 0lIJgeI'I ,,,,,,,,.t,.. I''''' (k9 "1/.3) 

c: 0 toe "yitn <"","nt,..!I"" In tile fl .. 9" (k91101, .. 3) 

~TIu .. t l< •• l~., Of..., .. I>1;tIWled I. u.e t~tlcil _tl"" ... 

• -.. I. ",,"nob '.1. """ ,.....I~I ... pI"""u", .1 . 'n"" ;. \too n ... 

'}O' Is c .... roc! .. lUI tIIo w.upcnllog .... abutntd ,,~,!,",ull1Ind 

Is plolU<!I!ilI.,t ti. 10 fl.,. .... 4 .1. Tile 1!,0_.1 btt ..... thror11nd 

to. .. ~rl .... Ul ...... Its 10 " Indlcitioo thlt tilt ",,,,,,,tlo. ot •• u.~ 

dHI.,l .. ,,,,,1,,,1 ..... ctloo h UI"r"ICI. LI.1 Ind LI.2 ct. tIIorel ..... 

be IAed 10 predl<t tho ,.I t ooytofl <""" .. inti .. 0' utut 01 rHCII"" 

U '''1 ti"", It) , ft. cOIl II b.,." t ..., tile dlstrll>utor I. ,lit Ibunco 

of fiuldldog ,.ltd, . 

PlTtlcl •. 1M, .. 1_lluol _1 .... bowel .. to. wr>: ",.,.1 011 ... 1 by 

i>&.14 .... ,nd \IoTTi .... ~ Ind A ... donh •• "" o •• 1d ... ICI • lile I n_tlo." 

.. <I< lor H, dod .. ! i .. . ... U,. 101Iowl"'l . 

II) lilt ""'ctl"" i< <"""trolled by tilt 0111.,10. 01 tl10 .... Ct.lM."" 

oreducl 901"" I .... t .... ",,1 ,.dl',. 

(b) lhe ""'tkl" .hri., I. ,h. 1M tho II. i, CO.II""",. ly ...... 0<1. 

It) ~11 po,tltl ....... < ... ,;<11>,.; to be of t'" "lie ...... !e " , •. 

(~) He ."O~", Ii .... of lho ,oloIlIOS. 

Tho <1<1.10011 ... 01 the ""_tiuol ....... " .. , for 1M < ....... 'lon 

Of ~I ,.""n _. botc~ <oneill;"". Is 9 .... "'nted In AP< .... " 1.2. 

" 



'ho "ri.'" .. III ...... 1111'" ~ ""f"H(te<i portltl. rldlo. 

(rc) 10<1 11 .. (I) "'" Iht f<lIlHl0n for tile o,eroll o. W"n <OOC". l rl-

110 .. 1>1lIat. l..e 1I1t.¢ 1>11 .. , 

£.&.3 • 

•• 

........ I h u. _r 01 1\totS I bi.tIIol. 1. -,1 ... 1 dw"" Its 11.1)' 

101M ..., 

Otloor por_~ .. 1. ['1.1._ [,1.2. 

11 ... 9U Ind it ..... !IUg., to lb •• U ._ 1ft Allptndh 1.2. The 

..... 11. t>obOHft lfIII Ueoo-. l l<olly P ... d"~ IPIIj ,,",I .. n\.ol111 0111.11 .... 

and \ ". ! . Ptrl .. nl.ll ,uu'u lI .. y ... conci .. ded IlIIt 1M ... ~I\<ll 

..... 1 Cia lit .... to <e«rl ... 1M C_HI ..... ' "",,\ ponlcl .. I ..... 

fa wIIl<" I. """rllta ,odor ~'I<~ ,or.jltlon •• 

'.2 • M'I/(ItI,HCAI.. !COD. roil tcWTllIJCII.Il CO*ISTlt:a ~ teAl. I ~ A 

,"'IS1,\!;l I. 

'N <_"IOO.pHi .. ,,' .... tho _II r •• _ \hlt ..... cooh 

u.n ... ~U" I .. In .... ~ l>H of 'Olid •• M 1,,"\. _wi ... . 

for .... " .. Iv .. , .... f • '-_ ..... ' .. 1 _1 tu _ ... '-"C COOlI>_ 

cOlllbu. t l"" Of COOl • • rn"'r ... r. <..-pI .. syU ..... <O",I ..... d 1","1 



47 and Fryer and Potter The assumptions made for the derivation of 

this model are the following: 

a) Sil ica sand is used as the fluidizing med i um with coal 

comprising not more than five per cent by we ight in the bed . 

b) The fluidization characteristics of the reactor are based on the 

inert materia l with coal evenly distributed in the emulsion and 

cl oud-wake phases. 

c) The cloud-wake and emulsion phases are at mini mum fluidizing 

conditions. 

d) The emulsion phase is well mixed while ;n the bubble and cloud-

wake phases, gas moves ;n plug flow. 

e) The temperature is constant throughout the FB and there is no 

change in gas vo lume because of the reaction. 

f) Combustion occurs only in t he cloud-wake and emulsion phases and 

solids and gas can interchange between phases . 

g) Coal is continuously fed, and on entry to the FB the coal 

particles are charred. The volatiles burn instantly. When the coal 

particles diminish to a certain size they get elutriated and burn in 

the top FB. 

h) The feed consists of a wide size -d istribution of coal particles. 

During combustion the coal particles shrink in size and the generated 

ash is continuously removed . 

The model developed here uses a population balance of reacting 

coal part icles wi th fresh coal entering through the feed. For reasons 

which will be dealt with ;n the following chapters interstage circulation 

of solids was not considered du ring the derivation of the theoretical 

model . Ins t ead a biD stage non-circulating FB system was assumed. where 
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where R 1S the mean radius in the interval dR. 

Replacing the second term in £ .4. 12 by £ .4.11 and the terms 
cr.< err: and dmp(R)/dt by £.4.8 and £.4 .1 0 then divi di ng by dR and tak ing 

li mits as dR-+O E.4.12 becomes: 

dIPs(R)~3(R)J 

dR 

E. 4. 13 

To solve £.4 .13 it is necessary to define the boundary condi t ions . 

Consider ing a single s i ze feed or Po(R) : 6(Ro) and taking an interva l 

dR of rad i us (R) not including R:Ro the first tenn of E.4.13 becomes 

ze ro . Uividi ng throughout by ~ 3 ( R)PB(R) and i ntegrating E.4.13 from R to 

Ro (but not i ncluding Ro) gives: 

k (R) do3(R) dPS(R) dR 
.~(R) dR 93{R) PS{R) + 3 R = O. and 

E.4. 14 

where PS(R 1Ro) is the freq uency distribution of coal particles in the 

Fa or ig inated from a size of feed part icles . Ro' 

In order to calculate t he value of PB(Ro) ' equatlon £.4 . 12 is 

applied to the feed s i ze intel"val , Ro to Ro + dR. Si nce all particles 

in the bed are sh r inking PS(R jR 1 = 0 for R>R and only the fi rst and o 0 

fourth terms in E. 4.1 2 will remain . Taking the limit as R~Ro E.4.12 

becomes 

E. 4. 15 
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Substituting E.4.15 into equation E.4.14 and re~rr~ nging 

it gives: 

)
', 

k. (R) 
I e dRj 

+)(R) , 
E,4.16 

For a wi de she distribution feed the follow ing equ~tion fo r 

coal particles is true 
R . , 

R ~~ ( 0 M 

. j' ',1,1',1',1',1",· J",I'I"I"I"I'" 
RosRmi n o-R 

LU7 

where PaIR IRo) is given hy E.4.16 

To dete~ine the weight of rc~cting particles in the 

FB (Wl'b), [.4 . 17 must be integrated agair: over all particle sizes 

wi thin the FB. So th~t: 

~p~ = • 

L4.J8 
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4.2.1 . 3. The rate of total mass change of reacting parti cles 

From the we ight (WPS) of coal particles in the FS defined by 

E.4.1d it is possible to dete rmine the number of reacting 

part i cles for a radius interval dR i n the cloud -wake and emu l sion 

phases. 

For the emulsion phase the number of reacting particles (N[) , is : 

HpbPS(R)dR 

4/3, R\ 
E.4 . 19 

Fo r the cloud-wake phase the number of reacting particles (N
c

) 

,lithin a height interval (dh) is: 

E.4 .20 

where H is the FS height . 

The rate of mass change for a single particle , ~l was defi ned 

by E.4 .6 . The rate of change of mass of all reacting coa l 

particles (t'1R), can there fo re be written as: 

E.4 .21 

The overall mass balance on the coal particlesin the FB i s 

gi ven as : 

FJ - Fo = MR E.4.22 

4 .2.2. Fl uidization and the existence of countercurrent 

backmixing in t ile FB 

The interna l circulation of so li ds and the dowm'lard mo vement 
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of gas within the FB r.as been explained in tenns of a countercurrent 

47 b' .. backMixing model . For ac~mlx'ng to occ ur the slip velocity wllich 

Is defined as the re sultant veloci ty of gas and soli ds in the pa rticu-

late phase must have the same magnitude as the gas velocity at incipient 

fluidi zing condi t ions , i .e . , 

_ U
lilf 

' . f 

4.2.2.1. Sol ids ci rculat ion within the FB 

~ .4. 23 

The supe rfici al g~s velocity (U) may be expressed in t erms of the 

superficial gas velocities t hrough the e~lsion, bubble and cloud -wake 

phases by the following equat ion:47 

U ~ UgE + UgB + UgC ~.4.24 

Expressing (U) in tems of the bubb le rlse veloci ty (u
B

) £. 4.24 

becomes: 

£. 4.2f1 

Due to the solids ve loc ity i n the er . .ulsion phase the bubbl e 

rise velocity (IJB) as given by Chen and SaxenaflO is 

E. ~. 26 

From the as sumpt ion that ti,e coal particles are evenl y di spersed 

in both the er:lulsion <lnd cloud wake ptlases , the mean densi ty of a 

particle in t he FB, (pl, can be written in terns of the densities of 

coal and the inert solids ac t i ng <lS the f l uidized medium by 

E.4.27 
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For the cloud wake phase: 

F - q = pU"o"Af (1 - , f) a lJo\'IOJ 

For the emulsion phase: 

, f 
-~11 

1- ' R 
B 

[.4,32 

E.4 .33 

The possibility of a ne(]ative solids velocity through the 

emulsion phase (usE) is not considered because no solids are added to 

the FU and consequently the quantity of solids in the FB remains 

cons tant . 

4.2.2.2. Gas circulation within the FB 

Gas circulates within the FU if £ . 4.23 ;s satisfied . Eliminating 

the solids velocity ( UsE) from E.4. 30 and [ . 4.23 the equation for the 

gas velocity in the emulsion phase (UgE ) is given as: 

= U (f +-_1 ) 
mf w e: 

nlf 

E.4 .34 

For gas circulation ugE mus t be negative (notation: ugE is 

positive if directed upwards). This is true if : 

U;.U ' 
I- ,S ( I+f )( l+f , f} 

=( W Wnl JU f wE:mf mf 

l+f e 
+ [ w mf JF + 

pA(I- 'mf}fw 0 

[.4 .35 
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E. 4.38 

R 

From the assumption that the emu l sion phase ;s well mixed , the 

oxygen concentration in this phase (C E) can be obtained from an overal l 

oxygen balance (C E does not change with height) . For the solution of a 

similar set of equations as £.4. 37 and E.4.38 Fryer and Potter47 have 

assumed that at the distributor plate al l the bubble phase gas was 

derived from the incoming gas . Chen and saxenaSO • however , assumed that 

at the distri butor level the cloud wake and bubble phase gas comes from 

both the recirculating and i ncoming gas stream (for gas backm;xing) . 

Using the latter approach, the boundary conditions therefore are : 

At height h = 0 (the distributor le vel) : 

At a height h = H (the total height of the F3) : 

AU 
AU Co - -""---- CS1' l+f , f w m 

P.UfW emf CCIi 
= 

1 + f E: f 
" m 

~4(R) dRdh + 
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I f there is no gas backmixing then the cloud "'Iake and bubble 

phase ga s com~rises only of incomi ng gas, therefore: 

Coo" Co and CCo " Co 

and the overall gas bal ance at height h = H can be written now as: 

h 

pbS .(R)dR 
w P (R) ) 

4!3.R3, 4 
E.4 .41 

As mentioned in Sect ion 4 .2 t he derived mathema ti cal mo dpl for 

the combustion of coal pa rti c l es of a wi de range of s i zes was used 

to s i mulate the behaviour of the two- stage PFBC with no inters tage 

circulation of so lids. 

Due to the complexity of the integral equations. a computer 

was used for their solution . A flowchart of t he entire computational 

procedure is shown in Appendix 5 alid explained bel ow. 

4.2 .4 . Descript ion of the computational procedure used f or 

the combustion of coal in a two FB sys t em . 

The computer programne treat s the two FGs separatel y. Based on 

the input data the dynamic beha viour of t he bottom FB is detennined. 

The exit gas st ream which is laden with f i ne coal parti c les t hen acts 

as t he coa 1 and gas feed to t he top FB . 

At the beginning of the pr og ra mme values fo r the oxygen concen­

tration in the emulsion and c l oud-wake phases at the ex it point from 
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in . 1 .... ,",p te, bOt""10, tho re,.lto "" •• ".1_ " .. "", , 10011111'" 

tho _ 011,.1_ ._,Ire,ull,. 
a,r .,,, •• ren .."l P .... "' .. In tOo <"r~, I.d t .. p, .. I .... 

,"pter p ..... 11IOd "' ....... , ... _u>O'l' 1",0 .... ,1 ... .. Men .. , '""'I,I,..d 

for "'" f h.1 dU11'l1 Of o.r Pf"1IC pion, . TM. I. pr.,.nted In .... 

f.l l ... ;"9 ch..,t ... 

• 



CHAI'lU flY[ 

OUI'" l)() FAIIIUCAHOII rw 00It IU.IlSTAGE PHC 

~.I lilt D(S!611 rw !lUll PflC 

,he cOIII.lbuU ... of "" ...... II"C~ work cIose.lbtd In 11M! 11<\ 

boo '",Pit" to tho ,,, .. I,,, of our "-It h n-.dbH !lelow. A ..... 

of co •• V ".1> ""Ic~ nlld I. l1li I""".IH f., 10 1110 antll" of "". 

,o"t""tor I .... 150 ;"""OH I. tnh 'o<llon. n. n ... l <int'/" of "'" 

PUC pl.~1 .... UI'" the. ~1 thol conH,.inl> , no , ... "ci1 l lnOin9' 

""left ... 910." ~Iow. 

(1) 1M ,aYl.tog", of .... /thu!JO cor.wswr "'til <ountorc~I'TI!"1 

contlct bot .. ,. the co,l In<! Ilr .... ~ .1 ,..,ldy _" ", •• _ i" Choptor l. 

H_l'e'. tho dcd,ion to "II. In"" 'II"" 'lst ... U _te<I ~r tho 

_ ... 111 to t..l1d • 'I~l •• r~ ... Itl.ta~. '1H ....... 11. ,till btl~ 

obi_ <0 ,,"I he lhe eff.U. of .. lthllg''''!. 

(~) 1 .. 1 .. _1 _r of tilt U.II~"or ~ .. clIO". IS 0 ,..".It of tilt 

fol,,,,,,I"'l' 

(I) A <,..,b",tor wit". I rtW{t) 1>""" wI< con. I ... ....., • rullnlc _ 

(b) A 2 iii ,""11 ,nO t"bt ""II .xch.ngo. ~u ."tI,bl. 00<1 co"lo 

bo u.t. for <ondonsi",! the .. « ...... UG .t .... !II,,""IH In tho file. 

(l) lhol ""19h< of tho <c.-ouno' .... lch Incl_Q tM ~0I1 IfNI,,!! ,,>1. 
00.14 not ,,'OM 6. (\lie htlghl of the cont,,1 ' .. ' 01 Go" 11.."..10.,). 

~. I conW<l~oc, of tM" t/lt M19~t of tn. .. In ~_uOO' ..... 1 .... Ic~ 

Incl.""d tho ,,,I,,,,. on<j cool "O'ptT wO< ,n"". to ~e 4 •. Thl< • ••• 110 

doumh .... by co",ldoroU"" of the .I,.,.ti<o 0' <01 ' < __ lion {S*<ttOft 

4.1), the color. tic .,I.-.f cool (10 10 281\J/~9) .... the roqul"td_r 

9< ... otlon of 1M cOllbu'IO' (! I"""(t)). the total ",Igot of iMrt 

sol1d. w .. filed It Ip~ro.l. tl IJ lOO );g. (l00g of \111<0 per 1ta'lO). A 

<lrculUlon of "I to M kg/"' "~" Oteo .. . ')' to gt.e I'" < .. ,"" tpO , Of 

" 



.... 1000d of ~oll"',lo ,,1\:1 .... tilt ~I~ ,0H4O cl...:uhtiOft ",01 .11 001 

the I.lld, fl"l dl dng .. 1oo;lt.I" .<ieUO .... ' .... on tn~ ... 11 of .~ Ine rt 

_torio l vith .... . n dl_Iar of O,S _, tho: 'otorflOi dl_uor of tho 

~".\~r ... ~ c ..... to ba 0 • 0.4501 . nd tI1~ 101,."".9' ~I.UOP\CC tit_en 

tOa oI htrlbuto .. 0,111, 

t l ) ~ prUSIIr ',," < ....... tor _ <""' ... for rtlu ..... d,...dy '>1'1&1...0 

,. C""P~ 1. n. c ....... t.or ... ,1 .. t9N<f for .... _ ..... ru lng p,.. ....... 

of 8 h .. tn.)d~ .t.ly t.o the ' ..... t1.bllity Ind IItH.er, tlot of 

<""1' ... >1.,.. vlth • 1"1'1'11 prln ... rtI 0' lti borlob.),tthh pr ........ of 

.porlttflOj I. fBC II rtte_1Ide<I by t.hI '-r lto.'1, n well IS t ho , trlflOjent 

.. r.ty "'""Iul..-oU ... oc1Ut4 "hh t he "'~",r pr.I ...... 'lote-. ~ rotary 

....... · 1)'1'1 <_r .. SO' (~ I I .. Copeo, 00><101 (;A7(8) rat ... 1\ 7,) No]".I. 

(2\011 !lef.) ,.01 • p .... 'u ... of 8 bart.b.) ... , tho ... fo,.. 1."<~"toI. 

(~l ~ ... 1 «rubber .It! •• apo.ity ... Iet. ..... ~ff\d ... t to tl'ftt U. g .... 

lto.l .... tho: Pf!IC ... n ... " ••••• lIn! •• nd < ... Id III .u111 C_lH I " 

Lookl",! <l .ur It till ...... "n'" It. f l .. 1 du' ........ '''''' ..... loH 

by It.< 1011",,1"'l focIO",. 

(6) I .... h'l'c,I..>O<I of •• "II.b l l pr .. ,ure drop .c ...... 1./11 6hlrlbu\Or 

nln ..... ich U •• 0,",.. a g.ooII "",,1I.y of flu ldl " tl"".MI 0. IItlofactory 

Ope~.ll"" of the do..,:_,." "lOS ,""._ in *tl .... 3,3 . It .... aho , ,-

1.11 ... dhtriwtor .II/I.n U .... ly of"'" _ type of <),<1",,1, t.u:Joa'ft 

cO\jld be U'MlM In tn. 1_ ... y .. uy othor .,... of dhtri llutor • 

Saud"" t he i.fo .... U"" "" c ... Prl!C gheo In ~ tl"" 1.J,IO(h 

dlotrib"lc, ~., d .. lg, ," vlt' 16 cytl onic type t")'O ... , """' ''!ltd in . flU' 

'G""O potl~." ~lth " 'h t")'O ... k .. I"'l fo ", orHI,", for 'J"fttry ( d~r 

,., 



6.~) •• I ...... \0 rt!P'''' ~.1. 

(I) TIle In ... 119&\100 "" th. u" Of """"'_" for lM .... l.lge v .... lor 

of .olid. (s..ctl"" 1.1).-.. ..... 1 the _fl"" ~f lolid' '001. lit 

u:hfoc,o'1\y ''''''1'011 •• oy .h~d"'l tn. f l.,...",u of ... fluldill", .1 .. 

_"". In In. 0. ... of our Pl'BC ........ It .... 101.'_ to u" ai, II till 

o.l"'nt. 1M un of 11>0 00/1""":",,.1,0 1 •• 010. (S .. t!"" l.ll ... acM ... 

C""I .... I of <1""U\oI I"" '" llIe .0Hol ond .\10'. '''1 ,n,.rf.rt1I<. oritll .... 

..... >11 ... of , .. I I. tho ~B .. _ by for tho 0 .. ' ""000 of '''''11111. 

for tIIh <0 .. "" .... __ ... ..e ... 4nl9N'l '-0 till, eft. It tI>e 1_" 

9" •• locHy u,ro<>g. 'he c ... \>oJ''''''. tk< "'Xl .... , ... ul_ .""",1"" of 

.. 11., COU14 III "."_. lhe dl .... l1on, of tile 'lIO oo..nc_rs ........ tIIII, 

.. te .... i .... : 'he 0(I00II'I('''.'' I.n~'h I, • O,9bt In" to. i M", ... 1 "I"lett' 

a, • 0,0510. 

(a) It .... , ..... In !.Klloo l.~ tho l .n lmoro •• type burne' cwld bo 

u." , ..... he>l ... hisU.,. fI ",_ ... lInlJ and . fllch •• IJ. 10 U. 

oulgn of ou' Pl'1(: p ...... hlOll ..... "" to u •• ~1tIll' , flit I_rot<! \J'PI 

""'ne. or • ..., ... 1 U. cOllbu._ ... 1111 .... cno<ll"" of I nolchl_tTlc 

.toW ... Of Ii, .114 l.PC. I. tho Fl. nh g ... tile "",portunlly to "-re 

tn" 'WI) .... ".011"1\ __ •• 

(9) " ... ,obl. of _11Ii IIeII I ..... l1'li PFBe wU <ohf<l b1 ",lfIi boV. . 

~.u, Ja«~t' I. 'IC~ 'U" and 'A_I (0011"'l coils. 1". (0011"1 coil • 

..e ... "".I9n«i UI "-' ... up ' 0 O.lIIW willi tIll ...... Ino." of tn" _"U<i 
IIoIt ......,_ ~ tho _ ... aull to •• nd tII"""lh ........... Jack,Ur_ 

I. Hcll 01 tho Un'" su.,.~ , ... cllf f ..... \ 'OoP'O' of ooil ..or" "".I~oecI . 

~ hot-"h .. 1I1 coil vitti. Ulul I"'!I'~ 0' 10.600 al'lCl U 011,,1"" 1_ 

cll_u. Of O.~_. and •• " t lully ",,1 •• U ted <oil "",Ing thr ,fIaP<' of a 

dollbl" .. .".,,1 .... lIIh coli had a length of _. '~co\1 pl~ outsl .. 

'" 
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Figure 5 .1. Schematic drawing of the distributor plate showing the 
downcomer position and details of the ceramic tuyere 
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dl ... u.r ... U ... /ICI ~Id I . Ill tftl<~ ..... , I ••. 

(I)) A doo~l. IMry "1~ """*ffi.I.1"ICj' eye'_ ... d",I~_ tOl"" r..,.-I"'l 

t hl flM <Gil p.o'tltl" Ind f l.l~11 1 "'l _Ittrlll f .... tilt II .. 'il" .. 

wrl l .. rtturnl.1 .01Id. <01111"'l f .... tile p""_tlc < ...... yor. I", c)'CI_ 

entrl .. for tho n ... 90""; clrcuil t iog •• lld' ... .... PO$ItIOfl'<l In .""" 

. .. q .. \0 loci ... , ""lell ... <tl .... 1 It..". of 9"' 0"; ulld. "liMo 1./It 

<.)<10" . .. ,~ ... " \. FI~ u .... ~ . l. IIIe <)'CIO!'It .... "",Igned til .I.e. Cut· 

off po, t l(1t .he of 311\.- IM.n OPerltlo!! t_ ... t ..... of SOC·C. 

( Il l T"" eotl "opper"$ rUeclot. ""rt.l"!1 ........... of 10 t>&r(ll>!.) ... '. 

de.lgned to ... 14 .. t h .".. up 10 !!O ' 1 <"" I . A "ffl, ..... plot.d It tho 

belli. of ""eft bop",r III ,lop brlclg1"!l 0' tGlI Plrtlcles ... hown I. 

fi!ll''" ~.l. , ... , I ... I colal"""". teod 0' cool til llIe <_tor 

.t hlgll p .......... I '" ""wI .......... de. t ,..d to 011" '''' . positioned 

... <lcolly""" ....... lIII otlror .nUll co.'.UI"!I .11 .. pl.ted "t_" 
1'- t . f • ..", , do ubl . l ock '¥Stlllll. COOl COUld be flO loto t ile < ,,"tor 

b) u.i"'l I "_ ' ..... r ""Itt> " •• cI",tgred t. del l .. , ' P to l ~woln ., 

, .. I It. 110 r.p .. . 

'0 ,nlbl. loe ..... t lll\lOU' 1IO"ltorlrlg of tM uPlrI""nUI ... _~ 

.1Id oehl_ co" t rol of till <_Ut ... P""'" during th. open t l ... or 
u~ f'f"K. ,II _ .... '"1 .... 1 ...... 1< ... llId '~n __ "utl." ""'. 
irto'POrotor! in the <Ie.I~" of t n, pl'nt . n •• pl.l_ .. I"" . 

F""r '~li"9 "'IlI lu 'Of" .... ",11"1< ..... de.t~ ........ ith 

tIorN of to. lotl~ uch.t O.J~ .1>0 .... en dln.\I,,,!.Clr plou 

lOci OIl<! H tI>e fl ... 9",11.,. oftt. t .. ',c'_ CFI9U~ S .• ) . TiltH 

.. nl" ..... d .. l gnt<l t. ' "CIIIIIC>'I&u. 0 9>1 ''''"I'II'''l pr_ .... leh c""ld 

""'tl_'1 ,_" 9"' for ... 1)'<10 to ,. 02 1M • CO Ind CO
2 

lOl ly ... 

'" 
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Figure 5. 2. Schema t ic drawi ng of the high-pressure doub le -entry cyc lone 
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The,,, , •• If'or' ~ .d .lr .. 01 :.0." " .. ~ 1ft ... ,I ... of ~t"n 

,"~ri_U ... tilt _11 Fa c_.tor (SKtl"" '.1). 

S!, pr.u"~ "'1'1'1 "9' ~ .. t pl.eM It re9u1&r 1.\.0 ..... 1 •• Iong 

t~t l~nitll Of t!le cOlllmtor IfICI wre dHj~nM to ~Uurt the or~."rt 

..... " ... cr· ... uch f! .<1<1 • • ch diotrlb"tor plU". Pre"ure 101",,1"'1' 

... '" .1.., located , croU tl-e ... , Iic. pint., ."i",," UI _.ure 'M 

\"""'ng 1M fl..e 0;0' fl""r&t.I1.'S ,..1 1 .. , lo"11.he Pf"l_,lc 

COIWO)' ... to .nlol. If't ..... "~t of the ch·cUhtl"\l .011 ••. 

1l1r .. (_type tho,-,,,,,pl •• posttl.,...." 0,110 Ibo"" nch di strio.,or 

..ere prov l •• d to ... ,ur. " ... ,_eral". ,n Noh Ill. 1 .. '"In '"" 

"""Iu ,.11 _I'tr"ur ....... ll 0 •• 11 ... fl". 9" ,_rot.. ... c ... l. be 

_.u ....... ,1"\1 tOe , .... type t .. ....,coopl .. C""n«U<1 ... 1!<Iwn In n~~ 

S .• • 

All I"","-.t. ~ ... , ... ."nltcrl"\l t h9 ""rfo,...,," of til< 

Pl"ee .. " <ho.~. _it" tho intention Of ,,_11"9 ~ 1CI , It I lite .. U"91. 

wiVl tho dtp.o .. _l401 <_te, for dOlI IOW!"'l ond pNlC."h.g. ''''' 

c .. putor lin • • 0 wit h 1.he Pfee plont 11 co, ...... I. tN hn .. «I"" of 

thh [IwPle<. 

AI1",,1"'l for l nO(,.....nIOlIOll . t"" ."9 ;_rl"9 ..... In' Of the ,..In 

,_".Ulr I,., ".:Illor, 0<;"1_:. ""I<h >In 1>0 .... "" 1.he <"" ..... 1.1< lOll 

flodl"'1' In ",< .. ",h .. <luc .. lbfd i . ~"Io" 5.1. wI! '.0,10 t .. 

_"uf' ct.,..,,, I.,.,. tI •• furl .. ll .... of "'" PFOC. 

'.J.l . TO. ,,,,,.b.$lor .... el, ~, ,/WI <)'Cl_ 

,'" .. in '_SlOI" .~".I. 1.he bo\>;>e", •• d c)'CI ..... . <l',,\fled 

.. p ...... ' ... sui ...... M<lg""" o<cordi"ll to lSK YI!! n:~ I-Inl 

codr for pre""rl",,, '1'181. 

'" 



~11 dl."I"". olld 'pe<iflcotlO<l' for t ile ",of .. ,.,. of IIIe 

... 1, tOOO"HO< , .... 1 toorrh f"'l of Inr .... ~'ate 01.01'" ..ere ""tliled 

I. I1Iod><red 109;.,.rl"ll dr'''I'"l'~~. TN """eriol ._ .... ~ ,tI'.I ... 

Heel .>t~t for tho 1,t. ... ",,,,, f1o,~. u!d wte. J.tkn,. _ ... ild 

,tMl .... "HOI. Tilt if ..... dl_lf' 01 I'" Ye, .. 1 .... 0 .148 •• d till 

tklth's< of W 'tI;.ln'-1INI ".11 ... ,!><to. TN boo ,tll.I.U-,I .. 1 

dhM<l .IId. 111<1 I thltl.., .. of Bon. Tho wldln of tit ••• t o. j&<I.OI for 

eooll",) tho ty1i""ricol .. 11. of t ........ 1 .114 I .. to!> dlo...., .1Id ... . 

O,Oloo. Se!>&r .... "'In 1.lo t ond OIItl ........ ",ed for OKn '\490. 
lho 'nie ..... 11 of to,n In,.,,1.>9' fli.,. .... O.QoIoo."" ''''My 

Jboo (II In) Doll ..... ,,"00 for Jol.l".. I"" U"iII' togol"" In. 

inte""'10 n"iII' >lOr .... Ide<! f lu," "Hn t ...... 11 of In . ..... 1 .1Id 

•• III.I",-nool 1003<1 ... ".l""d 0<1 till In,l"" of Itcn IIon9t 10 

•• poOr! lIIe f l .. ~"'k ll,in4. Utn _ I i"" <OIIld I"", be I if ... <.,Iete 

"itn it. 11.1"". toch .... 0;0 .. ,' 11 .... illl I .... ft 10)'0'" of ""'.\)'-_ 

ft...,loy ~';'l,t ... 11)'~ .... , ... bder. ........ tided logltlll, .11iI . 

Illg/l 1_"tu'e 110.1&,'. 'lie •• Itl.. h.d ,no ,1101>< of I .. d~e ,"d I10d 

.n 1.lorn.1 rodi,! of Co,,,,,, .... of 0 ,4610. ~ M9~ .1 .. 1", e"Ubl~ 

~I' ... , .,.d lor 11.1".. V>e ,"" 41,"'-1 ...... 10 p,.."ect "­

,"'Inloe,,-,,"l ,11<11 rroo t,,~ .. i"""I, "hi<h to <rlft,r'rred ~U'o" 

' 4.1:"" .. ", 1:0. (Pty) l1.d , 1:101"""'1. IIotl l . S .~ . 
• _ 1 Goty I I rc 1 oy b.I<~ ...... rittlOred by ",I I I .... Itol ,letad,.. , 
Dlffln!> fo.!.I • . 1 .. " .... ' . S.A. 

"'It" .. , JS, ",.",,<tured by tlllh ... Refr .etodH , . 
M66 ,nUbl. <_nt, .. ""r~t''''tcI by C • ............., .. l»>inn.1 PorI 
[Ih,Nlh . S.A. ' 
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• 
the hot phase fi reclay bricks, a hi gh al umina fibre was used between 

the brick~ and the shell. This narrow gap, packed with the loose 

insulating f ibre,was also used as a space where t he bricks could 

expand into. when hot , .~i t hout damag ing the water-cooled shell . 

To position t he thermocouples, gas sampl i ng and pressure probes , 

holes were dri ll ed through the firebrick walls of the combust or at the 

desig ned loca t ions. 

Dimensions and specifications for the manufacturers t of the 

cyclone and coal hoppers were detailed in numbered drawings56 . 

The cyclone was made of 304 stainl ess steel t o wi thstand t he high 

temperature of the gases and had a wall th ickness of 5r1JJ1. A 2mm thick 

pla te was welded i nside the t op section of the cyc lone to protect 

the s t ainless-s t eel shell f rom abrasion caused by the high veloc ity of 

the incoming gas and solids . 

The t \olO hoppers were made of mild s t eel and had a di ameter of 

O.4 5m. The wal l th ickness was 6 , 3mm. 

All vesse ls after they had been manu factured \oo1!re individually 

pressure tested by an engineering inspection company' and numbered 

certificates ~re issued 57 . 

5. 3 .2 . The distributor pla t es , t uyeres and downcomers 

A O.72 mdiameter wooden moul d, with mild-steel rods,used in pl ace 

of the s ixteen tuyereS ,was made in our labora tory at t he Univers ity of 

Natal and sent to a company!i specializ i ng in refrac to ry mater i als , 

to cast the dis tributor pl ates. The refractory material used for t he 

• 
Fibrefra;.;, manufac t ured by Carborund um Uni versal. 

t A.J. Howes, Rossburgh, Durban, S.A . 

' SGS Engineering Inspection Company, Durba n, S.A. 

' Carborundum Un iversal, Port Elizabeth . S.A. 
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fob.,,,,I ... 0' U. ~htrlbuto" had 0 Mgh ,I .. hI, , ... teftl ,ocI .... 

prrIlo .. Il' "Hoi''''' 1I.,11I'l u.. 0111'-'1 iItIII$ of U .......... to,. ~fle' 

dryllllJ In ,I. " f''' l o'' dt n dtM.torl ...... tIH. curt<! In ' potte.) 

kiln t~ ""Ich U. """"' .. "' .. ~ dGIJ:I1 ,..t .... 10 1!1O°C 011<1 IMn 

tncru .. d to lZOO~C OM ho'd IiItft f • • ti hou'S. 

lanQltoIdl .. l1y .,It.t!", p'otl.er ... 101 ...... ",td 1 .... ..,141"9 

,'''' IUy.",. r.,., 6,Z- tM Ck bro .. pl • •• _ for Ito. tu,.re .... H'tl, 

..... "" .... 'ftto UIo ",,01 1 •• utIIl iNy .. 1lI iorl'" tho to .... ' .11"9 

eff",,' whon iI' w., '"""'tel I~..wi~ II!c ,ult rl. After dryl", '" II. tho 

pl.' ..... r ..... O<I, 1M tho 11IJ'!"'" .t111 1ft tlltl. pl .. to .... 1 ••• 

• ,or' pl .eod I" • funltto \1M ... tho ._ .... oudn~ pr<X.'h~ •• \hO 

l ho pi .. , .. "",,101 ~roI:.. off I IId .. 1 .... 01 t ... cu ,..' ItI)"<ro. I .. ,U,Oft 

for "'U <urt"'l tho ~,... 1ft 'III', pllnor .,.ld .... , W. 1M ."o"ft 

.nUbl. "",rtor f"" tilt IU,. .... hod 0 I"" 1I,,,n,.I.o' n"'",I' .t ..",. , 

...... "t ..... llul .. t -"'7 ... tiI oflff '-"I < ... ,1"'1. 1111 _ ....... 

.... 1 out of t .. 0_ ... l rl.llIry .. ",III U tile""" ustd for tilt 

dlndbutor pla to •. TtIe \I.iJe"" Ind d-.. ............ t.hm c-.a Oft 

tho dht,l"to," ,00:1 hello." In I kiln to tu," the _1"'1 ~'. 

[It II -..Of'or .... t __ wet .. tho 'hU'bl.lO' pllto I~ outh I ""1 .0 

II 10 ocl ., tloo .... fl"" .f _ rt .b ... , .. dIU""'I'" ... 11. f .... I'" 

• ,.lId. , .. , O,J:z. btl ... \J1O ,oll':' ."~fl'" of t~ FI 1_1""1 btl"" 

t/II di,VI~ut"'"' 

5.l.3. It .. <ooH", .011. 

T..o •• " of .. 1 ........ drllltd U"'OO~h the wI I ,. 01 .. <h '''!II of 

t/II <_ .. 10, 1M til< .ooll", •• t I ...... ,.,"".' IE , Ift'ldo1 .. ," U~g~ • 

• ,1", , .. Inl ....... , 'O\I~H"III (n~ .. 5.S) . n ...... \ )"1>< 0' $I.lnl~ .. 

.... 1 (JOoI) ... "'" t ... tho • ...,floCt ..... ~ __ diff ...... t .... PH ~ 

<.H •. 

'" 



I 

I 
I" """0. <c.~. 01 t"" ~,&.: '_'"I , .... f!roor l<' 
lIn.n •• «>01101 CO>!, ...., o, .. ,U""or pL .... 

'" 



I 

After tho f,t.rIc.tl .. ~f tilt _I. c ...... U",. ....... 1 I .. 111 u.. 

•• dlll '1' "'Iut~M tM PUC plo.I .... l_rlrOy .,,_lld. 

S.~ 1 ~ 1T!1d. ~SS[ .... Y ..- THE PrJ( 

Tho 11"""". of tile Initiol uWlllbly of UIO I'fOC .... \. p ........ ... 

t .. t to. pl ,n t U • "nit. <,,"c l ,11 Hn<lng do,t ... ,nd ltnt. ..... Wit 

. 11.11 "'" """,.\llltMol C<qIUltr I.,.;.to loggt '~. 

n. ~tllr positlonf(l In t~ <entrol Iru of till hborlto'J 

. .. " .. lad u. l "'l • """.\00 _ _ ... 1 .. 1 .. in. [1<11 u.9t . .. li lt.<! 

1010 _iti "" ".i"~ tke ""hi ,,1\. 1.I'e lnU! .... U~ dhtrit>uIO ... I"'. H t_ 

bet ...... tho fl •••. ~igt, I_rotu", gO.l , .. ""e ,,"d for ... lI og l/Io 

flong ... T •••• tt Iny ~YPI .. l ng .f '!O' tIIO dh t dt...-. _ ... Mde otr 

\tgnt It tn. ed~ .. ,Det_" IN .\.Iog •• , by fl11t"ll1J>l gop wit" • 

",,,eto,), fib .... 1M ... 1 Mppe .. ,nJ ."bl • • nUJ cycl.ne..ore bolW<l 

.0 tho tCllt" .. _ Inc! __ ,111<1 001.0"" !''' I. tA ,un"<llJndi"'lthi , ..... 1. 

Tho .c"'lIboIr .... ""'itt ...... ioo ,w'y f,.. tM c "'1M" ~1 .... 1.0 tJoe 

"", In fodng ... 11 . f U ... lob.rot..., wt..ro t>lt P"""' \ III'" .... 1' be 

.. ,tly purgec! to tho ."""'Plltrt. A l[)4 . \. tnl ... · deoi plpe . wltll ,. 

I"U,.,..1 dl_ ..... Of t2.2M ..... vall U>ld .... of 3.- 11 .. 1 ... ltn1U1 

of 6.ZIo,wo, .",4 to <onoKI .., ..,. eM tilt top of the _I .... try 

<1<1 ........ ,he 0 ' ..... , ... p ..... "'" <o",rol , . h • • T'" , •• I rol •• 10, .... 

pO$ltl_ .~ lho 90' '"t')' to ."" we t .,._ ... r", lCn.t>De ...... 

1\\\0<1 >tIUI • • 1"T')' ~ fOO' _1"'1 t ... 1. "1 t •• -"'" .. 1111/19 

UnI. .... '" trK! " n <Wid r.. ._ .. <1. 

''''' t ...... .. Ls of <oo lt"'l '011 ...... f_ •• c~ , .. ~. of lho <_to .. 

..... connoc"" to • <....", .. It ... "Hold .... f ..... lho",. 01 .. 1. pI", 

... u,.d to <& .. ')' tho coollft\ ..... n. .... , "'''"'_''. Hili ,.... '"'''''''''''' 

.... pl.e • • ",ry <10$0 \0 1/>1 " .... "tor '0 ,"Clue. hen IOS H' • ..,. tIIo 

41"'l" inl«>l •••• itll I.lIo ' '"" .... " of • M I" t_,",.", .. CI prH'UTO 

flu l'. It . .. pos.lbl. 1.0.", e l \1lllr "ea ........ or II ..... ,,,,,1 ... \ 

'" 



• 

I 

for tho <011\. 'hi II ..... H. .. fOr al. 1l1li ... Ur , ... Id bot ."","d ",log 

rou.ur •• 'ld le t Of' t ilo S~ IloctfOOIc turtll,.. fl_I''' ....... td. 

Tho WI,( .1,. , .,d :he tnNe-fa c(MIuitor .... ,no,,,. 'n fig . .... 5.6 .l1li S. 7. 

All ,ens'", d"'\«' .... _it\~ , .. tOri, Ir;JC:H'''''' I)n tn. 

rnc ~l."t 1M ...... u.lfd. "" ~ ...... " .... Pro ............ .,. of lMn 

.uhl,,,_'~1 t~bt •• .0 IIod 11.&'.""'11"' ,inUrte! ~I." ... ldOd at 

theIr tip 10 p.-o'llbi t IDH .. "Urtll9 tilt pr ..,. •. ~11 ..... , .... "rotios 

...... 11.<<<1 to • HI .f ,1 ... ,,,,,,1< d'fI ..... "t~l ........ '. c~l1 •. 'hi 9"' 

..."li'9 ,,",obots ......... do . f ,I.iI'.'<O"-i\"' t"~. ""I ell protrlldl<l 

so... 'nUl lilt 1 .... lIOOnI ...... of .. c~ suo'll, [och .. .,110'1 .ro .. <0.16 

!H! ~'Pl cle,n of.oy ooTldl l!y ""'1"'hrl, ~K.f1".Mng tilt .",bts .. ltn 

." .,I"'J 101,.,,16 volY ... I. proUeI tilt VI' . no'1"" ' .. t"-'>u 

1.-000 portlt,I,U .. lUI' . .... c ..... HI .. lng ,nit wille" '",,'ude<! ... " .. 

of 1 !1~ .... 1Id 11IOh~ tn ..... lOUltd btl .... tilt ' .","-nu. T ... 

,191101s ,,"" the ,"',.""",.""" ...... Ir.""f ..... lotO _n.u..r.s "III 

dhplo)'O'd Oft I ..... , .... t 10 1M < ..... "101". 

,nd n ... , c""Unuw. ' IKONiT", of tM .... ,}'>e. of 9'" ,, ___ •• n 

. l lKt ...... l< 1.It,....,u. <ormoca<t to tM <_.l.<Ir ...... lint'" 1f1U. 

1M oIe", .. _ul <_Ie .. (toe 1100). A <_.Ie .. 9.09"_ .... tltul 

~ .. ltton . fo .. lho "9<'10 ... <-1 .. 1119 of.ll 1".~"lS .nII tMIWIIC ..... ' ... 

• 1Id for lho! lonl"'l of .l1 <.r .... ~Of'IIII .... cia\.!. . T .. prog ... _ .-.quHU 

Ito ... " 011 ~.U .. p!\y.ICO I ,,,lobI ... DoU , ...... pre,' ... NIl, COli 

.ho ....... lIN f.- . W'go f or ,. 111 .... nl oT 1M port .... ",c of 

tho , .. Mtoo". If _,,"",,. 0I><e u.. progr_ Is 1<11c.d ""1.<1 lIMI 

t.-p<HH. <OII\r-ol Of clau '0V0l1 .... <-I. be t,..n<".,""" to ......... control 

PI~l poohlOM<l nut to tOt PFRC. ~ 11_""1 of tPIC <""'"'tor progr_ 

." 



------- -

I 

, , , 

-- - ----

~ --- - ---



'" 



is Il'IClu<1!<1 In ~~ncli~ ,. TM <_I .... cOinne l .ddrtlUI wltl1 tOo 

cOI'"ru9O"dl..g InU,.,....,II'" the PrllC, He I ISO Inc l" i!~d In till' 

,_ .\pporIdio. 

[he entire PrllC ,1 ... t .... po-HIU,," teltt<! UII~ 1M conl rol ,.he 

In tile! eo.lull 11 ... (fl"'rt S.'l. 0urln9 tilt PO-eSSU,", tlSl .... ltII was 

~ ... fgmo-d "ttll tile ,_tor fIIIIly of .olldS .ncr It _ l ttll 1_ .. lu .... , 

... IOU 100' wu .. Intll,," "" III In1I.-..et1U,dHfe ..... lll l P"'U"f"M 

loil nOM .. t ... 1oI\l'~' l .. ~s 1M otller .Ing. protol_ ""len ... "" 

"IKlt<! ... rt rec t lfle<!. 

n. 
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ClW'TtJt SIX 

C(ftlISS10~1~G ~D (~BlJSll()'~ TIlIAl5 

Arlor <_lui .. of u.. p,eH.h .. ry ...... ~ . nd teU$ .. tf\< ,.,.tIC 

tile .. i n < .... ' n.' .~ .. e l ,," <It._ltd and ..... firwbrl<~ 1., ulUI •• 

and too1\"9 ,,'heu were i"i>e< I.d f., "I 1>O«lbll 0&"'\10'. 

t~I .. I .. l ng of lhe p l .~1 and <_<II .. , d .h "'Ire lOt. 

to!10""led In the foll Olll "ll 'oq'l9"' •. 

{I) , .. <_,til' w .. l00cled . illl Inlu Uno on. <010 "n' "'I" 

,,,, .. i O<l ""I .,lng lho 1Ilf"ft -ra < .. figurotlo •• Thes ....... 1011_ bl. 

(I) HOI I,i .h •• i"9 tho ,hf"ft -fS t Onflgo,oti" wllll ,.1 10. 

d ... . ln1on. 

(3) 0401 V I.h .,1"11 u •• Ingle dee!> f l c""fI.,..,UI ... , till 

( 4) ~, ... 1,1< "log tIoo 10'0- (8 confl!l'l'Ulo •• 

6.1 t91.D '.I I<1.S lI§l lllO TIl[ TI«Et-U ClIIFIQlUTlIlll 

T~ col o t ,l.lI <)II tho III .... -Fl '1>1" 1>0<1'. by ,1",,11 OS_ling 

, .. ,_It ... ,'III leUI"ll • ..., ,U9t of ...... 1, 10 00~ .. 1 .. 11 the 

dull" .peell1eUI ...... ,.. "'Ilifle<!, ... t ll \he c_,tor "" fwlly 

..... led. 1.11111 ..... '''1 pro/ll_ .IIOC\OI00 ..-1lh 1111 f, ..:II .. I"!] 

.".. """,.1"", of ""'" FI " .. 1_ toe '01.0<1 HI..,." tM ')"1_ "" fulll 

",..lIl , 0<1 • 

'Ot bo" ,," <UfO w, l.ltl,l1y ...... 1 .. ,COJ In\'cstl ,.~4.1 

"',II,,!] VII p,e"'''' _ ICn ... till ... '0I11ed dhVIIluI .... 1111 ... 

toltl"'l prOt.<lur. ><0$ foll_ lor • 101M<! <l1", lbut.a ' ",log JHIU 

CI .... l ll lon 01 •• I \ ~' ... , .100 

,.,I.~ by '''''_I I ... !,III • •• 1,. .nd P,," lI lc <0''')10<" to the 1><>1 .... 

fS. lOt <),<100. H the lOp 01 the ",n"l"' WU "''''''>"IM by "'In ~ 

the o ........ d ""hI .nd durl"ll <ll'"CIIhllon d>l ... 11"' ...... ,etunoe<i 

to ti>t rs in 1M . bo t ..... SI'V-, 01 . 1ft ........ i on Q\po I t """" 

'" 



I 

to the _rn"" Of ~ <1(10"'. r!lII ll y • • itk \.tie botl<:. Bo;e 

<.,.1","11 OfItn to l -..pIIO ..... Holnl_trl< .. lo t ..... Of lJ'G 

on<l ii, '" p."N tnroll9" 1.tIe fa .n<! !g"lle<I to u" t the u fn, 

IfNI ~r)t\on of to. ~ ... lIolthg $y <ttol. TIIo "I " f .. turtS of t ... 

, ... IIeItI"'l .,._ 1""' ....... c"" t rol "'. I(t ..nlch conUn ..... l, _I tore<! 

til. fll., .i. In ,,1( • • ·.Iol, t light (U'/) <!elKtor • • 'Olll1Old .aht 

\/h i(k con uolled tllo n"" of ~PG . ond . pHO! I>Uroer. 1M p .... 

.... U ng uo_ "" .... 11t in it ,II U ...... "i ..... ufot;, 'til"'"' ..... 

~.UO<l in tho .... "'1" ." 011 fited .......... in • C",,""'iQl\ll 

boiltr. 

0.. <"""lUlon of t ... t .... "" t ... bot_ ,1>91 .• it .... 1 CIIPt;,lnl 

the ooli.o . the "'dill. rl dhtrt!>utll r .. 1\0 u.. __ r 1M the .1&11. 

nlg. _ . plletd 0" top Of t ... bo tt'"" .U9t ,nO ,.'u .... b, bolt ing tilt 

flu!/l" togother. After con_tins III I",t"",""" 10 Ih1s '1191 . I 

ol"l1.r t '''i''9 I>I'"OU!du ..... 1S foll_d. 'III P"'''''''' oro, . c roSI 

tho 'Oct'" <t'g, d!<tdbutor InO t ... FI ...... O~H,....e<! ..... till el reulo­

t t ... of .olid' ."" ....... tlon of the d""",,_r ...... tUled. Tho eown­
c_r ..... U •• , flr l"ll .olld. f ..... tile FI in u.. .iold1 • • 1.0910 to u.. 

""" in lhe >oltom ""gI. 
Flnlll, III til .... UI~< ...... ~"t to!/tI~" • • 0 tile entl .... ,._ 

.... . U,'led . 

6. 1.1 tol~ Id.h: o'"en".tlo., 

r ... Ike colo trllh on lhe PfBC I~. foll""lng obser .. llOIII ...... .. II< 

(Ill .. O"'U"~ drop •• "" .. 1M d istributor .nd fa ...... In "1'_1 

. 1th tht H.lvne<1 •• 1 ..... nd <in;yl1tl"" of 'olio, ...... onlbl, ond 

to"10 1>1 c..,t,oll td 0, .. "log Ihft Itr n""" ... 10 lhe ) .. I, •. The 

.... 1_ lolid, c1reulltlon " .. of 40 "'ll. ift . 1S I cMe • ...,. Ind , 

jIr"e"urt hel¢t 4;lgrl. oII Uineo .... 11. the .,. .. . 1. opor ... I"II It 

'" 



tnh dn:"hlion rU. Is ,~_ In F1j1\1'" $.1. 

III n. tnl on tilt ,,,,,,","Ii"ll ~1<tt .. w., ,"",".d,,1 tJlOu9h .. 

oIl'orYe< by iJa.~.i<o. d 01. 26 1\ 1 __ FI 1_.'01 ..... ,<_$\1011 

OCCY ...... "' .. tile •• lids Iyrh,. "ith _IH, f lllN wilh. 

,,.,,,,,,bl, II" 111 ,1"'", ltn1tl ftq til •• till .olld, ,urf" e. 

A ...... ull of tile 1'""9""1" bunlI"'l .f l1C 1ft tile f8, ""'eh ... 

• 1$0 Yhi~l. I f 01'1' l ...... d "'rough u.. "" ..... atlon pcIO"l .., t. tile 

•• rf". of tho rl, tht VI awct.,.. .... ,0001In""",lytrlpph'l off tht 

~&tl'" I.Y>_ ......... lnUrnllltin9 lilt ."""Iy of LI'fi 10 lho rt. To 

... n:_ Ihl< ~1_ tit \IV "'UtIO ..... pI" .. In • _111010 direc t ly 

"9po'itl tilt pilot h ....... r ...... It could _it.,.. 11"10 pHD! b ...... r 

100wd. HowI'fr. I I , ... ,ob._Il, .".rUi~ InU tilt p\1ot 

bIomer, \/hleh .... posltl_ I. tht f ... tIo ........... betloftn u. two 

'U!IO< .• n .1 •• p<.Lt "": by tilt ,olid. if lno ,_.tld.1 , .10<.\11 of 

tht 'In " hI" ... rf.ch". ,.1,.. ""IeI> .... eight \1 •• g .......... tho. 1M 

,.I.cit)' re<!"'.....:1 for .Jftl ... flul d1'1,,!! ,M.i t l..". Tn ..... lotHI .. 

"'-.... ,.. ... not li~"11 I<> be .... eh ... dud", u-. prehuU"III"'"IDII. 

ror IhI' r ... .., no '.rl"l.r _lftuUon,,.. .. Ndf. rurln. ..... . , I , ll 

~.2 HOT I Rlllt S l/SlNC TH( TllREt-rC CONrlGIJRATlQlj 

TIlo cool <_.11 ... "Iah ",1"11 "''' <o"fl~.otIOll ot till 

coot".I\.r,.. ... dh l dod 1,10 to'Q dlfferenl , .IS Of expert"nts. In 

tIIo Ilrst "l, _I "Ii <""pU'" 10 \llt top fB ""lie 1ft lilt >t<ond 

sel of .. ~d""o t ', cool w •• ,upp l lfd to lhe .1<1<1. fD. n. p"~H 

of 1,,"100 f.poorl_.11 .... trlfold: 

.) To Hildy I'. effocI of <""olt"'YrNol .ollds n"", "" I"" 

'" 
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Figure 6.1 Pressure _ height diagram of the three - stage configurati on of the PFBC 
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('l 1o Ifty .. ll9"t.o u.. po .. lbl1lr.y Of ~"'I .... ll1ng u.. U $I.u."re 

of I .. rs, . and 

11010 .. ~.,.I ... ~ Int_1Id into U. PUC for cor:!buUlon, • 

prtll_hH)I .... n ... . co,...l ... 01.11 Doing 'n VG ... I . _h",.e 10 ~" • • t hl 

"(,,,!.II" .." Ur , .d dd", off tile .ohl . .... <till In u.. \fllM. 

0 ..... 1119 !.IIh p .. l1..t ... .,. rLill lho tape .. t." of tOo ,"clo' w •• rollt<l 

".,.,. $1 ... lf to u. loo"t _rIt and UP! I ..... for \WQ hOU",. TO. 

\.eII!>O""''' ." tile. robll<ll»' IOO"t pe< hour "Btll 1M '1'1" ruched 

";Ih tile Inltru<:\ion' Of tho '",'octory .. ""foet" ........ 10 ''''\d 

""O""UI1\9 of lhe I_ ... t<t tOOll"'l' ~".f.(n • I"" . 1. n""ro! .... , 

...... d I""""l~ the cooling .u~,. 

In I .. ~<""r1_nU ... I ... Pf.e 00\10 ~U!Ol Carlll"" CN. a"" 

'"')Itl''' .101 dhldbullOM'" hcluoOe<1 In AP!>Md I. 1 • • oingll 

COl I OO\>fI<r woo u .. d In I .... IHto ..... tOo cool .... 100Ged Into I.l1o 

for. ll lhe <-.ott .... 1.1.10 • 110.".0 otorl up ond .hut "-' 

procedu,. woo foll _ . tM." 11."01 I. ",_10 a. 

6.2.1 . C,ertHHI (Oil fHd In 1l1li $lOll" fit 

1M <OIIb .. tor ••• Inltl.ll, br O<lVllI up to I_,U""" wtu. the 

.. Ip of lhe p..-II", ""toIO. 10,".c1 I .. p .... U\"'! 11010, c<lll 

.... rod tn \o tile tOIl .1.011 ond I .. .."f.rnd wtth 11>0 .olldl ..- . 0 

tho botloo , ugt. '''- .olldo CI .... "1Illoo .... llIe. ,,-d.net dot 

'-rl." .. in u.. 1101\(11 f8 ~01s.d to 6S0"t. Art.or \lit cool ' ,olted 

In the bott"" F" . olt do cl .... "hl\OI\ ... n_ and """ cool ..... fod 

'" 
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i" IO 'he top .lIse until the ll'U •• " ~rol!ns I" • 'I"~y 'lIU. 

va.!"", ' _TIU,,"U t .... <I> F"I ...... . tt .... '.d by T.sulHtog lIM! 

_"n' Of !-.en I ',ed I ..... ..,b Falnd IN ct",ulltlon 0' .olld •• ~IT 

... , ",od " • eo.li"' t~~h tho coils 

\" 1M ••• t 01 c"'Ulon trllh .. tho cool f~ " .. ".",ed f ...... 

tilt '01> ,1091 om! ~llced '" ' ho .uge 1>0 1"'.'0 .. to fOld (01 1 to 

tNt .ldd1. rB {FI!JI' .... 6.Z). 

Tn. ..... prohonlog Pl"OCcdurl. f oll."..",n >ee,'on 6 .1.1.. ,/u 

Iho uoe<! n. ..... 10 ,litH p>tTi"."tI both cool .M ello, ..... e'"",Hee! . 

.. 1"\1 fe;! elllllT I" tilt top .tlg. 0' .tddl. 01191 or "'" c_.lOO'". II,,, •• 

ob'e,..,otlo''' ..... l iH.d Dol"",. 

III In ." .tt_t to p ... IKt tho <0011"9 coih In t ... lion"," . U'lot 

, ...... ' ... e . ... "h. M.I .... rll.M GIII"I"'l 1M p ........ II"'l period .. 1M 0011 •• 

.. ,. ~pt .. \1 fluldhtd Ind tilt fl_.to 01 l~ to tilt Fe .... rtd""td 

CDnJ.d<,"blt. 1111 ..... ultH \0 0 polholtl"9 ~IOd of .... 17 It ............ 

~1''''I"g for I h. II .. " .. dod 10' tlot ."t. to ..... ct.. stud,. OtlU , 

.... Ieft .1. Ip....", I .. Uly fOUT .... n lltor 1M COllI "01 1.",ltH ... c~ f.ll 

"'" losteol fo, I .1"1_ 01 two l .. 1'OJur •• 

II) Tho ... 1"O&jtc l t"", 01 <1",.1' 11"9 I he .011d. '.0 foldl"\l <<)II In 

1/11 top FI ....... to acM ... cool .... lulllaIIOll Ind <_011011 ot 

fl .. l OUrt, .... , of ,,*lC./ldI~ <0111 ,.'tlel., 1ft u.., t.oll.(lll <I.ge IS 11 ... 1<11 

u~I.\ .... I. C ... ~tI:, l. Althouth u.. 11'_ did not Incorporlte fulllll .. 

fo. t~l\I"9 or ","H", Ir>g "'" _.1 .M q .... li ty of COllI ,01o , l1e\ 1 ... ln· 

~"" pn~ ,,",wle' ~)"h'"DCI_ ...... col1ocUd I" tho weI "'..-t. 
(3) Coo tra) of t'" ''"''PI''I\~TI .... .--.._, of ""u f roo 'n)'One 

of tilt IIl~ ..... Ie • • chl • ....s by l"n., ..... I'S ,01\dl In .ftC! .... 1 of 

'" 
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tho ..... rot,,"c t/II.n ~, ....... 1l1li hOI' , hroo9h '''" ,ooltng 'oil •. 

~.u , It .... ~I e .. ~ 10 <Q.'I("'I tilt I_"I~ of 111 \.II_ fll< 

oc .ocr t/IIic ,_ ... t~ ... j~oOtfttl1, portl, "lor l ~ It ' ....... '1 ... 

In I .. 101> fl .... . 11. "'"'l",reeI . 
(.) Tho I_rl\~ro In t,," 1_, two fa, ...... to bO 1000t ._ 

Wt OI,,"m.1 \tit I\tvolltl li llO 'OII ,dU<,ndlog Into tho I_c fa, 

"",Id 110' be ""',,oo!. 
(5) 51.,. 111 '-"'_r' ...... ot ti ng " ooorll ... pi"" it 

"" not r»ulb ll ... y foc 1nlll"U ' fo c tilt 'oltd< ... lilt ,OIl to 

bO "".,f.,.ro;j f .... tho \<III rI to • Ifi <ldlo fa 'n" I.p' lIoo'. ""t!! 

till ffil"'_ 50., .. 01 ' .... Hloo .... IcII l,,,,,, , btl ...... I" .. f.rrl"" 

,,.. to t ,," bo n .. <t,'It for 1M f hlll t.I,_t. 

( 6 ) To." .. tIIt .. ~ roc_reel I .... t,," f l ue ~" 1"'1, . ... <1. 

"""',,,,iol •• ''''''-I In tho uu .. r ID fit, < ... , by ... 19101. ~Itio M~" .01l4 

cl","IIt I "". I ,," <_nl bl .. In t ,," .. ~ llIe ........ t.o Oft' 20 ptr .... t. 

Th1< pol.,K ~~ .... tl>ctol ,oIl •• , lre ,I otlon or pro ferlbl1 IM...nI­

Ie"' <I",. "U",,'. _, to """"" "'" I ... 01 <_nib"' . 
(I ) fOldI", of , ... 1 Into till mdoll. rl reduct<! 1M _ , 0' ., •• 

telo' " 'OI l . T~" 1<><11 " 1'" !.hi, nOI.ll till ,_nib''' , ... uplllll r ... 

tho pnc. od91n1t.t<1 r .... tho <1 "",,,1l1li .o lid,. f",tIH!r In I"" ....... In 

111e Ion ofc_l lbl ....... doot«tIoII _ I ... "d~c of <011 .fIII lolhll 

frOll t,," botte- \I'> 1M to!' FI .... """"'teo! . 1, till p!I' ",nl~ ("'"V ... 

In .one l •• I .... tM I . .. of , _nlbl .. Ic .. t ho: \hrH-ra '1' __ 1 

to. ulc1011IM to Uot '.11 ... 1l1li h . t .... " 

('J Till .f,. d IUrltout\ ....... q .. M1t1 01 <011 I~ t ... top filM to 

(~) IF till <011 .... 'H Into t~ lO!O FB . '0 t,," f1 ~, pro"., In u.. 
fe.d . • nd 111\1111 , 

«J Tn" f r t\l\OtfIC1 of c1"'~IIII"" of .olld •• 

'" 



[81 COOIb .. II .. of ,Me I~ \he toP F& l/Id < .. 1.01 of tI>t _ , u"re 

1~ In t",n Fa. of till ._u.e .... ""t Ulny lo~l ... o ... ,nl1 bee'''11 

of "'. '1~~le 111"111 .. l_ctW .... of eIIle lrod "'"' 1 ... ~; ... _ tl_ 

of d ,"e I, tho t op fe. 

[91 I t .... pOulbl. 10 O!IIeltl till th ..... · Ta ,0IIb<0<t".. u d-.cri!>e4 

la jIlroqruh I I I of ~h _ l ion u t hh'todly ..,11,ft ... I ... finer 

lractlon of .011 particles, wl U, I df_ .... 1-.. ttII" tioOO ... . w. 
_ ... f ,.. !lot , .. 1 f .. d. 

(10) Tile rh ..... clM"-UP ,,<1 ___ ~ II a..lgned ,ocI 110 

!'()Z or 1>Orllo,, \01 . ........ d.tKttO ' n t ho n.l<k !lot. All l ot un ... . 

,0Il1ette<! In ....... , " ... bbte ,,,,, tllen _1<1 lo to till uttl ••• Tile 

floc,,, l , nl ~u " '1' . 1"OIh ... "'" tn. 101"llon I. t .... ~ttl" .... ot • 

pi! of brtllfen ~ IIlI 10. 

Htu tile ,,,,,,,,lltlo, of tllh .. t of not trio!> ",1"'1 till t.Iw"ft·n 

(.OfIflgv'HIO!I willen lUted fo, • \.C ta l of th r ...... . . . t"" ,.,..,o". to.~ .. 
......... l.d for Inspeell.., ... d lhe 1011"""9 oboe ..... " .......... M<It. 

(0) _ crack d.,oloped ocr",. t .... dlurlb"w r of In. ~1'''I1. fB. 

Til" ..... ttd""~ . fl,>tly, to ... 11 ~P'G ", . hl"'" •• ph,' ... wil l'" 

IX''''.....:! til l ... 1M. d;nr1~"or d"ri"ll tM p ......... tir"l ""rl od "d 

.. , ... 11, to lee.1I • ..., IllS" ...... ' On .. d ••• lopO<l " "rl"'l till 1_ 

~r1ed . 

(b) 519"" of .ro~lon ....... ol" .... d o •• 11 horlzonu.1 p.oru of tM 

<0011"9 ~oih t>eco"v of iii< .. rtlul 100_" .f tilt $olld, c,,,UtI by 

solids baoul . ;"11 ood dl"C1Jlllfon. Till Off Kh of I'" • • ou,h .... t, 

1"""rN<i oIurill9 lloo p ........ \lng porled, ...... hibl, I~ tilt f, .. Ooo .... 

...... "'" "" dh.r lbYtor obo,. the bottGII TS . 

'" 



I 
I 

{tl SOl'! Of t ... orllk .. fill U. wyerGS oe~ bIOd. ~ by . I r<! 

pOrt!<1 .. and n .. nil. Tllil Und of 9robl ....... ""I eocO\>nterN i" 

t .. ~.P<tri."t.1 ~stl usin; l he •• tn- . f 111)'1'" (SKli'" 3.]) . It 

to <>elle_ I.l101 tllil blD<~I"" D<~urrH when c.,.. 1 .. " <_uu.' It I"" 

I lui~ili ftl!lol ' .... Iocitlu (ll .. 010" u,.l~ of [,2.1.). 0 •• 10 till 

P"(Ipe.t1u of ..... Ii .. ,,," .. II tlIt """.operltl .... l .... Ul<el could 0'" 

lie clured e'" if hlp ps nuhtlli"'l .. I.~I ' I ..... '. ,,04, 

6 .2 .4. ~u ... 'hl ItU .. 

A.o ..... It of tho o\> ...... UI_ ... during 'M <_Itl ... ,doh 

"" U. Ih ..... ·rJ Kit Ind l he IM,*,I .... 1 'ho Mlln c .. o."IO. ort.r It 

..os .... ,..,Ied. 1M 10110001"'1 e ... .,. ... ~ .. dl: 

(I) The 11 .. 1", dhv;wlors 100:1 ._< ............... ~llcf<l wlUI _I 

... <It 01 I l() Itoi"ltn st .. l. 111 ... dhlribulO" ......... de 1~ r9" in 

oi_l.e, for .. ,'-t ..... , _II. Tilt)" urH<1Itc: btYGfld the gnm~_ 

'HI' ,hell •• h t h.lt cool. n. ,,"Ign of U. 1<0'0 ........ bowd "" VIe 

U. principII .. In. ..... "sod for t .... "".Ign of ...... 1 ... 1", Wyo ..... 

t.l\!uJb U. ~ tuJ,'ttt, hlol finly til,"" or lfl tu 'M ....... ar'Jroged OIl 

I ... llIrI~tor pin. In I trll.,.llT p.o,~", IS dn ... In n ..... Ii.l. 

T •••• t. lhe p ..... , •• , .1GC~ 'Qe . f tho '"Joe'" 0I'"1Ilc ... H~ .. ~ _., 

$lIfu . lhe top ...:It .... f \.tit tU)'t .... wu .... lfl.d '" U .. l no •• 1Id. 

""uld .nll~ tbe .... fle ......... IN De<I .... "'f1~tdhed. 

(2) lO .. duel tho 11190 lou In c_lfble' .whi<~ -...ted tI 10 to 

ZO ~r cIIII 1>7 _'tilt of I'" .. ~._11 f l.Idl,lng ~.u ... rl ,,",i\l_ 

und., \.tit dll<","rvt 1M •• 1 IN "-"_rs .. ,,,-> In Flgo.I'" 6.4. lhe 

'WlIpl) . 1 .tr to tiltH p,ctl (~"Id lit _til) <o"' .... l1.d III • • ",Uf'j It 

_sibIl lO con,...,' the ,01ld. , ..... f" .IIMn t .... "woe""l.Or. In 'M. Wi) 

tne ,.11., .... Id.ne. Ih. In 11th r. c ... ld lit du .... lntd loo:I.penc:llnlly. 

'" 



Figure 6 . 3 
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Schematic drawing of the stainless-steel distributor showing 
the pasi t ion of t he dOl·mcome r and tuyeres 
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(l) I .. pralll_ of overtluUlli duri"'1 t hl p,.. .... thl<j pe.lod, 

""1<" "",14 M.'It _" t ffocu on U. nll.les, UNI distribute", 

.. re .oloft by U. !fI/;orporUlon of tho t_,..;teI tl1H' _., ""ic~ 

could offer .. tt •• l_ ... t. ... <Of1t..ol durin~ pr . ... tl'l, f oo. 

bumen 01 I sillll&r I»sl\111 U ~ 1ft ln~stl9l'tt<I In IotC t llll\ J. 4 

",,,. o"l tl Of1" In pl oc. 0' I"" tlctl"'" ra Ol, t .lbu tor (fI!/U" 6.4) . 

The bu ...... s ......... t.td It 0 ""It .... lIIOt .f IS ~1I _" otld 0 c_ 

1~1 t1 ... 'U"". ,ocOllll • ..,. ,I . ond ou~' , lH'" ...... >«1 for on lou. 

bu.""". 
6.Z.~. C_ItI .. trl.h .. the """if loed 11'If'ft..f1 .-..n .... 

I"" ,<l1'li>"\0' ... , ......... 100 otld 0 , .rle. of te. ts ..... " "ltd 

.... t I>l' f.dl"9 cool In t .... Iddl. TB. The p.tUure of the ~n •• 

w" .ohed to 4 bo, (ab ,) ,nd ,olld . .... . <i r e,I .... d o.rOU~" the 

.,..teoo !.O tnt the _ downc_n ,tid t •• l ... ~ the ./ftCl of the 

f luid l .l ,,!! pOh. A< .os ..... 0 .... 1 .... '11 IItn ti ooe<l .... '-19'\ of 

,olid. ,. the .10cI1 ..... \OIl .togo Tas WI, flo .. by tho eor •• ,~oncIl"II 

""""c_" .nlng 0, .,. •• fl"" plpu, _ .... the .olld. In tile bott_ 

fa e .... ld .. dr •• ntd ,.., Ietel, o..OU<i" t he , • • h • ..., ieh .... ,e t log 

.. on "_,nOlI ~ •• i ... Oje pho. h IIlnlool,. \./'Ie fIO<.lb lH \jo of ."'" 

• ,1I ... tl"" occu,'I"II. "Mch cau ld denroy tne ... 1 f o ... be",,"" thl' 

-.c._ . .... U>e •• lid, 11\ L~ bOU(.8 rB . on •• tr. ~~ ~g of .ollds 

... , •• dod to tilt P'fB!;. I~I< .... Ilso oioor<l . t .. ' 1"'1 !.lit .01ld. 

<I ","Inion . .. 1., ..... ,.I, . i "'.l tN nlngen! e .. dill"", go,,'nl"'l tI>e 

, i_log of till< _.Oll .... The ._,.. folL_ f., VII cl""yl U lan 

of lol1 d, i, lin'" btl .... . 

(.j The Wilt .... Inltl.lly prth .. ttd 1..:1 \./'Ie 1. 1 ..... 19I>t of ,oltd. 

\A , t ... "" ...... to HIt olddl . r e. Cool wu ~PIen introd"ce<l I"to tPle 

.16,n. fa until til. 0X190" In t~. 9"' I.u ill') tM' bed w .. red", .. !.O 

". 



1." t"n ~ PI' cuI by .~1_. rho cOol I ,"ppl~ wU U,,," int .r .... ptec!. 

(b) After tho ""l90ft \. UIt ~ fa' HrU ..... <I h><~ ... ~ to I 

PI' cont by .01 ... . u.. eJICH' bt<I .. tert .1 vOl t".,ferP"td to tIMI 

bott"" FB .... ~0I 1 .... l!IItn 'ntrtlod""M In\o tho ,Iddle fa. 0.- the 

0'1~n In ~ g.U 111.1"9 tho tIOttoll fB had rllc .. d 16 per CeM by 

.oho: .. ' ... """, "" .. te~ll\ ... , wltlId., .... I .... t ... bottaoo fl Ind 

lifted "P to tile 1.01> n. 
(c) f ,,,,,111. tho •• 11<1. we ... ",n,ferr'" f .... t.IIo to. t..(.~ to tho 

.tddl. fB 0"" the 0Q'9III I. tilt tl~ gn 1.lYlng the \yltl!lll h.d rhtn 

'_1 ~ Plr cent by "",_. 

6.2.6. ~lttOfl \ rllll 0fI tho _tliM c_stor: ob<cnt.lI .... 

(1) rill I.-rna b"rner o;>e' .. e<I 'ills/lelOf'ny. Pl"O!ltilIJI'j 

Plrlads of fo"r "OU" we,1 Ic~I. ,od 01 deCrllSl1l'l tn. ,.,0"'"r1 II. to 

tile ............ _ .. " to 1.-: ...... tho t.. .. ". Ilfet1 " ,I_r "''',." 

'll" lAqIe'"W .... 1,. .. 1", u.. _ .... _ ........... , o.u.. '''''''9\"'iI • pro-

110ott"" !'Irlod 01 I h, """". 

(2) ro. .1" t riIlM ,000000stlbl ....... rlOUCIO to bo_" 5 In<! 10 

po. unt by wight of tht .Iwtdlted riM, 1 .. ,1"'1 the t op fl. 'Tl>t 

fl"ldlzl", !'Oto _ua4 ,,,,c.,,'"ll,lnd U'It solid. 1.".1 I. _ f' 
• •• Indl.ld",111 <OfItfOllM. C_nlon of cOoII .,. c"""nlAted I. tho 

.. 1<1<1 11 ,Uge 011<1 HUll ~OoIl .... 011--' to ruch the bottaoo 'U9l. I" 

thh ....... 10<' <OIl wu t,...ftsportod t~!'W9~ tOe pne_tlc ~",, '.~or 

un 1 .. 11$10. lJws <_stl ... 10 tho I0Il FI de~nded ... till 11~ .. I.ted 

<0.1 Irgoo tn" a lddl. n '"ther thIn U" <1","11\0<1 cOoII .11 tke 

"", .. tic liftli ... It.,;u thO ob""t;I u., t ._ <,.,\b,nU"" took 

plj(t 18 tho IlftHne ,tid <1<1_ boa",.. of lIIo 'ypPlltd ,i. "<<<I lor 

*roll"" of t'" I •• 1u" • .-1 for 11(,,1I'l the .oliot<. 



(3) TM .... l~~t 01 .1~trl &tto! .~<t lbl .. '~ru .. <1 .. !t!> tilt 90' 

.. lochy "'"",'II> IN ._n,,~ .. '" Ol <)01 .. lOCH1 .. In • • ten of 

6 . U tile HIt.'", st ... 1 ,"'1_ ... gan t<I gl ... lndiciliog Inl liQnt ., . ,. 
<_OIl ... of tilt fin .. wHII 1101 • • co" •• ~" I n tho II .. gil, 

(4) 1n ~DHI of tIw ..tUlatl ....... dOI to tho PFIe It ... ,tlll 

dUfI., 1t lO .. In\.Ol o III llrH rl. H ..... rlt"r .. lbOYt 601ft ."" 

~~. 

(5) CI~IItI ... of soli$> .... 11 ... p ... lble ot Mgller 'l"UfI 

pr."", .. ,, • .wI U" tll .... 1 _r of t ho PFIC ,,,,,ld be •• .1 .. , .... 110 

~W ( t l tt l.l !>I r ( . ... , 1.0 300 ~W(q Ol 4 .. " (Ib') . 

(6) 10 • d'H."'nt ."t of • • .,.rI_U oolld. '1' ... lu,on .... 

<..-pl.llly Howed .", ,'>t bOt«- FS l, f , to ,..,1. 1M _, w t put of 

tho S1.t ...... S d .... t!Cll ly reO "eo~ be","" cool . .. bu r.log In t Oo 

flUldoted ooollKJrnt In t.IIe u.p FB. 11 .. Iou of cl:llClultlblu , u t i_ted. 

Ir .. t<>to l ,orloon burn"", tUh on , .. U • • " ...... ',"1011 1 .... Yo I" .. 

1"",luted ......... 11 cool c-.... ton Of G.t .. 9'l IItr ,,"t. 
~, 2.7, S-nti. , . ctl ... . ' 011 ... 1"9 tho lOH. on ' M ooodtll t<l 

th,"·n !'Fie 

rol1 ... 1~ tho 'Ith cool tGlboltlon . f ft<lency Ichl.¥04 Wbift thO 

PfBC .... 0!It ""te<\ wl UIOI' l I~Hd. <11"C.Illt"" . It ~ •• dKtdtd I<> tn .... • 

I t!/ll< tilt nOl1-.: tl"Cu l n l IMJ . yo w. clo •• , Ind ropO'1 ... III pe, r_"" •• 

"'" th ..... ·fI syu", <0IIIDu1l .... <ould bot .I.d ..-. "",,·.oltd, <I.cul •• 

tlon conditiO<'!. \I • U<OIIII <<>oi t.tOe. " ","" to "lPQly <Oil tI;I IN 

bo ll,,", r~ (fleO l ng of COI l 'n lilt t~p fS w •• uMnlr,bl. duo to . Iu tr ll· 

tioo 10 .... ). _ •• r . dllt to tilt <_l .. lty of .uch. I),,'. I ' ..... ra 

coofl9U'"tI .... 11 <ho .. " In " e .... I", di, ..,.11Ju1Qo" of tilt .U,II . f. 

WI< _ .cd . h. ngl ... 1110 IhrH · ra "I". to • <_stor .. It~ I .... p 

'" 



IIoOttooo ra aool , ....... 1..,.11 .n' ' O!' F8, 10 I.." ••• Ih. off l, I",,<y 

of ",10 'Y,t. tile ,,,,I f...,!o .... _ •• f,.,.. tile .I~ I ..... ! • .,d 

~ll<td I, lilt boltM HIt' 10 tllU co.1 cOllI~ lit ltd I .""" ••• ~ g.I _U(11I 

" I th I I .. ,n.n I _ 1.41 __ 'oul. al ... boO • • e<! .. a IN. ' 0 ,"" "'IC 

~ " ....... '1< dr • • I" If II,. bOo F8 « ,.,11", ... 1 ... 01 "'. PFBC h ,hI>WO 

In 'i')'_ ... 6.5. , . UIId;7 the rH"I U f,.,.. tile 1>0\ td .h .,j "'l • tWO 

rB ,y<t ••• u.i .. Of un. "",.. .1 .0 t"~I,~ 0"' . ", log . 'iog l . 

~oep n. 1M. "u oeM ...... bl .--_1"" wu. t"" , n,e ... toge dhtrlb.t." . 

6.l 101 1~1M.$ 1)$1 ... II![ NH'8 toIIflWAAllct< 

Tko .,~ of \no" trl." .... '0 ... If" t.I>O ••• of the w. rl ••• 

'""'"" O"oout U.,. 1M •• "',.,. , .. 110 <0".'0,11 ... to t~ ...... 11 

Cff1ticrKY of tl"lt rrlK. PrOII"rel gf "~ to I D" II~I) >itre "It<!. 'gr 

,oo.I'UtlCl0f .......... 1" DO" or "'" •• pe"",,, ...... 00,,1 •• 0., 

•• I"'l 0 .. I)''''' 01 , ... 1 !"p~," 7(1)" A , ... 1 .lth. O"Y ~I ~ h nh 

,oot.." (10 pe' co" .. ~. "Pll' ''''' I(e!} ..... 1'0 ,_.nt ",I", I~h ,oM !-

~·"I"". Looo • • p .. , ... nul rvn 1.11011 bO_.., 2 a"~ ! ""'Y" -,.. ..... 
"10.10<),1"'1 nopp.r> ...... '''.~ ~IUIJ 0.,1',,111 ..... \00"0. l/II G!,ht., 

(""I ... 'e4 Into 

tho bot'"'" ~H' ra. (FI~ '." 6.S1 

110 ... ' l .... 4 .. J I,,. ,~,_.UI' U,,"~ ""lnly .1_. t ~<!U!l " U"~ 

'''11 ~t\ .. "' ... tho w .. a " U-.c 'OIllt'l lor l '>c l_rl-U ,0011"'i '0111, 

'-.UI ... I rlal. ~.I"'l •• 1"111.4.<1> rB ... ", ,1.0 ",,10<1 011! I. 

e""J"",, ! I .. .. Ith Ih . .. ,,~"I_M'. e...,. ri •• n G< t ho two . yn_ 

I, In<Iude; In tne 1011 .. ln g ,OCI1 .. , 

'. J. I. t-.."Ion ;rh l" O~ .. r"t lo~. or'" ,,,,, I . 1. t.trp •• Utl.n 

(I) AN 1).h'>ll U!e !I" 1 ... 1">11 t"" ~ott,. Ie" 'O~ rB . for a, . nO 

COl .tIC! 11<.1 ..... 11'>11 . n ..... 11 ~ .. ,.tI1I .... ,..I.nu on tne .y"'" II 

"" pOo.lbi. to ,.to .... l ... , ... "" .. ""Ip..o, o f tho .,.t.. OS ... 11 .. 

'" 
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tho Mil ou t put of ,M bot~ n. S_ of the ruuln 011 tnt " .. t 

1001 ......... ,h_ 1ft fl!JUre 6.'. TM 1_, ty,,, .no., u.o ou\po' of 

the be._ bfd os U. cool foeel rUe .... hc ... utd U t"",Uft' .i, .... u 

• .,. to,"'" pr."u .... Tho top <~ ...... no. •• 111 tolll he .. 9'''''';'''' of 

the .~n_, .rod u. 1""lc"I., ,..gion 1ft be......., the <I,"'" ._, \.he 

w,.d~'i "" .. d. by tloo t.op btoI. TIle _ .... iu l ...... 1 ....... ""hl .. ~ 

I , ,oe fo ll .,..I'1 tl,,~ur. r ..... ng.re 6.6 I t ... ~ b. cuclllde<! thot; 

(I) At 1"" tool te ... 'UIl.1Id thu. "it" pl.,tl of ." ... ' \'. \tio 

top Iood coo,.I""'" .. .,. littl. to ,M ,_"",,"" ~Qt ... ,. 

(b) A, tl'lO coo, f.-d r ....... Iftcr.,.,ed 11'10 .,.,,1.,04 ,001 

, "" ..... e<I ..... with \I the ,,,,,, flb. ,I,,,, of lhe l !>p Fe. 

(t) A drot 1ft u.. c"",ribll,l"" of I ... top ... OH ........... h;g'.' 

co.1 liN'drot ... Thh .-liM be due to lI~t1tlon< 011 'M _un, of cool 

""dod b~ ,n. 110$ ....... IH""II the bottCll Fe or tlw nigh rot. of 

'n ........ hu, ... lH" .. tilt Uo'chl_trlc condi,l"", Ire .pp,.....clotd. 

(t) Tho .... of ,_ ... W .... IIId p ............. 010 ... d .... tilt effect 

011 tho rel .. I,. c_nlOll of till boltCll 00111) bed 'nd tilt top ... , or • 

..- In Fig ..... '.1 and 6.'. 1ho I',erlelloo ... _ tilt ",I.bl .. h 

cO£l)l • • : h ____ , . till olots ....... 4 to <II<>< til .. till top ... ' cOll.rlb"," 

,!lOUt lQ PO' "" to tlw '0111 ("., ... 1011 .. h~ the r........,.,t of .... IS .1'1<1 

Iho !JIlt the hi9ht. tho OPe,utrlg On" ... , tile g""" lilt conlrlbo. iOll. 

Th l .... , or<Dnl, ... 1.Ud to 1M ,"" .... st<I e'. t,i"l"" ..... . ... 'lit cool 

1 .. ~I'9 of Inti ~$ It ...... .. or"'"I"" ... nt UO ., ... 11 HOt ...... fo"OI"'. 
For u.o lOI> Mol to •• u.ln <"'bunIO" tM t ..... rot<>r. "'~ to bt 

._. c"n.. '" .1._ ,"-... Wrt, ""Itt, ' " I ... cn .. of lM yort .... 

c.o;ah ... h"~ 'ooktd It tl. bt ..... f roo ftg"'. '.7 1.0 be OI'ou' sao"C. 

1M. ~ .. t ........ prol>OI>I~ ... 10110<1 to till .u1.O-II"ltton \Mpo'H.re 

0' ,M ~ .. I"I1'st<I .. /t, .... lelI ...... tlutrl.ted Into lM tDp bH. lho 

rlto of <_.tioft I" ,n. "'p boo_ w •• <Io1I"'",,"nt on IlOth , ....... t" .... nd 

,. 
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1.0 h , II") 0 • 
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'20 100 710 
TOP' SEO TEMp·C 

O~ ... ' 0111_ in u.. ".lip fI dttA,.l,.. ""ri_n~ IIId lu 
~, ~fIC' .. tho to, n I ; a,.tII .. for dlff.rent p ........... 

PM t"" ot t .. ) pc i nts ..... dtt~ .. lnod ",I ng t~ ~ter P"09'_ 
,pcL L~ to tne two-FI re'clor. 
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I 

~n .. wn .1Id if """ .. .-..I tllat the r'~"" l'I"_tl .... 1 to u.. 
P<'IlIura,.o>:I Old 111",,1. p_r~o>:IflICI'" I_rotun (fI".... 6.9) 

.11 1"- dou far 0 .. octo. p .......... ..,.",,1 to 1 b.r(.b.) ~ould bo ~ly 

0.&.1 

....... c. RO I, t ...... of 0""".111 ..... preu • • II 1.9 ",,1 0'Y9"" ,""S_ , , 
por OK por _ bH ''''', p II lilt C-..'UI' p .... " .. tft \Io.r (obI) llId 

, h IN bH ,-,n... I, °C . 

I .. data for IN top bed trOll rig.,. 6.~ w., plotted wi th "'I 

_lhul ... "" UI fi.,...... '.111 ... '."Clt"" of tile "')'90" C ... U"1 of 

~ V .... 1 ... 1", tho bo'W. bed. 11111 "'lullOnt cu, ........... dhtln,' 

.... 1 ... II around 1.5 ~r '"" 0'190'" t. lilt 9" " le .. I"'l til. boU~ 

oed. OM _ ld It.peet tol< ,"'po he.rht;""l1, ~ .t low 01lJ9tfl """ .... 

trltlo. f "", t he bOllOOl 11K tM,.. 15 ..,t ."""~ . 'tr" fO<" ,_III.., 

I. tilt top bod •• hlglo ''-1!;e" C""'lfntrHl"" trOll I .. bot .... bed _101 

i ... l, Wt c ...... 1 ... ,. 1M bot .... boa 11 ..... 11.11' ,-1 ... , or 

.ner""ti •• ly "lI the '0.1 hold .p In< bo"" •• trot ..... , ..... f .... tho 

,. ,., .... 1. w ......... , .... deullte! ....... " 1 ... 191'1 .. , tho t<III"" 

w" roost oft.",,, II 'n "190" In?"t <oncentr.ti •• of l b •• t 1,5 por "nt. 

1M, 11'1'''' ...... '_ ... d '" 0"-1 1Il to 40 po.- u.t •• ce .. olr to ."-

bot .... bo4. OM _ld no ....... 1,1 opt<ou " ,. , ..... ,tr 110el .. ,h 

ir.lIer t~o. t!,fI ,.1Id 01>1\ .... r. 1. If f.c t "11"') Is ,hot OUr tOl' NO 

.... lortu ... talr .. st efflc1'nt It u,. _1 .ort Of . ' tltn .Ir r&ta 

•• td to ,I ,_,lion. 

". 
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0,'" IN GAS ENTERING TOP STAGE 

O-<nen '-.01'''' ~.toI 'n the t.~ f! f ..... , l1 ... for _rot~ ... 
01>4 pre,," ... tIC! IU ,.., lnl ... t o tile rerctflto9t Of 0<Y?t" I. tn. 
'JoIo1 tIfIl .. i"ll till I"" rB 



t<lU14 boo _roCMi "lCc''''~lly wi 1.11 c~.1 of ' , 'y I"" C<l1CW"ific .,1111 

(8.5 OIJ/<g) . Thl ~r.n ,.,.1 <_ .. I"". ~_.er . "'s ,.<lu,,"" d .. til tilt 

.tg. ' 01_ 01 ,,,,,I roq u l"~ 1.0 'oHlin <-"111"" 10 U\e fa ofOl u.. 
fI ...... of "'* < ... 1 IIlr tld .. 10 .Iot feod. r,,," fly U n ... ly,l. tile 

.. ~ro\ I ,,,,,I cQII .. "I"" \01 .. 0' ''')'0 btl"" 9CI IIIr cen •. 

(~) t_rl~ tilt ~.rfo""'",1 of thO .I~ I. 'n" ..... -rB IY"., 

_«ted ~od.r ,1.11,. CONIitl .... I. a)' bI concl .... d tNt : 

(0 ) 0, ... ·1 ._HI"" ,,1 1.I1 .hI tIfO-n .y .... ,," """ .1"" !IS 

per cut ..... n. <he co,1 ,""""Ion 10 IN .1..,1 . fl _01 .. 1"" !16 III' 

c.n, (.'fid.ncr blsed "" 1.OUI Ur ..... tn flll<l ...... ,/>Oust 9"s). 

(b) • hlglle' c.l1>"" <".,un. I n tho t lu"it ... d fi nn f r<n .1>1 ,Iogi' 

n c_"to, " .. 0IIS1f'ft<! In tM 111'91 ",,"ttle . I IU os ,.""" I. "e 
fly uh ,.,ly.h in Tlbl, 6 .1. With tnt ._rs cooflll" • • I.., the u,_ 
dhtr; IIu. I"" _" .M "","1<1 .. of fly u • ..o , 01.,,, IndOlHI"clrnt 

of par,I,I. , in" ,h..., In ..... ,_ Inlo. I ... lGI> _ "" thtt't for. 

., ... ffeuhe In ",,01"'1 up '"" c .. _ In I." lorge, f ly". Plr.lc1 ... 

I Iot full fe_' .., OIl <_ .. I"" w ..... I og \1'1 _ fI.,. .. 

un .. fo",," 1. R,f.",",e ~B. 

S_,hl"'l tht ..... ,1 ..... 1 .,.,r~. «Id • .101, an d • u r i., of 

<<nbulll"" uptrl .. nu 1",11"19 fOT up ' 0.1"" dOy-< wee u..,.l ....... on 

"'" Wit . ,II< < ... Ha.or .... ,.,,,. ,,,., Iy 01' .. 1\'" .'111 'n .... fils ood 
",I>Hq_Uy b) tho _ • • 1 of .... or boO. 10 t ...... 9" dhtrlr..torl .. I 

two· onO • "". ·n <_s_ .... """.h.ly. ,,.,.,. e'IIIH ... U "" ... _ 

.h ............ -fl ~_I_ off ...... u-o b ... sol ut1on to tile Qrobl ... of 

,-.. .. lbles 1" .. 1ft t ... flut ,.. by .,lng u.. .",,11 .... ~ fl .. 0 _to 

OU,.,..OII' '*11 . I ..... oho._ ,.,\ ,1",,'0IIon of ,oho ... " not 

ceq"l,"" 11 ttl,. ~ of ,_tor ", .. flll""I ("""" , ........ _.or. 

On 11IIlO'''o , UH or .ho .. ,,,.It. w", \.0 tn •• M .. ~\I<d ..cIel. 

dorl_ ';IOufieollt fo, .Ms._ of ,_.,to .. . .. its .bl1 l.y to 

'" 
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predi~ t tOol "".ro .... "'" .f <0IIib",\0", with ,1.l l . r lu tu .... A cOII!"'rt .. " 

bo_on tno _..,.';_nl.l 1..0 lIIe.,...ticol rel"lh for t.ne t",,-fB 

conngu •• t ton I. pn~.tocl In ~ follo,tlII'] .lwpter. Tbe ~,. of tbe 

,..t~tlul ..tel 'or tno ~redlc t ("" 01 tno ... t tr,., I .. to tilt 

cooltn~ t0110 II .1$0 hc1 uo ocll n tho ._ . ~.p ter . 

'" 
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tlWTEl SEI(II 

""L1tAllOll or THE MQR[lltAI. IIXIU. r Oll CtiIIIU!illOll tI tDAI.. IR A 

TltI-fl PFk. tWAlISOli tnWU a'UIIl£~IAl AI() TIfiIR£lltAI. I(SlAIS 

rtIl T1£ ~1I011 01 COAl I. I. l"III3-f"l ~10lI A.'CI r ... 1M( 

JU,I T'WVU 111M ctlIIll" !:OIlS 

1.1 APPtltATlOll tI T1£ TH[lIt{lIUII. lUlU. fOl tCNllSTlOII Of 

taAt l~ Tl£ T\IO-n tcMIUSTOl 

rOo dorhnlo- 01 111<1 .. u....lul _I fQ. "",I ,_"otto- I • 

• """...:In.lut", """*,. ,_tor vII ' .... "nltd 10 SKII"" 4.2. In t/lil 

to.pW. VII .. 0.-.lu1 _I ., ...... 1_ ."1,, ,lid ..- 11~\lfl-

uti ..... 1ft"' _ to It .. MOI ............ rclO flftdl"9 .1Id "".u..­
I"nstl"tor •. 

Tho ,a.p.lt.u l"",1 Proced .... de" . tbtd I" SK,;"" '.2.4 .... 'l\PlI.d 

to u.. """,(1 1)'$'_ I ...... cII cOlli UIIIOlO1tl_ I.Uw. tilt .~rlnl"ll , ...... 

_1. (qoerl_u 0- '»I<ft '-.tl .... , u.1 I ..... 11 rl (*11000 

1.1.)) ._d WI. cOIl co. boo ' .... 1" .. elll •• fIIII tor p"K'" of 

,.10111" In ,ho co.t can'" oe<)lected II U,e ,1_ f., .oolwll ..... 0Id 

"""'"111.., 0' tho ' ~llI llel 1$ .... ch ,hortar IoU th o ~"'_ t t l_.' 

V>t "",I~~ .1 .. cool ",. tlcl,. 1110 "\II 01 ",r,lcl. 'hrl .... ge .111,11..0 

."",d"'ntilly. 11 <OIl iHmI. I. tilt p .... ""'. of lolift>. _ .... 1H_ 

Z. 10-6 .0lIl ~ • 10" 11/1 ... pttOdl", "" c_Itl ......... tilt I),. ef , .. I 

1u"-'U<lI. tho _II n. ri", .... A.I.l _ t.Iot ' .... lftUtt ,.to 

, •• two dlff".., ........ Itt" .f cool 'f .adl", •• O .IlO~ ....... 1 I. U. 

_II rl. ThougIo the ,_ \)'lII! al ~OII .... ,lie dillribvll ... .. n \/lid • 

.... Gl ffe.e.ol C_I "" oIIlIlnH. IMI .. , ... ......... ted UI tIIII 

dop.",",,,,,,. 0' the 11It'1 .... ,. .. I.e of tilt ,.rllcl" ... lhi c_ .. lntl ... 

of o.yOOft I" ,., r ..... Ith 10 ... 1""1 .... ~, till r. COIl 10adl'9. 

A tnto,.t!cll .. ~ ... ul .. of t ile 1">'tlcl. Iforl.Io.. \IOI ,.I.e .... I" 

.. 10\1 .. to p., •• tt .... 11 k. ~O"ct"t.llla-n of ")Ill" In tho .1~1"lt~ 

., the ~~I po.tlclo InII '_"'"1'1"" c!o .. lopod ~1 SU_o ..... ,. 



J""~Sg. Tile), .. pe.\_~t'" 010 b __ ,.01 ,~" u, jog' .... 11 FS ."""I.,g 

gn cltlfu.ion til", ... thO pore. ~f tI>f ,!Wr. lilet ... p ..... I"" 101" tnt 

~.tlc'l ,nrln".~1 rote Is tl ... bel ... : 

£,1. \ 

....... <, I. 1M 'h" .olcllgt 

". u.. ,,, ... ppo .... t ciln,it), (g/.-l1 

C I. the O~,."" conClntration ,. t~e ,\cl,ilJ' of tho 

.... ,.I.,g p .. t le,. ,.I/.J ) 

1 Is U- t_'"~ Of tile Plrtle l, (0C) . olld 

.. I. tno I.tdn.lc . UI con.u •• fl. c .... u .. IOII ( .. 1/ ... 2.) , 
.~ II gl ••• by ~1 • 0,0112 • • p(.16400/I) 

£,1.1 ..... dop~.ndu .... I .... rc_utl .... 1 _I I. 

,'''' of L l .) to ~rNl" ." •• h.l •• 0'1" nU . f cool po"lo1l1 In til. 

_hi"" ond c\"",d w.\. ~." •. ,II< .wo ~lff.rl", contlntntt .... Of 

0<1'11" I •• 11< _hi"" 0I0Il cloud ""c Pili •• ~..., "'.0 In pl,," 01 t 

I. [.1.1. I, is cleor f .... 111, 1qUl.l>n ,110 ' l/1I PI,tlcl. ,.rlnkagt 

ro .. II I..o.po_n t of tn l IN,ttc'" 'oolu •. 1 ...... ,ore. til< fUlICt l"" 

'2(~,C,T) of L'.7 .... Ieh to uplieHI, gl ..... b)' [,1.1 h.o 10l09I' 

iIo])<nd.n'", l. 11 [,1.1 to '.'<tltuto<! I. Ll.' tn"" 1M, .,., ... 1 •• 

",,' be InU~'''o<! to Ihl 1)(C.1) ""Ic~ ... 0 .... ..... kdn " !/I '0" 

of coal po,t lCl t. In tile Fl. 1111. pre'IoIIIJIDO"' tile Ifttog .. t lon Of tho 

second t ... of E. 4 .8 00" tIM .... I hlt9~t of S.lIdS In til< flI. l~ 

ocn;e.e till. tl>I _ •• 0"19"" <_.,H,otlcn i . t~e cloud w.~e ~ .. e w .. 

... _. I. tilt ~t.I. "",,_,t~h _. 01\19lfl clIIICo.'cotlon WI< 

.. lcul&ted f .... I. 000.011 .... bllotlel .... Its ft_rl<ol ,"1"" Il .. red 

'" 



1M 11~1.IU;"" ,""naM ~ . . .. 0"' 11, .. 111 ." ..... d to .. 

IIO"<Il>O'"tlonal to u .. '''Perflciol 91' •• Iocl ty Ihrou~h t o. f B .... 

[,1 . 2 

<, • 
h till p_ti .... lhy con,unt "Ith 'I 

101 (n aIIltlneo/ fro- ~. f.r,"",. ( 9 ). 

Int fllduclng till .peel., fo .... of .J . ... ~. In [.4 .18 tnl< 

eq ... tl"" boI' ..... 

Mel(R) • 

_c 
• 

,-, • 

-, <-

. . .., 
J , -, • 

JRO~ " "",'2-3 "" 
o olf "0 

, -, 
• 

.., 

LI.J 

[,1.4 

t.l . S 



~, 

P (R). • fVSC2(Rl 
B wps'l 

frCII E.4.l! ~nd £. 7.' till ,~a of flulrlHtd ,,,,,I 

11:0 dhtdbutlo, (P!(R))C" boo uprn .. d II foil"" •. 

" . 

•• 

r flIIICtiR) dR 

• 

t . J.6 

L I.7 

t. 1.B 

Plrt I <101>0,"1 "'l I" thl c l~ w~'e pO". Or eo"lsion pO .... u f'llows: 

I , A2• 
L. 7 . ~ '1IR,Cel • " M, 'ZICe} 

1.~2. 
,M ,.IA"E) • " M, "ZICr ) (.7 .10 

""~ ... "c h 1M ",1"""1,, ... l~ht of corbo, 

~l h th. r~"tIO" of fhod urbo. ,n l.1'l<I COOl 

", 



" ~. 

• 

J 
ru~2(a) • 

Sob'tltutt "~ £.1 .9 lOCI [,1.11 Into £.4 . l8 It .K .... ' 

ol"",lUi ..... foll""., 

At "olgl'l\ " • " (~ il/l 10. _1,,"\0110") 

.I\l ~f ... ., l<l· .... t 
/IX. - j., , C~~ - h i < teM .(Bl·';:~( M 'ffOI':) 

. M .. . f c 

[.1.l1 

( .7. 12 

Li.n 

[.1 . 14 

.... bet~ <"..,Utl" 001 ..... e;..i. of OiIr .~rI_Ul oII .... ott .... Inc! 

",1 "'1'" equ, t ion for to. cO i l port;c l ••• • 10<.9" rH, .,.- I .. d')I 

Su._ ,nd .tuo~S9. Alt~""'" dU r ...... ' oI-. lnk'90 .. ~ •• p ..... 11IM 

". 



III ........ In-.l , u. ..,..s 19" c.t bt~.ft ,o. ' '''' .... '1<01 and 

.. ~rt""UI , .,uI U, II 15._ In tIIn [l\1li11' I, 10 thO rHSOA 

' or U. .... ~tI ... of . ... t.-Inu," rlU f<1U1t1or> 910 ... by 510_ .. 

IN Jon1c. 

In t ho foll ... loog lKllon. ~_rl."" II .. '" be ....... u.. 

.,porl_ntal reoulu ... I~h .... HUN i n Tab ll 7.1.114 U. lloeore l leol 

.... ulll ~t. lnO<l , ...,. ,"" ~oqlu .. r PrGi'_ IIII'Lio4 on thO I",,-n 

'K. 
7.1.1. [_,hon bt l_" t ""O<"ttlul , 11<1 "po,i_nul '.lu lU 

r .. p~O<lure, um t.c .-.ell l 111<1 UICUto t ho .. """""Ieol _II 

on lht '''"IIutor , I n<! • pdnt"", of tM . pf"O<Jr_ "'" Inc l u<lt<l In 

'p,.lI<Ib 9. 

1M c""IIuter pr-GIJr .... " n ._utld • ..... r of 11_ ...... u.. 

"""""Iul rnulll ...... CQIICI.,., ,,1\11 till one. OIIUlr.t<I """,d_tally. 

,"" 1 . ... d .... ' . 1 Nn .... '" 1, .. 111 ... "" I'" <_teo- b1 uli"ll tho 

corrK t diU .... it" ( orre.pGndod t.c. pt, U",lar tet of .,,,,,rI_ntaL 

<,o .... lllon •. , ... c"""le" l in or 1"",,1 .. rllbl .. require<! f~ tho 

... , ut lon of II'" <"""uti' prov ...... II P"' ... t .. In I.ppenclh 9 . T.bl, 

7.2.'-" Lin of. "<IobIr of t "ornk,1 ,,,,,,,,utn ... HI, "MCh incl udl 

botll 11111 InPlit d.ta td •• r ...,. to. . .... d_nUI nJ", .rod t .. "'.uIU 

obtalnH fr .. the t .. orellul _I. 
I. till> _tl"" t ............ tlul .... ulu .. norlled fr ... tile .. _I lui _I of t ....... -ft PUC .... C""lll re<! oriUl trill 1.~rt""tll 

re.ult •. s.- of u.. .. "_ri_ntal .... ul l. III .. IlrHd1"" p ...... ntld 

in lIf1phlul fo .. in t~"'ler 6. IkIootwr, to oeM ... I bot", c_rl~1I 

bot\lOHn t""ory .nd expoyl_nt .11<1 .. old 11111 pres." .. " ... of lhe ... 

l.perl ... nUI ..... ult . in botft till p .... h'u. lOCI c"' .... ~t chlpllr, __ of 

tile !heo,..,tlcl ' "'.ul n III , . Ilr .. d~ " I n plo lUd lilt" lhI uperi _ nt.l l 

'" 
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..... 11. In !,he ._ fj~.,. .. . 1"u<l1 p ..... nU!d In Chap t e .. 6 . 

A _, .. hOlO .f theory and .. pe .. I_Tll with .... ref.,.. ""o to t ... 

fl ..... ' In tile ~t'lo IOll. ,,,",pU!" to\1".,. boll",,: 

(.) fM .otrall !,he .... 1 _r of u.. t ...... n WBe fo r .. rio,," ructor 

pt'l"ure. deUlrwlnec! bc>tII thea,..tlcal1, alOd .""rI .... ull' h ,,- I. 

fig .... 7.1. r ...... lhi. figure . t ilt _ .. of t./Ie ( ...... to .. Inc ... "'...ttl! 

preU"re arlll t he ronge of tllt .... 1 _ r U •• , given p ..... ure inc _ ... 

• , to. .,11" pr."." in"· ..... . The t!leo ... t ical &1'«1 e.,.,rI_nUl ..... uIU 

(~) Fig ..... 6.& ."'-0. the contrlbutlo-n of tho tOl' Fe .. . . ""t. bu""",! 

0111. Using the ....... cto< p .... ·Uu ... 'nd Il/fItrf l(lll itr velocity t~1 

IM .... I _r _ rUo<! In tha bott .. "",, .. n IIId top Fe 1"" ..... 05 .ith 

Inc ... ul"ll coil ' ..... 18. The top re o" it ~u .Ireldjl botn •• phl ... d 

In Se·cti"" 6.3.1,con t rtbutu the -os! 10 tha b .......... t of _!S. d 

InU .... diU. co&1 f ....... m ,rill ,t ........ JQ'9tfI 1 ..... 10 . f ""!>OW" XI 

,Tld '0 !>liT cent . The the-orettul ..... I ts predict u.. u .. bellOY'''''' f . 

III, top Fa ,nd .... In "9,....nt wlt.l\ the ."perl_nU I re.ulu . 

(c) 1 ... tll ..... tl,,1 .rIII exporl_nt.1 ru.11I for the oxygen con ..... tton 

r'UI .no 111 ... Inion to ~rltu ... for the bott .. I Tld to? Fe ..... """" 

In Fig ... '.1 1110 6.8 ,·.,pecth.I,. The OlQ'9tn con ..... ti"" rlUI Inc ........ 

with bold ~ .. at ...... ,lid ..... "'tor P ... " ..... ,lid,"' p~Yi""'IYo t'" 

U. ...... tlc.l ud ..... r IRflul 1"H~1t ..... 1ft fOOd .;~"t. Tke 

the-o~tI<., ...,.~'U <hoW ... 1.tI .. l, hI~r 0"190"1 co ... ~tI ... 1ft !.he 

boott .. F8 wMc~ .... to be ~.I&IH b, I ... 1111 .. 1, l-er con.~U ... 

Titt In thl t op fB. 

(d) The Iffe~t of the ~ rlt'- t\ c y.hoe of III. p",pOn:iOlllltt, fI~tor 

(lIe ). U~.n f root tlot equ,tlon of t he fl .tr hll"" <"".un t (k.). , 
(A . 7 .2). "" tile 0l<J'9"" (""s~ttO" ' uo for tn. bott.otrl .... p FB ,nd 

'" 
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o V~ lu .. d elermlned t ,om Iheor . l lo l 
mOd t l tor IImll .. PFBe o~"~I;n9 

u.~dllI0n~ 

, , , , , , • 
Rnctof prt~\u r . b., ( :1M I 
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,­, 

F,V'''''.I. Itw ..... 1 _, of tho l'filC dOl .... loN • • poerl ... nt.ll~ Ino:1 
plOtt.<! "Ith <he COl'.-eSpo.dllOj c_<.or cotcotHed ,.1"" 
.... 1"" t.IIe .~",Iuto ' .. cUII' Pl'UW~ . .. , 



tOl> F8 II I~""" I . Flgu .... 1.2. r .... thl< tl9II ..... s tile propoul ... IHt 

c .. s t .nt (l/c 1 'nc ...... es . tJo~ c""'trlbllt; .. of the top FB Incre •• H , 
by burning the elutrhtt<l .... u. At the ... u_ the 0",""," ......... tIM 

!"In In the bott". ~ decruus OS It Un be eXj>fcto-d. In lilt ... 

riV" .... 1.2. tile POrCe"loge of "r1>Qn burnt I. tile WBt. bUH"" t.he 

Inlet cor\>on f .... was plotted .golnn the p"'l'Or t l"".Ht;f toII.tlnt 

{II }. 11110 fI'il" .... . 0001. that .lthougll tilt c. rbo<> bumt In tIHI top n 
" 

h.c ....... with (l/c ) th. 0 .... 11 per<:,"uge of c. O"tIo<> bumt In tilt , 
Wilt .-c ....... wltll 1&C .. u.lng (il ) . r .... <1I' pter 6 1«tPUb! • •• 1 ... 

" of c, 11,10 t/Ie rt91"" of IOS'<\,101. Tile •• 1 .. of CI cllos"" for 

oyr .. th ... t ICII -odol WI' ci • I • 105 (Fi gure 1 . 2). 

(I) TM o.<)'JeII cOM_tl"" ri\.e wu tl n.1I, plottod Igllnst dlff . ..... t 

•• 1 .... of the IMrl."c rote ."".lMIt t, IS ._ I" rig.,.. ),3. Tlot 

•• 1 ... f tt f or the bo tu. "'" top n v .. "k.luH ",1"'1 lilt "IuUI"" 

for " (E. 7 .1). To Iff the tff*<'l of ', 0. the 0'-19'" COM ..... tIOll rH • • 

.,IUpl n of tht "IUIU.to!'t n l ......... und .{hbl. 1~ R ... nos zoe . 
21. !Ie. 20. 191)'0 . 10',' ', ' 10',' fl9"!"O 7.l.hcM tN t thtol\1gell 

cOI\._tlon rue Inc,.. .. ," with Inc,..lIlng nl .... of ., .. 1111 . tht Gl!1It"l 

toIIu..,t'o.-I rott for tl1. top n .... cht. I ... . 1_ .. 6 thtn dKnoUI. 

1'1110 . 110\11 tllit If dH f ....... t p"'l'OrU"".IH, '''''"Uont ...... I/Sto! I~ UIe 

IqIHtll»l fo .. tilt t","Ullon of k

" 

tile t"" n.....,.,ld bellI .. dlff .... tll. 

To conely"-. 1ft 1M. n etl"" tile tlle ..... tlc. l ruylu dorlo ... f .... 

tile IppltcaUOII of t"" .. th ... t'cIl .,oel ...... (c.p.,...d wltll tile 

tAlt t1It .. '--tlcol .... 1 CI. u.us<fully pred ic t tile perfo .... ne. of 

OUr PrIt. TIlls -odol "U PII t ""to tile c_ur 1M h presented 'n I 

for. 11111 tI" ... en'lt u .... to pred ict tilt bHII.lou .. of Olllte f&C1 

.. II!ch ..... u.to! In .Iorill .. operotlons . 

A .. ..-lle.1 _I .... II .. written to P,..d'ct tile ""It Ir'.I". 
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to till! coolln9 cotl • . ~I It ... , done'" tills , . <:tiOll , . c""""ri''''' 

bet....." the •• perl .. "tl l ond tl>eol'etle~ I ... . u lt, for the cooll"9 coil, 

~ .. ,ho carrie. ou t ,"d the 1'e,"IUlre pre • ..,ted i" U>< fo l l.".1"9 

<oct 1011. 

1.2. HeAT TRAMSFER TO THE COOL ING (Ol~S IH ~N f B 

~. it .... oot the Intenli"" of th l' In • •• tlgatlon to utlll,e tile 

h •• t gene .. te. In the PFBC . the cool . M 1" . ' n~ tit. cooll"g <all, of 

the PFBC ~" 1,...<lIlt.ly cool"" In tile lleot •• eMnyer ' nd the "Must 

g ....... re coolo. by ,.dlotlon throu9h the lon9 .. hlu' t line before 

I'e.ehlng the ~re"ul'e control vohe . nd ... t sc rubber . The hut t ron,fer 

to the coo lln9 coil, ... , elleu loted b)' .... ud"'l Ihe fl ui d f l "" through 

the ho",,,,,U I In" .. rtlel l coil, In<l ,he i.l et ,00 out l. , t eoope'otU I'e' 

of the coil • . A ... U....,tlc. I .,del .... ~rittetl wldeh <, I,ul.tel the he, t 

tron,ferr"" to the cooling coil. f,..,. the ,8. due to tooth co,wtct l"" 

l Oll rodilt ion . Thl. _.1 I. presen t ed in Awe •• I, 10. WHer . st ... or 

.I .... y be use ... the coo"n, . T". .."tel I, b . .. d on I stepwise hut 

1M ..... blll.co 110ng t '" leng ," M the cooling col,.. In Order to 

'IIIPro,e the occurocy of the resul ts wh'ch <M t.o I chl. , .., by Il'1CrN.lng 

tn e n<I1It>e, of ,te~. or .1 .... "1$. tII~ ~p.'_nul c"'P'''t, .... ",<)d fQr 

Ihe e. ecu'lon of U ..... th ... ti<l1 Il0<l.1. A f loweh" t of the cOllp,a.tIQnllI 

procO<iu", i, Il'1Clude<i In A/Jxndl . 10 . lon9 ~ lth t he II" of t". I"""t 

dou . 

Ini ti. lly . tl>< Pro<J, .... C,..... I.~ the effecth .... \"I.Ity. ", 

of s ln to .. nd (LA. IO . I) . na 'hot Qf In. cool1ng coils «, (L A. IO.8) 

.nd 'I><n . bos." on t he Inl . t condit ion, to the cool' n9 coils . it 

e,tl ... te, tho outlet teDl>Oroture ,nd .... 11 t ........ ' ure Of the col1 for 

an .1 .... "t of co l1 of l"ngth (dt). Depending on the coolont ",. d. the 

... t lro.,fe'l'ed to t'" .I"""nt i, colculitN I nd the outlet "nd ... 11 

". 



temperatures for t he next elemen t of coil are estimated . As successive 

elements of t he coil are considered tile difference between the inlet 

and outlet tempera t'.JI'e of the coolant becomes smaller, If the difference 

between successive out l et t emperatures is greater than a set value 

the ~omputation continues. Otherwise the calculating procedure is 

interrupted . If the tota l length of the coil has been cons i dered then 

t he programme is terminated , othetw~se the calculated heat flux to the 

element i s compal'ed l'lith another set va lue . If the calculated flux is 

smaller than the set val ue the computation is terminated otherwise the 

in let and outlet temperatures of the element are set equa l to each other 

and the computation is continued until the end of the co il is reached . 

7.2 . 1. Comparison betwee n theoretica l and experimental results 

The com pu ter output includes a temperature profile along the coil 

and the tota l heat removed up to any paint a l an:! the coil as \<Jel l as 

the radiative and convective heat removed by each successive element of 

coil . . A.n abbreviated version of t he computer results applied to the 

horizonta l coils only ,with water and airbeir.g used as coolants is 

included in Table 7 .3 . The calculated and exper imentally obta ined outlet 

tempera tu res from the cooling coils for a FB temperature of 800°C are 

very similar \'Jhich indicate agreement between the theoretical approach 

and the experimental results . Due to the radiative heat losses t o the 

PFBC water jacket and the position where the exit temperature of t he 

hot air was meas ured , this temperature is lower than the temperature 

calculated from the mat hematical model . 

Al t houg h the actual heat f l ux per unit l ength of cooling coi l 

was different from the values obtained when the mathematical model '.'/(lS 

applied to the vertical coils, no changes '.'Jere made to the computer 

programme to distinguish between the two types of coils . This was 

mainly due to the following reasons: -
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TI.8I.[ 1.3 

t_tl .... ~<uH' ba.rd "" 1!wI l1li0 .... 11<. 1 OIOode) fo .. tho ~_lct(OOI 

of l1li h .. t I,.ao,fer.-ft f ..... tho F"lI to t.I>e '_,.,e<! cooll09 <on. 

\horhonul coll» 

lNI'IJT C~IA 

'" • 1013.0 II" • 298 .0 " • 1.0 

" • ~ .• " • O.filO ET • 0.650 

"' • , .• , • 16 .30 01 _ 0.00940 

•• 0.01265 , • 10 , 31 ot _O .\OO ,. . 0,010 nOL_ 20.000 

.I.. AIR \lSEO AS ClXUIIl 

AI .. fl"" .. .t. 

f! t_TOlu .... ' 101] ,0 K 

T_ .. Hun of co i l er..11"11 lINt t .... ,f.rnd tooll"ll <0') 
t !."IIth f ,., to .1_1 " l.nvth t 1."IIt~ t hpe .. l_ou) Theore tlCiI Conotctl .... !Iooi.th. , , • , 

298 ,0 198.0 '.' 0.0 
350 ,5 '. , Ul.8 

69) ,3 '.' m.' 
985.2 >.' 51 ,0 

1063 . J ••• ... 
1012,D ••• ••• 

ID~9,O 10J2,7 10, I .. , 
At ( _ ~ 

lou! ._H t ... n'f ... ...., B'l15 , 3 W 

TOI. l c_,,<:li .. hut 6115.8 w 

, 
'.' 

1l2.0 

101 .2 
31 ,7 ,. , 
'5 .. , 

,,,,,,,,loti •• 
he.t , 

••• 
513.8 

U28.1 

1926 . 3 -.. ...... 
1'194.9 I 



8, WAT£R USED AS COOlANT 

\tiler f lowrltl ' O , ~ kg!1 

r5 t_rlturt 1073 ,0 K 

T_uul'l of ",n Cool 1"9 
.t Itft\lo. ( coll 

.pet'i.nul Theoret luI 1."90. ( 

, , • 
'" .• 298 ,0 ••• 

21111,3 .. , 
301 ,4 , .' 
l08 ,3 , .. 
l18,4 ••• 
128 ,5 ••• 

III ,0 llZ,7 lO,l 

At ! • l 

Nut tr.n.fo.....a u 
.I_t It Itflgt~ l 

CooI.ecti •• ""dllth. 

• • 
••• ••• "' .. m ,0 

581J ,5 III ,0 

SIS , ] 136,9 

561,1 136 ,S 

5&0.1 136,6 

556,9 , 16.6 

101.01 h .. 1 1""'forrS • 13011l,9 \I 

ToUl ",._tl •• IIMt • 59242 , 9 \I 

toul rldiot". ~"t • '42l0,O \I 

,n 

Cooli"9 call 
c .... luloe ,., 

• 
• •• 

119,8 

'186,6 

2'481,4 
42128 ,8 
Uln ,] 

12119,6 



(.) ~1!"""'I" \l1t'~ ..... OHf< ....... ~ 1>01\..,'" , .. t_ ..... ~" • • n<! 

"P<'"",ntll .... "It. 10' ''''' .. ,\1,,1 'oil . ·ni ..... ..,t .lq.HIU.tly 

.'9 p ...... ol, d..e to t Oe len~ t h 01 to. ••• ",,1 cO,1 ll .loo). II .1",1 

be 'n" _.~,e 01 '"" coil l>O\ng "1.,, • • 11 ,h." .• t, t><oUer 

... 1 .... ., •• .ole. d id ",,, ._or '\'l", I I"ot. 

1.) 1 .... 11'0'; " 00" t .. two Iype, of <0,1s ,n "'" rs .... "."'~. r.t.I, 

d'" ..... nt lHGI' ..... \ . ~) ."<1 1\ ...... I<1en' ''''' -. • • ""d.'I. 1 to." 
on 1M • ..,11"'1 to ll . _Id .. ". '" be ",dU .. ,in Drder lO '_l.to 

'he '\'1nifi<'fI<O .r tho i , ~.lltl0" In 1M F3. Only it to ..... , "-lett<! 

< .. Id t'" Iff<,<1 of different 51wopoa •• f COOli"ll '0111 t>e In''nligHed. 

, .. <ool'"~ tol l,. w. 1>01, ... t"'l 1.1>;, _I <on , ....... OU.O 1>0,,, 

'Or' .1<1. '1"':<"" 01 .-odel, "C,I1"'l .lth ;~n \ •• n,I., ."" ou. 

"''''"91'' ,." .. , •• "<1 ,,..1 h.~s I.e It . ,,"lt l"'l f r .. 1",!.hI' 

,.., ' 011...,"1 d •• P\.eo' Is U>o ' ..... '1" .. ' ruN ..... f l""'II'J'. 

d.r;,.~ f .... 0" ~Il.\" • ..,. WOrl< .1Id , .... ;>orl....,ul ......... 011 I." 

!'rIC, T". ."",u. Of .. ' 1 .... ' It!(.01 ....0.)\ to pTfd.e\ .,," .qerl",.ul 

... " h .1,. ,o,.~. 

'" 



o..r lIIe"",,(lul .nd .. por I_nu l..,.,." 011 !.M d .. lg" upo<:h and 

_ n tlon of OIIr .. hhu ill PFIC '" "''''I .. I,ed In 0110 'IIIPUr . 

~.I PR£l1l1l " AltT IIMSl l '-"lIOlS 

1. fo. 0 ,15 • ",,""r t rt ... , hHhlly u,.d to I!t \ .... h . 1M ~l .. tk' of 

<_HI"" of SouOl Mr lUI _Is ,nd lIItlr tlth .. t""r .. they bum 

in tiHI aM ..... 01 • Iluldhl"'l _,11",110 tn ,n f8 01 solid •. Tilt botch 

bre''' '111 of ,.,.1 portl (I ..... , OM ............ <1"11 th ... ,d.h. On tho 

.«~tIOft th/I t tile oolnll ..... re l_l.qly dd ... off the ,,,,,I 

~rtlct .. Oft 'hel, ""1"1 to the fl, •• 1.1 ... ~ttcat _01 WI> 

oed , ... u,1"9 t he , . ,1.,,1"'1 c) ... IPpo"OO(h. TM .... uIU I..,. lloi. 

thea,Hi"t ..... 1 ...... In goo;! ",11 0\ willi lIIe I.ptr ; .. ntal ..-e.ult •. 

Thh uperl lllOM l t ..,r" li te<" fo"" lilt bnts fo' I ...-e ,,,,,,,,I .. lil t .. · 

t ne two-t O !'te.;. 

II. The __ " ',"ol f.'''9 ,0I1d. Intom.olly r .... tIIoo nip. to 

tr. 1_, fh of lilt PfSC ...... l lso t n'tltt~ted .nd .... In.,,t ... 1 

-.1 .... p ...... ted fOr ,III ." tgn of Oo<wnc .... " . The t..,...uncft.1 

.. , _q ... IlO(h" 11"1.111" go. , .loe Hy . t ile IIItg/1t or tilt r ..... 

t.., do ,-_ ...... ..-e ."",_ntly doutgntd Ind oucc ... fully ,st. t o 

trl~ ft, .011dl within tho Pf8C. These d-..:_ ... ...... In 1"1 (>II, poUly 

........ "gnedllK.UW .. it "', III.' diou, "red I t,.. , of 9""ot~' 

i.rtlnce to < .. t .... 1 till 'Oltds circulatIon IISl"'l t"" ..... ·_~. " Ical 

S.II~, < .. t .... 1 wlhl. 

ttt. ~ .. parOle l "wlftl~ltloo . .. , .... il ..... l on u.. '--':n,0Ica 1 , 

vlhe . Prell.lnll")" tn" ._ ,"', tI>t IIth." i....,. of tIIi, •• h e • • ,ea 

'" 



to c, .. n",1 the ,,_ of SOlid, '"'''' In fl , cOIIld n.1 III pr.olClld by 

<o. ,...I.tlOO'l< Uk ... 're. ~lton.1OI ~I""n', ..... k
l9

. The .. perf_.UI 

InR,Ugulon ""Iell '0"_ COO'Ift_ thh ........ 1_ticI' _, 

... , .. ,hod to oe".'" till fl"" of '011" Ih""'911 this .. he. lboI.I~h 

tile .. U._ttc.1 ..... ,1_ , . 1M, .... , COMOI III rNd l1 , 1",,11.0 to 

owr ,t.lI0. '1"'_ till theo,...llco' .",,1"OKfI ha. I wl<lfor '<0»0 . 

Tho ._ I_ •• he .... IIICCOInf.", "'" to COO'Itl'O' tlot ,oltd, 

c!rcu' ol'on In eM pnot scll1 ",IC. 

IV. A no •• ' dtctrtbuW pl.U Qlt to t ..... 1t .. lath,l, htlllIMd. 

of ~.t '<I" (up lO 6G v/ .. l ) .Ithout Ghokl .. WI. de1;gned Ind t r t ed t. 

dl<lrfbutO' 0011 In boeh l , tOll' COllI'; IMI p ..... lcted by u1ot l"9 _irlul 

~.u'on.21 . ll. l lrger dl ... ter dIUrl""! .... of tM ._ de119"_' 

llUr • ..:Ct$Sfully u.t<! U tOt Int."uge dht r lbuto .. of lile pilot 

sc.l. PUC. 

V. M l!'G-Ol,. I>u ...... Ope.otl<>11 I __ sed uode. "'" ,urfoci of the 

f,.ldhed ",l1d. , .... In,"uIgIIICI fn I ... 11 f B. On In.. bOll' or th,. 

,IO<c.u,.111",," for ~tl<>ll U\e pilot .,,1. !'fee . The bur ..... 

_oted ,,,:cIUfully It • II ....... ' outpu t M up 10 6.0 ~ W. ~ t.,,,,,,,, lu .. 

• f "'" hot VUM I ... , .. l1li 1MIrn ......... " wil "'9" ' "led by 111. 

oddltl"" of OK.otIdIry I l r. T~ tIu .............. 11<. u.ed wilen U\e PfBC 

_, pre" .... IUd. (Ourl ........... t l09 .". .,._ p ........... t>od to 

be "'~t belOW lilt lPG 'ypply ....... u ..... ) No olnt.,.I"II.f ,olio, or 

loull ...... oble ....... " long f\ l1li ... 11" ..... ""Pt fluld'zed ""rt~ 

P ........ t1 ... The tIu ..... r "o.ly .... <11..011111 c1MI9ned to let I. "'" 

IIOtl.Ooo" dhlrll>utor IS ... 11. 

, .. 



8.2 EXP ERIMENTAL RUNS ON T~E PF8C 

The three·stage PF8C f~brlc~ted out of stai nless steel with 

e)(tern~l mild steel water jackets and interna lly lined with n!fractory 

bric ks ,was used in a series of exper iment s to prove the most suitable 

and pr~ctical combustor configuration for burning high in ash South 

African coals . The PFBC had an internal diameter of 0,45 m and a 

height of 4 m and was operated as a three, two or one · F8 system by 

simply removing the interstage distr ibutors . 

I. Low combustion efficiencies and high ca rbon losses were achieved 

when the PFBC was operated as a circulating system with three-FBs . The 

concept of countercurn!nt processing, t houg" theoretica l ly sound and 

extremely successful when applied to other operat ions , could not be 

used in practice to burn coal efficient ly in a multistage system. The 

main reasons for thi s are given below. 

(a) When coal was fed i n the top FB any f ine p~rt icles in the feed 

were immedi ately driven off the combus tor by the fluidizing gas , 

sometimes before they even reached the fluidized solids. 

(b) Combustion in the top FB also meant reduction in size of coal 

par t icles . This was therefore a source of fines since these fines could 

be ea sily lifted off the FB by the fluidizi ng gas. 

(c) Fine coal particles were also lost through the overflow of the 

doubl e entry cyclone due to t he low density and s~ll size of the coal 

particles mi)(ed with the circu l ~ting solids . 

(d) Inflight combustion of the elu triated fines was limited because 

of a limited ~mount of oxygen present in the e)(rraust gas. (I t was 

essen tial to run the PFaC with a low excess oxygen). 

11 . SCn!ening off the fines from the coal feed or pn!ferably feeding 

coal in the middle FB improved the combustion efficiency of the PFSC. 

The use of j ust any size of coal parti cles was one of t he main 
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objectives of this invest igation ,therefore,the screening off of 

fines was unacceptable. When the PFSC was operated with coal fed 

to the middle FB, the coal losses which occurred were only dependent 

on the circulating load of solids and the weight of coal present in the 

top fB at any instant . To eliminate any coal losses , caused by the 

ci rcul ation of solids , a series of exper iments were carried out 

without any solids circulation . As a consequence of this no 

combust ion took place in the bottom FB while the middle FB acted as the 

main combustion FB and the top FB as a burnout cell for the elutriated 

fines. It became clear f rom these experiments that the loss in com· 

bustible fines was dra$tica lly reduced and that up to 99 per cent 

coal combustion efficiencies could be achieved . 

Although high efficiencies were achieved when the three·FB PFBC 

was operated with no sol idS circulation the overall thermal output of 

the combustor was very low because of the under utilization of the 

bottom and top FB. This prob lem was solved by operat ing the PFSC with 

a bottom deep FB and a Shal low top Fa with, again , no solids ci rcu lation. 

Coa l was fed in the bottom FB under the solids surface. 

II. Wh en the combustor was operated as a two-FB system the coal combus­

tion efficiencies achieved were of the order of 99 per cent. Combustion 

of coal took place in the bottom Fa while the top FS acted as a 

smuts burnout cel l . The vital contr ibut ion of the top Fa was realized 

when the PFBC was operated at pressures above 3 bar (abs). Higher 

combustor pressures meant higher amounts of air input to the bot tom 

FB and higher quantities of elutriated particles from this FB. 

The top FB seemed always capable of handling the ever increasing quantity 0 

elutrhted coa l particles as long as the oxygen concentration in the 

fluidized gas was maintained at not less than l per cent by volume. 

Best results were obtained when the gas entering the top FB contained 

7,5 per cent oxygen by volume. 
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where 

1-( lIl f _1l.JJ 2 
1,75(--;mr ) ...--0 (flU) , , , 

u W 

tlU • ug - (-us ) • c~f + p st ~ - emf) 

LA.1.n. 

LA.i.7. 

A.1. 2. NUl~ ER ICAL ILLUSTRATION OF PROPOSED DES IGN I«>DEL FOR OOWNCO:.1[RS 

Consi der t ile design of a three-stage Fe pilot plant for coal 

combus t ion , using sand as a c i rcul"ting load. It Is requi red to find 

t ile sIR411 est size downcaner that wi ll convey solids at II mass rate 

of 0 , 167 kg/so The des ign requirelllents Ife specH led on Tab le A. i. ]. 

Note that a safety fa c tor is i ncluded to a ll ow fo r u pec ted so lids 

fluctuations. 

The procedure is: 

( I ) Choose the leve l of t he soli ds in t he downcomer to be equal to 

the length of the downcome r pipe. (Recall observation (b) (Section 3.1.3 , 

Chap ter 3) . 

(b ) From t he given to ta l gas i npu t of 5 ,910 1. 10-2 1Il3/ s est lmlle the 

Fe vold.ge (el 'rom Figure 3. 1. 

(el Dt'terflline the preuurt grld ltll t of solids i n t he FB us ing £. 3. 4. 

(d) F.-oIII Fig~re 3.5 obtai" the velocity of gas through ttl! downc(lltr 

o.sed on the dow ncome r length (LT> and ttlt c. ined hel9h t of the 

two FBs (LB) . (The pressure drop .. crou tile dh tributor 15 neglected.) 

Note t h .. t he ights (LT and La) MUst be reckoned rel .. t iYe to the foot 

of the dmmcOlller (Fig~re 3.2 level '0'.) 



To esti mate dt an iterative s.olution of E. 3 . 1, E.3 .2 , and E. 3.5 

i s necessary. 

(e) Guess a value of downcomer diameter , dt . 

(f) Determine the l inear solids velocity Us in the downcomer and 

calculate the solids friction factor (fs) from £. 3.5. 

(g) Determine the pressure gradient in the downcomer from E.3.2. 

and compare with tha t of the FBs . 

(h) Es ti mate the pressure drops across the downcomer (LT) and the 

combined FBs (L 8). 

(i) Substitu te in E.3.1. 

If E.3.1. is satisfied then (d t ) is the required minimum val ue . 

The results of such an i terative scheme are shown in Table A. l .3. 

for which it can be concluded that the minimum downcomer size for the 

required duty is O.0265m . 
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TAlIl.[ A. 1 , I. 
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Gas 
vel ac 
; n FB 

( supe r-
f;c;a ' ) 

ms 
- 1 

0 ,225 

0 ,239 

0 ,258 

0 , 276 

0 ,294 

0 ,313 

TABLE A.1. 2 . 

Experimental resul ts showing the superf i cia l vel ocity of 
gas through t he FB . the sol i ds f lux rate through the 
downcomers and the pressure grad ient correspondi ng to the 
FB and downcomers. The cal cul ated values of the fr ic tion 
factor are also inc luded (so l ids l eve l i n down comers was 

LT • O,33m) 

So lid s f lux rate Pressure gra dient . Nm- 1 

- 2 - 1 
kgm s 

For FB For downcomer 

dt dt dt dt 
dt 

dt dt 

0 ,070 0 ,054 0,036 0 ,0254 0 ,070 0 ,054 0 ,036 

25 ,98 21 ,83 32 , 71 27 ,1 5 14 481 I 9 768 9 668 9 895 

56 , 30 56 ,76 72 ,01 67,90 14 156 110 395 10 411 10 736 

90 ,94 93 ,13 III ,31 108 ,54 13 711 III 139 11 188 II 583 

125 ,59 130 ,99 148 ,90 161,03 13 456 11 89 1 12 017 12 377 

160 ,20 165 ,92 186 ,60 213 ,14 13 284 12 260 12 787 13 244 

177 ,56 187 ,75 211 ,20 246 ,69 12 944 13 047 13 269 13 804 
~ I 

Emf • 

Os • 
0 • 

Fri c ti on factor 

dt 
0 ,070 

983 ,5 

197 ,2 

69 ,6 

33 .5 

19 ,4 

14,3 

0 ,465 

2762 kgm-3 

o .14m 

dt d
t 

0,054 0 ,036 

110 .7 316 ,1 

149,2 60 ,1 

51 ,0 22 ,9 

23 .5 11.7 

13 .3 6 ,6 

9,6 4 ,7 

d
t 

0 ,0254 

327,0 

48 ,1 

17 .1 

6 .8 

3 ,3 

2 ,2 

Sol ids l inear vel oc ity ;n 
downcomer , ms - 1 

d
t d

t . dt 
dt 

0 ,070 0 ,070 0 ,054 0 ,036 

0 ,017 5 0 ,0148 0 ,0221 0 ,0184 

0 ,0381 0 ,0384 0 ,0487 0 ,0459 

0 ,061 5 0 .06 30 0 .0753 0 .0734 

0 ,0850 0 ,0886 0 .10 1 0 .109 

0 ,108 0 ,11 2 0 ,126 0 ,1 44 

0 ,1 20 0 , 127 0, 143 0 ,167 

dt 
0 ,0254 

9 780 

10 651 

II 523 

12 679 

13 872 

14 592 



TAIU A.1.l . 
~"_tcil tll","" t to.n of dOlt,. _I on t~. ~~ of 

1IOwt>C ... " for t"n,portiO; ,o l ld. D._tn .8. 

>p!sl fl cotlon 

D • 0,4S7. ., 
d

p 
• D,S ~ ID • 

Llngth or J""""",r • O,%Soo 

'. • 0,62"" 

2162 
., 

" • ,~ 

" • 1 .8 \p" ) 

De,lgn (.lc"IHlon 

Urlt;"" D<Iw"" ... , Lt .. t. ._. <l1I_te, ,.ltdo 
... 100111 

d
t

, • u 11\-1 , 

, 0 ,040 0,0988 

, O,D30 C,I1~ , 0,021 0,11 , 

• o , o~s o .l2S 

., 
C.161 ~g. 

., 
<1"'\90 .olid ..... rot. , O,181 lg' 

!IO' lup~ l y , 5,91 • \C-Z. ),-I 

" • O,11S 

' rI, t io-n Pre .. " •• 9rtd PrU'"re dr"O~ 
foct ... .., •. , 
" (£01.5) IcrO .. 

,,, ,,, 
" '. downc_r " (L~.1.6) (Ll.4) 

12 ,670 .. ~ lZ sas U, "'. 
l . 91\ Ii OZI 12 SS5 10 6)S 1828 

1.921 12 3'1 " ~ " '" "'. 
1.759 12 601 ,,~ 12 161 'Q' 

hi"" 

" L.H. S. 

" (LA.! . , 

.~ 

IllS 

,& 
·n 
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dz 

figure A.I.I. Annular element used for the dcr\ ~~tlon of 

the for-ce-tlOlllentl.W b"hnce equation 
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TABLE A.3.3 . 

Oa ta from tes ts on a O.06m outer d i arne ter i rrmersed burner 

rimary air LPG Secondary air Heat of 
combustion 

Exhaust gas 

m3/sx104 m3/sx104 m3/sx104 kW TOe 

7,50 0,283 35 ,0 2,90 280 
29,2 375 
24 ,0 460 

20 ,3 525 
13 ,3 670 

8,83 0,333 33,3 3 ,41 360 
29,2 440 

24 ,0 518 
20,3 586 
13 ,3 715 

10,56 0,400 33 ,3 4,09 410 
29,2 482 
24 ,0 572 
20 ,3 646 
13,3 775 

-
11,90 0,450 33 ,3 4,60 442 

29 ,2 520 
24 ,0 614 
20 ,3 680 
13 ,3 820 

14,5 0 ,550 33 ,3 5,63 520 
29 ,2 599 

, 24 ,0 682 

I 20 ,3 742 

I 13,3 890 

17,6 0,671 33 ,3 6,82 600 
29 ,2 670 

I 
24 ,0 758 
20,3 826 
13 ,3 980 
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For a number of particles N or a mass of sample m = ~R3p the 

overall rate of oxygen consumption must equal the rate of carbon 

consumption (k9s
mol ), i.e.: 

E.A.4.5. 

where Q is the air volumetric flowrate through the reaction chamber . 

Elimination of Cp between E.A.4 .4 and E.A.4.S gives an equation, 

in which the only variables are, rc and t. Integrating this equation 

noting that rc = R at t = 0 gives: 

[1 - E.A.4.6. 

A.4.1.2. Application of theoretical mode l 

To make a comparison between the experimental results and the 

values predi cted theoretically the derived equations were used to 

predict the exit oxygen concentration for the combustion of O,07kg 

of the coarse coal particles on the distributor. 

Experimental data: 

m = o ,07kg 

Co = 2,6 -3 3 ° x 10 kg mol/m (at BOO C) 

Q = 2,7 x 10-3 nhs (at BOO°C) 

Fc = 0,535 

f.l c = 12 kg/kg mol 

p = 1715 kg/m3 

, = 2610s 

R = o ,0034m 
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TABL E A.4.! 

Proximate analysis and grading ~n~lysis of Rand Carbi de coal and 

char product used for combustion tests in the small FB combustor 

Proximate analysis: 

Coal Char produc t 

, , 
Fixed carbon 53,S 74,9 

'>h 13 ,8 20 ,0 

Volatile matter 30 ,1 3,5 

Moistu re 1 ,5 J ,5 

~ulphur 0,7 0,7 

Gradin9 analysis: 

I 
~ieve size Cumulative mass , smaller than size 

.m Fine coal Coarse c031 

600 3,0 0,5 

J 180 7 ,0 2 ,2 

1 360 25.5 7,9 

4 750 95 .6 25 ,4 

6 300 100 ,0 47 .0 

9 400 90, I 

14 200 100 ,0 
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APPE~D!X 6 

FLOWCIIART OF TilE COI·IPUTER PRDGRAMl4E FOR REAL TiME 
DATA LOGG1~G AiID lIsn~ OF COHPUTER CHANNEL 
ADDRESSES WITH THE CORRESPONO I NG INSTRUMENTS 
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2. List of i ns t rument s and correspondi ng computer channel addresses 

Ilns t rument I ! nput Ou tput Tenni "",! Wi re Computer Function 
signal signal juncti on connect ion address 

"5 0/20" 4/20 ]A Bl ue+ 87' Main air supply ,,' .. 'llhi te· ., 
'" 0/20" 4/Z0 SA Blue- 87[ Conveyor 6P 

',' '" R,,, 

"J ono~ 4/20 " Whi te- 87' Bottom bed lip 

',' " Brown+ 

", 0/40" "20 I. \I'M te· 83. I~ iddle distr. " ',' .. Green+ 

" 1 0/20" 4/20 " Red - 87' Top bed Ap 

',' ,A Orange+ 

". O/ZS" 10/50 " Orange- 83C Midd le bed IIp 

',' '" White+ 

" 7 0/25" .5/11.5 ]A White· 878 Top distr. llP 

',' , Blue+ 

"8 0/25" .5/11.5 SA White· 830 Flue gases 
H,O , Grey+ flow II p 

Oxygen 0/25:1; IV IDA Ora nge+ 87. Combust gas O
2 ana lyz. Red-

COz Analyz. 0/10", 10()nV I I. Orange+ 87C Ccmbust gas COZ 
Wh i te-

CO Analyz. 0/5:1; I",,", 1" Green+ 878 
Ilhite-

Combus t ga s CO 

Ch/AI 0/1200oC '"'" TIC 
18 870 TCI 

Ch/A 1 0/12000e '0>, 28 871 TEl 
TIC 

Ch/Al O/1Z00oC 5,,"' 
TIC 

38 87' TCJ 

Ch/Al OIlZOOoC '''"' TIC 
48 87J Teo 

Ch/A 1 0/12000C ,0., 58 87. m TIC 

Ch/A 1 OIlZOOoC ,0., 68 875 TC6 
TIC 

Ch/A 1 O/lZOOoC ,0.' 7B 876 7[7 
Ch/Al O!lZOOoC 5,,", 7B 876 TC7 

TIC 

Ch/A! O/lZOOoC ,0., BB 877 Tes 



APPENDIX 7 

PROX IMATE AND SIZE ANA LY SIS OF DIFFERENT KIND OF COALS USED FOR 

THE COMBUSTION EXPERIMENTS IN THE PFBC . SIZE ANALYSIS OF SILICA 

SAND USED AS THE FLUIDIZING MEDI UM 

A) RAN D CARBIDE CHAR 

Proximate analysis Fixed ca rbon 

Ash 

Volati Ie matter 

Moisture 

Sulphur 

Calori f ic ~alue : 

Grading analysis: ieve size 

"" 
' ;0 

300 

600 

1180 

2360 

4750 

6300 

9500 

; 74 . 9 ~ 

; 20.IJ 

~ 3.51 

; 1 .Sl 

; 0,7'1, 

'" 25,7 H..I/ kg 

Cumulati~c mass t 
smal l er than size 

1 0 , 1 

20 , 1 

29 ,1 

42 ,3 

51 ,4 

78, 1 

", , 
98 .8 



B) ROO IFONTEIN COAL 

Proximate analys is fi xed ca rbon • 43,7:t 

A,h • 30,1% 

Volat ile matter • 24 ,81 

• 
Mo isture • 1,4% 

Sulphur • 1 ,S'; 

Calorific value ~ 23,1 MJ/kg 

Grading analysis Sieve analysi s Cumulative mass ~ 

"' smal1er than size 

150 12 . 0 

JOO 21.1 

600 34,2 

1180 50 ,8 

2360 68,2 

4750 84 .5 

6300 90,0 

9400 99,1 



C) HIGH IN ASH FILTER CAKE COAL 

Proximate analysis: Coa 1 , % 

Fixed carbon : 24 ,0 

Ash : 69,7 

Volatile matter : 5,2 

MOl sture : 1,0 

Sulphur : I ,I 

Calorifi c value: : 8,5 MJ/kg 

Grading analysis; Sieve size Cumu lative mass % 
"m smal l er than size 

75 48,2 

150 76 ,6 

210 92 ,3 

300 98 ,4 

420 100 



D) SILICA SA ND 

Grading analysis: Si eve size Cumulative mass % 
,m smaller than size 

75 0,49 

106 2,34 

150 6,56 

212 14,78 

300 25 ,89 

425 36 ,56 

600 50,41 

850 100 ,00 



(I) All •• 10 .. <I ...... 

Al'P£lCItx • 

OPEMTtIlG pROCtDURr; 

(2) Switch 0<1 ~r ""PIII), 10 tho .1 OC I"", le 1"\1 .... 011 , n<! sol.""I ~ 

.. lots. 

(l) PUrgo il" ... 11 .... wit~ nit"'Vtft 'nd t.u '41lon ulibrOlI"" 41" 

Check gu "IOPII~ II .. . nd '" «IIIdlti""lng ... it.nd el ... fnlet" 

(4) SU r l ~p screw ~"Ior . 

(5) SuPl'I)'lir tel ,ooli~ I.IOIIH .nd ..aur to ... Ur j,,\.IS. 

(6) Pur g. ,II ~"' .. U ... UPf> I"'.I,.nd 111",11"'.1 POrt< with .Ir. 

(1) S""pll' , .. II "","t i t)' 0' "I t ro .. " tel the (001 ~r 

(.pp ... . I ... toly 200 co/_In) . 

(8) ~"ppI1 ,,,,,ling .. t.r to tho hut lle",".'. 

(9) (htck flllll gas tlto"lng !Yl tt'll. IIICI Sti 'l "~ the liquor 

cit'C.IHlng _. -'4.i.st t_ liquor noo t. t~ ... ttl ... ,04 thl: 

"dd ltton of Clu, tk "." f loc,ul,o, (A1Hed Collold< 156). 

(10) ~" •• h. for .. In .ir ,.pply to U .. , ...... to •• 

(Ill P"""' O/I I .. d0p' r_ nUI ,,,",,uU'"od lood '"~ 4.tla logging 

progru (I'rog". nos. file W98 .S) "nd t r..,. f •• <01'11 ... 1 Of l ogghg 

to 111. operno" PI,.,.) bl I n. <ooI:> .. to • . So t t~. t hl! l" te .... 1 f"" IN 

K;lM1"II of I.n ..... nt •• nd 1"',I,lh. 001. 1"99lng. 

(Ill P .. he.'ing p,ocldure 

5w"Itch _, to .... <onlrol1.,. P .... 1110 r .... bUlton whi ch 101 . "H, .. 

• o.-er of ... p. ' " 'hi ' ol1oolng .eq ...... - p • ..,I"l Of v.. ",t... 
i9"l1l .... of ~t101 fl_ , nd .~;\CJII ... 0/1 of tM $ol~nQld ~. t. • • ni<h 

101"'0 "<" t~ .. In lPG for cooClvnlon. 

If tho pilot fl_ f. l h to 19"" 0 IN «JIIt,,,.tor 10 I""9"d . l1li tile 

;9"111011 pror;o.d "", 10 repel'H. 



i ll) The combustor is heated up. The temperature ri se can be se t 

at between IO OoC and IBOoC per hour . 

(14) When a desired t emperature is reached which is between SCOoC 

and 650°C , depending on the type of coa l used , the LPG supply to the 

pilot burner and combust or is turned off. 

( 15) Coal is then screw- fe d to t he cOOlbustor Harting IrIlth a high 

coal feedrate for a period of a few minutes IrIh ich is then reduced t o 

t he desired feedNte. The coal feedrate is con trolled by a t iraer 

slrlitch which regulates t he on -off t ime of the motor driving the 

screw-feeder. 

(16) Shu t down 

Stop coal feedrate and after ten lIinutes re<lliCe air to the cOlllbustor. 

Reduce t he system pressure if i t is operating at high pressures trying 

to keep the solids in the combustor in a fl uidized state. 

When the combustor is cooled down to 200°C turn off the Nin air supply 

and the coolan t to t he water jacket, hea t exchanger and cooling coils . 

Isolate all electronic instruments and purge t he gas ana lysers IrIl th 

ni t rogen. 

Release program ind power do.,." the co~uter t hen slrIitch off the 

compressor. When system is ootd close all valves. 



APPENDIX 9 

EXEClITlON AI'O lISTIUG OF THE COtf!UTER PROGRM FOR THE COMSUSTION OF 
COAL IN THE TlIJ-fB PFBC 

I. EXE CUTION OF THr COMPUTER PROGRAM 

To execute the computer pr ogram code named NHIFBM on one of t he 

computer t erminals (HY 1600A) which is l i nked wi t h t he Uni versity central 

computer (UNIVAC 1100) t he followi ng sta t ement s have to be s upp l ied 

BREAK . F 

XQT ST .NIMFSM 

ADD ,E ST .XTSDAT 

BREAK . p . 

The progr am will then be e xecu t ed usi ng the data al ready i n 

XTSDAl. The da t a in t his file can be al tered by calling the editor as 

follows 

ED,U ST.XTSDAT 

inse rt new data 

EXIT 

The d<l t <l stored in XTSDAT which <I re used for t he execut ion of the 

NIMFBH <Ire listed be low in t he sequence they are called by NIK"BtL 

I~ B we igh t of mater ial in bottom FB (kg) 

FW frac t ion Of ~Ioud w<l ke to to t al bubb l e vo l ume 

lOLER2 conver gence tolerance 

IMIN minimum coal part icle radius in feed (m) 

ZMAX maJ<llDUlll coal p<l rt ic l e radius i n feed (m) 

DB bubble diameter (III) 

1"0 coal feed ra t e (kg/s) 

o ai r vol umc t ric f l owra t e a t STp (1113/5) 

I' combus tor pr essur e (bar (abs)) 

n ter:(Je r Hure of tOp Fa (0C) 

T temperature of bottOlll FB (0C) 



'" _lK~l'r ... 1_t of uII 

" .1~Vhtl_ '.~t.<o'" .. 'rK:i"" of IIuIlbl. pf>OM to toU1 ",,1_ of fl 

." ... 'ttf"''''t, (.tIl) 
~, toll .. , """e tol ... "," 

,~, co .... ..,...u tol"a_ 

m." ton'.rgence tollrl_ 



< 
o 

,~ -. --•• •• 
< 

--> • -, • 0-

; -• 
o .. • .. <. 

•• ., 
!i~ , .. ---

• 

I 
< 

• -
• • , 

o 
< 

e 
o • w • 

• 

~: 
Ii <, 
·w -" '0 
" • 

-
--
--

" • 
< 

:;'% -. , 
• - > 

o 

.. 1: 
S';! .0 
o 

" -'" "'''' ., 
~;§ 
~ 

," ,. -. -

• • , -• , 
< • • 0 • • 

-• w 
"", 
~ ,­
-" 
~: 

" ., 
-

,. 
• o. , .-
'I -" 

• w • -, - -
" 5 , • , , 0 
>- , --• - -'.- , • • " - • • • -. ,,-. , • w =. • --... • ---, • -

• § 
< • • 
0 , 
• , -• • • 0 -• -• 0 -• 

'" ~ u<.J<..I<-~ " .K ''"'''u<.Juc.><..><>UU<.>Uuuuu "U'-""'u<.>u<> '-""' "'"'u'""-'" '-"-''''-'wuu 
•• .... 

• 
• • 
! 

• • 0 
0 • , 
0 

• 

" • • • -• • • • • • • • • • • 

-• • • ----• -• ----• • • -• -, -• • • -• 
• . -• -

" ,. _ ,r ••••••• : •••••••••• ••• _ ••••••••••••••• • •••••••• 
~ __ .. """" __ ,,,,.,~ ____ .. ____ r C ...... _.eJ_ .. ~ .. .,_ .. __ "'~ 
%- ___________ ., .. S"., .... i·"." i"'~ .' .............. .... .... _., 

. < -• -•• • -. ,-, 



-• • < • 
" " -• • -0 -• • • o . < 

.0 " . " .' • -. • ,.. • • •• - . 0 

" • • --
~ • -, , , 
0 • • 

• 

" 
" " " 

---• 
" -• • • -

-• 
" -• 
• 
" • • " 0 

" , -• • , 
" . -. 
" ~ . -

•• .. 
00 

-• -• " --" • 

....... . ........ ..... .. ........ 

• 

• , 

• • , 

, 
, , , 

i , , , 
, , , 
.~ 

. . - ...... - ..... . _= .. _ .. ...-., .. _.., __ .-Nf') ... .,..,.. .. _~"...,... ., .. NII ' .. _ ___ ..... 
",," .4*e ....... _ .... """"' .......... _ .... .... _ _ .......... _ ________ _ 

-- .. -- .. ----
• 



• ~ 
; -
0 -> 
> -• -" ,. 

• 0 -

---• 

• • 

, , , , , , , , , , , 
, , 
• , , , 
, 

, 

i , 
, 
i 
! , , , 
• • , 
• , 

, 
• - -• N 

~ .--
" , 
0 

~ 
~ 

'!'I • ~ 
"" /.; 

U 

~ • ,. • -e: -
" 

, 
~ • 
• , 
~ 

-
u 

, -
, ..... .. - u " 

_ .... .........,., --. - " to ', __ " _ _ _ .. 

• 

• 

, • , , , , • • 0 , 0 • U , u , • " • , u • • • • - • , • -• 
, 

" , • , • , U • • , 
< • " < , " , , , , • , 
0 , , - • • , • , • • " , , , N , • , • , , • 

• • • " • , , • , • U , 
I 

• f • • u , u , • • , w 
I " - , ~ 
~ 

> ., 
0 

• • • ~ • • " -• • -, 
!O • • -• • ., 

" • U " , .... , 
~~! , 

• , .-. • o , 
• -.. • " " . 
• • -• .. -• 
_. , 
""U 

• -. , 
: I '" • • " . , " • " -• " • " • • " - • " " ._'- ... , 

~ 

N 

.. . - .. .......... 



-•• .. -. -'" - ,~ •• ---. •• . -. -•• . , 
'" 

, 
, 
• 
I 

, , 
• 
! , , , 
I 
• • • 

• • • • , 
• 
• • 
• , 
• 
" • • • 

-• 
• -• , 
, 
• • 

• 
, 

I 
, 
• • • 

• • , 
i 

• • • • • • 

, UUd 

l : ..... ~ 
i ! ~~ • • • • • • 

• 
! 
i 
I 
! , 
• • • • , 

, 
• • • • • 

N 

• • N 

• 
~ -N -• • 
• 
i 

--• -· -• • • ~" • • • • •• 
~ §' 
~ ... . 
~ :! 
i Sf I -• • · . - . co .... I 

~ ~ ,;.~: 
;1; ~.! 
58~' ~. __ .f_&. . 
c"~~- I I.JU.': '''-= · ~ .. -, .. ,., 't~c 

l ~~~1! , 
• • 

i 

, -• , 
• • • • • ---

• • 
~,,' • .o • • • .~ 

i 
u 

• 

• • • • • 
• 

, -
• • 
" • 
• • , -• , 
• • • • • 
" , 
• • 
• • , 

--_ .. __ . , .. _ ...... _-_ .. ," , . ," . . ' ' " ... -.. -~." .. -----



• " • 0 

• •• , = , 

• , 
• , • - , -• • I • -- w , • , , • - , 0 0 , • -- " - , -" • " 

, • , -- - -- , - , • - - , ~ 
• • , 

"" • • , , " 
, , ., - 0 - , • - , - , -- • - I ., - - , - 0 - , • I • , • • 0 • • , •• 

0 • • , -->- - , •• , 0 

"' , "' , w. .- , .- , 0< - , - , w 
•• , •• , .. •• .- , -- , - , .. , . - , •• • C" , _. -, 

• -. , . -. •• -• • I •• • -. , - ,- , • • w_ "''''- , • • , •• , , ,. 
• I , -• , •• - , '. • , 

" " , 
• , •• • , • • • , "'z ,. , , --, • , , , _.-, , .. , , -. , • • , , ",,"-, • -.. , , -. , , • , , , ow· 

I , 'w , w_. , , -.. 
I , ". , ", 
I , ,,-, , • • , , , ,-, , , , , , , , 

• • , • , , , 
• • , • , , , 
• • , • , " w~ --

, 

.. - •• . ,. • 



• 
• • • • • • • • • , 
• • • • • • • • • , 

• • • • • • 
• , • , , 

• • , 
• • • • • • • • • - - • - • • • • • • • -• • , • , • • • • • , , • • • • - • • , • • - • - • • • • • • '0 , - • " -• • • • • , • • • • • , • • • • • , • • • 1 , -• • • • • • - -• • • , • I , • • • , , 

• , • • • • , - • , • • ::3 • • • • • • • • • - • " • • , • • -, • - • -- • - • 0' , - • - • • , ~ • 5 • - • • ." • • • 
~ 

• • • • • • • • --" • 
~...: 
~ . • _uc " . ~ ••• .. -.. ~ • • • • • • • • -. • • • - • - -- • • - • • _ . 

• ~ ~. 

• 



-• 
• -, 

• 

I , 

! , , 
, , 
, , , , , , , , , , , , , 

-• • 

• 
' ," ,-, .-
' :' 
" -' Oa 
'" -
! ~j 
t, t.~: _.-
: ,g •• ., 
! ! ;&~ , i_ , , 

, , , , , , , --, • , -, • , -, , , 
" , u , , • , , • , u , • , • , -, , " , • , 0 , u , , • , , , , , , , , 

! , , 
~ , 

I , • =; i i ~ :: ;:ss:·....:....u u u 
, , -

·"M'<J 

-• 
• -u 

0 -
- 0 
0 -

0 
• • 0 • 0 
0- 0 

• u 

• 

• • 
• • 
-• 

• 

• • 
o 
• 

• -<, --
" 

• --" 



• 
" " 
" 

, 
o 

. . . . . . . . . . . . 

, 
" " • • , 0 
" -• • - " • • 0 , - -, , 
" " 
" " " " 

. . . . . . . . . . . . . . . . . . - . . 
~_~ ... c._"'''.'''.''_.~'''''' '' .') '''''''''' '' _'''''''''''''''' '' _____ ' ,IN,''''''''''''''''''''''''''''"''''''' • ..-...,..,., .. " .. ~ ........... ...... ............................................ .................. 

t::;:; ...... ..,-,.,.., ....... ,,, .. .............. .. 



4 ~9 . 

46 6. 
-461 . 
46 2. 
463. 
46.,. 
46:). 
-466 . 
461. 
468. 
469 . 
470. 
47 1 . 
47 2 . 

-473. 
-4 7 '1 . 
47:5. 
-476. 
477. 
-478. 
479. 
480. 
481. 
482. 
483 . 
484. 
48S. 

41)6. 
487. 
488. 
489. 

\?,~ : 
4'1:!. 
493. 

c 
c 

• 

, 

END ~.'" 

~V~~~h~~ ~~~~~ ( Z) 
DI MENSION THIE(7) 
eOKMoN TOLJ.H~IN;lK I N /. ZMAXI" 1<12 , R3 , CI ... C2;!,C3 ... R4 ,H-r A r AC O ,CICY , 

"'CtHI. CE,F O,!wPB ,P OR, C"R ,Al ,A 2,A:!I, A'i! <! ,A,,3 , l.CO,CB u,1.8 11 , UIl 
COKnOH/VAK/ZZ,ZIZ 
1.2Z • Z 
IZ· Z 
CALL IHr£C3(Z,ZMAX,FUNC3,ANSW,TOLl 
FUNC2"ANSW 
~~~nt~(5(2X,Cle.3» 

EN' 

~V~f •• qM.FY!"!'IG) 
COMMON TOLI.KMIH;ZI1IN JZI1AX{'){B2, B3,C I ... C2 ... C3AR4 , Hr lT ... CO, C~ Y, 

' CCH, C€,F O, ... PB ,P OIl ,C"R , AI ,A 2,A2 1.(\:!<!, A<!3, l. C D,CBu ,..:aH,u~ , 
ll STACE 

COHHON/ VAR / Z ZZZ 
COMON I D lST~BI S I ZE (9) J.FIIAC"r (9) ... SI' LlNE (9) , RR(31) ,P IReJ!) , 1( 5131 ) 
I fCIST ACE. EQ . Il P OZ .. :;PNIlE'R<9, :> !1E..!fRACf ,SPLUoE,S C ) 
IFCl STACEkEQ. 2) r.OZ" ES PN(3l,RR,P l f.I,IC S,51C l 
F"UNC3 .. PvZ,.(StG/Z )I ... "(C:~-3 . 
FORHAT (9 f2X,C l 0.3» 
RETUR N E., 

SUliROUHHE CAPElOf( 
THI S SU8kOUTI NE CAL(: ULATf.S HIE JH'r£CRAL OF P~O fl IllU . DE.lI lIY TtI E 
PAHfI CLE RADI US R 

EX f U NnL FUNC4 
CO HP1 0"t TOL HI1HI Zr1 JN l r1nX III lJ<! Ip,t: l. C:~ C3 114, 111"1 CO, C~ Y, 

, c eH(C!::. fll.l. ~f' 1I. ""'OM, C/.R ... 1'1 It. At 2 J"h .! I J. 1'1 2 . ' > 1'123, tCIl. C ~ ,(: fjH, II I] 
CAL I Hll ~ 'HlP1 \ " ./" "Al({tu,.,c",nNslol.lul) 
P "OM --o - A"'5 W _FIl/ e R. _WI' (I 
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0"':'. 
696. 
697. 
698. 
699. 
700. 
70 1 . 
702. 
703. 
704. 
705 . 
706. 
707. 
708. 
709. 
710. 
711. 
712. 
713. 
714. 
7 15. 
7 16. 
717. 
718. 
719. 
720. 
721. 
722. 
723. 
724. 
725. 
726. 
727. 

·72B. 
729. 
730. 
731. 
732. 
733. 
734. 
735. 
736. 
737. 
7:18. 
739. 
740. 
741 . 
742. 
743. 
744. 
745 . 
746. 
747. 
748. 
749 . 
750. 
75 1 . 
7 "';) 
~~ . 

753 , 

c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

S 
IFLG 

AB)BB ,CB,DB 

AE}BE)CE)DE 
C 

PONDING" TO" THE " OALUES-iN-THE"X ARRA-'i~ -". .. ... -,,- - - -." 
- ARRAY IN WHICH THE N SPLINE COEFFICIENTS ARE RETURNE 
- A FLAC WORD WHICH IND I CATES WHICH END CONDITIONS WIL 

USED ACCORDING TO THE FOLLOWING TABLE -
o - PARAbOLIC CONDITION AT BOTH ENDS 
1 - SPECIFIED RELATIONSHIP AT LOWER END PARABOLA AT 
2 - PARABOLA AT LOWER END SPECIFIED REtATIONSHIP AT 
3 - SPECIFIED RELATIONSHI~ AT BOTH ENDS. 

- COEFFICIENTS FOR THE LOWER END CONDITION (NOT USED F 
IFLG := 0 OR 2> 

- COEFFICIENTS FOR THE 
IFLG = 0 OR I) 

- A WORKING ARRAY USED 

UPPER END CONDITION (NOT USED F 

C ---- NB ---- THE ARRAYS X Y SAND 
C CALLING PROG~AM. 

FOR STORAGE OF INTERMEDIATE RES 

C MUST BE DIMENSIONED AT LEAST 

C C-----------------------------------------------------------------------
C 

DATA 10/3/ 
IF(N,GT.2) GO TO 2 
WRlTE( IO I) 

I FORHATC34HSPLINE MUST HAVE AT LEAST 3 PDINTS) 
STOP C---------- FIRST POINT 

2 AI = X(2)-X( I) 
PI = (Y(2)-Y(I»/AI 
NHI ~ N-I 
IB "" 1 
IF(IFLG.EQ.l.0R.IFLG.EQ.3) GO TO 3 

C---------- PARAbOLA 
5(1)=-1. 
Cel) .. O. 
DI = -AI 
CI = O. 
GO TO 4 

C----------6PECIFIED RELATIONSHIP 
3 WO = AB-BB<AI/3. 

5(1) - -BBoAI/(6 .• WO) 
C(I) - (DB-CaoY(I)-BS<PI)/WD 
01 = AI*S(l) 
CI - AI-C(I) C----------- INTERIOR POINTS 

4 DO 10 1 ~2,NMl 
All - X(I+l)-X(I) 
Z - 2 .• (AII+AI )-DI 
PII = (Y(I+l)-Y(I»/AIl 
C(I) - (6.0(PII-PI) - CI)/Z 
CI - C(U'-AII 
PI - PII 
S(U - AI1/ Z 
DI - S(U*AI I 

10 AI-All c---------- LAST POINT 
IF ( IFLG.LT.2) GO TO 11 c---------- SPECIF IED RELATIONSH I P 
01 ~ DE-CE*Y( N)-BE*(Y(N) - Y(N- ! »/AI 
DI = 6 ._DI/AI - BE*C(N-I) 
Z ~ 6.MA£/ AI + 2.*8£ - BE~S( N - l ) 

D. 
L BE 

UPPER. 
UPPER . 

OR 

OR 
ULTS . 

N IN THE 
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~ , a..O ... 1fI -JU o WJ --- • - x _x_ - , 
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(lOb. 
lI07. 
BOB. 
809. 
fJl O. 
81 1. 

8 12. 
813. 
8 14. 
815 . 
81b. 

C-------- - XX IS AFTER XIN) 
C 

50 T = XIN) - XIN- l ) 
SPNDER = (Y(N)-Y(N - l» /T+"r*(2,*S(N)+S(N - l» /6.+2 .*S(N)*( XX-'X( N» 
RETURN 
END 

BLOCK DATA 
COMMON . IQISTRBI SIZEI~),FRACTI9) SPL~NE(9),RR~31),P1R!~ I ) RS(31) 
DATA S I ZEil . E -Ilf . 000 1 S f . 0003, . 0 0 ~ b ~ • 001 1 B 0\ • 00 L36, . 004751 . ~ 063, . 0 I I 
DATA FRACT/O,), 209 , .2 06 1 ,3,,+18 1 .5/06 , . 6840, . 8452, ,8981) ,/ 
END 



"1'(11111 10 

MoITlIEMTICAI. lilliE!. f'Ol Til: TMWtR II" HOT r~~ 

SOL!DS I. All n TO !'IDS(G COOLI'" COIlS. 

lISTUC II" CCll"llTtR """"~ 

1. D[R!VAT!I)II Of MATl4(MTlCAI. IQ)(I. 

T~. heJt JM .. " blllllCt eQIIIttOfl for 1ft tl_"t (dl) of tM 

cooHng co11 sh_ ~low """ .... I t"~., foll_ 

, 
f. "I - ( 

r .. , • 

,-

-
--

-- , 
" --:-__ I 

- J ( ::::--------

LA.IO.1. 

[.A.10 .2. 

LA.IO.l. 

LA.IO .•. 

, "dIU!"" lnot C"""oct!"" II'ICI " Is the (DObftt fl""roto 

(.3,. for I I. , k9l S for 1I .... not ~Ite. ) 



SlrKl till! uod .rMI ~oll .... ~q ... . " " • l. 11 to" ,urlleet 

.. ~ nl~ to be ire)! tMO •• < ..... _" l'>t .,.H .. to .... t at til .... , 

' Qu l ll~rl ... 

CA.10.1 tlo.I, . 1.,It,I •• to 

LA.IO.S .. 

E.A.IO.S co. to. 'urther Sl.,ltlltd .1 ..... 

•• 

• • LA.IO.t . 

...t.o ... "1 • .0 H t .... the .ff .. t l .... IUhit,. 0' •• "" 1M the .tolollu· 

I t .. 1 coll tub. rts~tl •• , ~. 1ft., tI~log ... ltl ·reflo<: t llll' Into ICCOu"t . 



", 
10(1-' ,)(1-<.) - (I-<.)(I - <t)' t 

• ',' t ( 1-( I-' l)(H.)" ) [.1..10.1 . 

", LA.lo.a, 

1M totl l ... t ..-_ed b~ tho «IoHn!! «o I ls IS obuloed by 

10tl ll,HI "1I E.~. 1 0 .6 ,1.09 to. 10"11\10 of t he .01 1 u.I<>g. 'te~I' . 

\"llt<jrHIt)n _tho<!. 

2. UtCUTIO~ (J" THE COIIPIITEIt PItOGANI 

Cltpa'_nUl COOJIIUur (tot 1100). \I&~ disc 2 oust be plo'ed an lilt 

dll. drive ond t" fol1owi"ll dou card, ,,"t be .~Ittld. 

,,,' , • , • F8H£Ar , ". TI N. DT. H. [S,£l , H!. K " 10 . 6 

• ... 00 , l , Ol . 101. ,~, FlGl . C~U1f " 10. 6 , •• f 12 .6 

• • , , 

11 bod t_r.urr. ( ~) 

liN "",I'M 101et ~roUl"" (~) 

OT "'" of 1.0 h .dlq .. tl «( ) 

H ouUldt Tn . , .. H I,ilnt • 1110<10 ' l oci C~r 

corrll"; "" (",. 2. K)60 



{S _' .. iwHy 01 ..,Jil 

ET _1"hH, 01 tao'l 

MI 'Mlcit I I I. ,oefflCI..,t ( ,",.Z , ~ )6Z, I I ... U1" 10 "'H" 

<oob. , .. 10_1 ....... ,111 .. II ... .., ' •• ..,. .... 1 nlu • 

.. , til I'll ! '" tIIo AU .. ,." llot n. of I,G h _ .. dt' 

10 ..-1"" tM n ... tIIo t nl ... priMed I. tho P ...... _ 

... a.IlOi' w~e 'I""", ",a' "", Il0l, _ ... Id 

~ , ....... , t'".'..c:,ivit, of 1M 1""- .... 11 (",.,~)n, (AII~ 

~ h • '~",I\cn 01 ,_cot ..... , ... 6 ....... ...:. " .. I It .... g 

Ind " av.e.~ voh .. "'"J' ...... 11, til .... ..,) 

Dt ,1M I ... ," ,Ii_toe (01 

DO Woe "",,,,cit dl __ (I) 

L \<All h",glh (_) 

11 1\eII long" """, ,10k (0) 

l'Ol , ,-... 101' tol ....... to .... I~ wu ... i .... nl .. tH of lOt 

""'t 1t t • ., .el~ 1_ • ,,"etluI.e .1_1 of longth_1 

.g .... i. ""'or for tI,. ultulUIOtI to be ,00.ln,.., n 

""i"ll convo",ed, 110 ... 11, D, I " .dOll" '- OUI "'n .. ,.,.",. to 

Ili ll ropld with ••• 'u. of 101. 011 .. 1 10 D,CI 

II toohn, 11"",",1.1, II<ol/ol. I I/" .1., kg/I f ... ""'-' or 1"-

nOi. 0'.'_ fl., 1>1'''''' .... I~ .Iot trl.,It, h ...,..Ge<I 10 

'n,lt.lllu.! (v,.Z) 

COllTIIU cooll., <IIr""", ....... 

1.0 lor .1. 

1,0 lor ... let' 



• 

• 
,",., -"." " .. ,' .1_ , ... "" ''''''''''' 

' ' '' " " , 1 ... " 

.., .. """" 
, 



I, . OO'l'l.Et( ~IS'" '" {f' r.wo/'.N' _, AS $~ ()' rATO< IllSI'. ~ ()l nE 
Ole Hal sc conrTU! III nE 0Cf'I0R""1T 01' amiGO!. O'<;II"(IIU "" 
.. 11""",1"", OF I ",IA~ 

I~ ,!JIl.MY 19'0, 

NOf_' nll(AI 
c__ "tI ~ f'I:O"$/Ir, ar",TfS , .. AI Tl" ... u r. m A lVf\[ uw~sro III A 
C FlUIl) ISf D Ern, Enlll m .IIH.I H'1 Nt> .MIA"(l' M! C(J~lrnr.1' 
C "" SMn N il TUnL~ Nil" ""''' .,.1' Ttl ~ r""". MD lf5 1,C,Il'ISS: 
e IVn""/>II~r:<mllvI TY !:vf~ " .. " ,,,I ., " .. " .... [f""u IU,..l\ .. . 

C----· - --·SIGlUrtCA/U rr S'Il fO..S 
(·-------11""-'1 If 0 O IT'Vl VM IIJIl.r; 
( OlTrO' CU"lI./II.T Ifff O'l1.r::r " '1'f"t. , , 

A" I . ~ 
W!.TfI' 2.0 
srr ... , '.0 , , , , , , , , , 

o..oQ. o.o.v.TlVI: 1.1:11; ..... " 
0J0:I !ao.v.TI~!£AT lAA.srur.1'll \I 
(UCI>'! Q. . ...... TJYI'..:AT TI'...., ...... rr~rn t:u' TO o:I#FCTJCt I \I 

_~~".~ DU£ ro IWlIATlCt' 1/ 

" " 

e oDun r. 
c n r.' rSHVIT"f rr W.., 
e (T r.ol~~IYI'" rr M( 
c n'"ll. "'" ru.'" Il[~ ' ... 10 . It:M '"" "' '''''11' I S orcAAOIll AS 
c Tr!SIWI''':''ur 
C .. F ill' (III1"~le lDlT !W;TI.IJ"N "..0 "" OJI[. lU".r ...... L ... nont 
C Nfl CO<Y'rR (OWn ATl(l, . 1I/1,n11.r. 
c HI fi ll' CCfrF lC1D1T !ll:l"o(m CCIOI.JIIT 
c 1!/I~"1 .' ; "" rurr "'''' ,or.u 
C , """'''l a:NllCIlv,"", (f' n« ' .... l " /Iv 
C L 1111'1( w roTH .. 
e H tmlMlT fUWJ A, O " --Jl"l'lI'StI>l""lTP <f;'S,~lTl'f< rf,f~ 
C lUI lUI lPf1mrlCATI(l, 
C TI! I!fl> mt' ~ 
C Tm 1,.(1 f9'I> « 
c llll. ITt .... IICt1 TOtJ"'NU ~ 
C--------VIflIAllUS II1TEl':f.1ll. ro TIt; AIil!".f!I" 
C CCfI ...,AI Tr .... I51''''-"1"> ro C!.O'!n" no <XiIM"nlcri W 
C CI' !;I'[C U' ''!€AT Of cr.xvtIT,AI. J"fI~'. ( 
t WOllll Jlr:t; .c 
C STEIfl J/J'I";.C 
C Oln:n OJrnAllU 1'II!"IIoIUJ< (IlI.seo,iIIY!: E5""'ns rr 1t\IT(1) " 
C r ES f rHeTTY( I'IIISSIYITT C1' $0lil''' IM ltl"; llf-<tEfUCTTCI< mID 
C A«XlU1T . 
C u:r f1F{( TTYI' ellsslvlTT tF II»t: ' ... ·u r. 1!f.-RT:fUCTlCt, t~TO 
C lCeO.1IT , 
C fUJll tl:CIrI.. tt:AI I'1.UI< 1/"9"1 
C I ITaATlrtl'fJ1I1U 
C I.... ....lmut 11<11 ID[I" I' ICATlOI 
C Ill) ' ~M TP.N<IFr:AAfO 1'0 ewvIT !fY AA!>IATI()' \I 
C I INI .~~ "tR "liM' IN flJJfllT PI. ( 
C l1"\.l1(1) Q/TU"T IDf' 1'ltU'. 1'UJ~IT!lI. AT IID'ATiCN t ~ 
C "'''-V AVM<X'(" 0JlT.R Tln" ' .... '. Ifl"f" ~ 

1£1\1. ~, ~,'. 

nt"fJI';U" IOIT(~) 



• 

II(IO(S, I nO)T~, I II •• or . ". r~. rT . HT .' , Ill , r<>, l,tl\., T~ .~T ,"Tf'I. . OrTllf" 
OU:N>(S .1 Ol)lto .. 

C __ . _ ·_ITe ,Q(lllr .5 
I ....... ) 
OJ'I'.XIQ"O . O 
Q.HttW'IOo .n 
(V(lQ=O.O 
o .. n )L·o.n 
CDQ<O . O 
III:JCl' O. 0 
0000 .0 
II! 1 Tf( 1 ....... 1(1)!ru ' 
... 1 T~( I ...... , 111)Tft(T ~ N,IlT .",ts.H.UT . ~.OI .OO. L.!lI.. 1ll..". nrL 
If(OlTW . F.Q. I. 0_1 TJ:( lPII.l '»' )01 
1"(o.'IUI' . r.q . 2. 0)1011 '1[( lPII.l M)oI 
I" (CWIID' • Ill . J. 0)101 t TI( I PII. I 'J'l >, 

,III IC( ,N!, ?OO)I~. III •• M ,CUff' . <lJflL,(D(\.R!lQ 

c . . .... -·-(!u'UTI '€I1T T1'W6ffll 
t(S>[S't. 1"0 •• ( 1.-f'I)II(1 • -(S)-O . .... T)"(l .-r5)''£1)1 

SCI ,.(1 .-(0''( I. -r.s)"l';O 
(I'T>tS''CT''( 1 •• ( 1.-n)"(1 . -r.s)-( 1.-(1»1( l.-rS)"B)1 

SO •• (1 • · rT )"{ 1 .-r~)''£S) 

" , TOOI( I ):111>0(11 
_~.(In-""ll1.n 

I "(lI!," 11'1;11'( I ))11 . n 
If(allm' .fll . I . O>'" lot.l.O,,(I, Il00, 001'lFT)" 

S((!V(lIS. ""(01 "'1 • 0»)=0. ~ 1 m I '=' 0 . 1 
alIIOl . 1"1f.'"*"''''''I:O:'II," TI"'~)ll . 0 
IlOO:S • tl0U -<II"l. I"'¥! 'I"-'ll'I"U£S·{lt ...... . ).·fU''( "",,,Y''' •• )) 

~"""'" 
C .. · - __ -<Al.OJUIoTC OJTUT mr fP.O' EW'fltT All> I .. U m .. 

1':(1 ",",0.11(1 ))11.0 
1~(OITT![I' . I:Q, 1.0)0'>'.1 l"nsv.o. 1"//£_FI-o. Ol l"!I£·PO''''?J) 
If(omru .n). I.O)~ lit. 
Ir(CNTP£r.(Q. l.O}CP:?SOO . 
""''h( 111>. :tuT(J »n ,Q.on:"( I ,0tC) • ] ~ 1 Sg '," I "" I ) 

S.C I.O/CI.O,,]. I"' S"""')l~"'LU'(OOID ' )) 
:tuT(I ·' )=. " "-roQ/O,,"C') 

, _.~<E:cr. lr IID'.A,,(JIS ''oWl' ctrlt=.r:O OR ........, rn 01' I T!';RAII(JS 
C O<cf1Jn 

PI TCII=AIIS(IIlJT( 1.1'" TWT( 1») 
If«(lITOI.L.f.TOL)r.o TO) 
Ir(T,I'C.~~Y.o Tn I 
101 ·1 
~ m, 

~ ~000I" 
ClKl,·tulll. ....... 
()"HCf)fc Q. OC[J\otro 
11-" [)"'O(\J 1ItO'\oIII , 

(--_ ........... "'5 TO'!! [ 1.0 01' 0<1'. 1VI'r I'UI< r.ElC .... O Fl£F<1'f (OOV'" ID'f' 
( ~u.ofD I'If1l m .. 

Ir(o..o1X,r.r.LX,(1 TO 1 
lot I Te('~ , S~~)I1)J ] ( I.] J, m ._"''fIr .~.Cro.Rrt1 



C-nn __ -(lI[O: If lCAT fUJI( ttI\S LWtO' lD C[lJ:>I I'll.'''''' 

........ "'" I(J.I~I'''"",,'') 
1'('l . ..".U. rTOL)r.o TIl , 
T"'·mJT(l ·J ) 
Q m, 

t ______ STCf' IJ'THNS 

, IIlITt(l ... _,6f111~CU' CI. 
1"-1 Tt ( I fft. 1~}CUe.", CU"1COO, CI.t~ 
,~ 

, III 'TEOPP. s.oo)'RlIT( ' _I ) , JJI,Cl.tO'. CU'n. 
1II.1Tt(' "". toOO)'RlIT( , _\) 
III 'T(( I'" .,00)D.J0) ,anzlI'I. a.ont' 
,~ 

I 111 111'(1"1,1011) 
IIllTt:O'" .JOO) 
,~ 



REFERENCES 

1. NAUDE , D.P. Tile potential of f luidized bed combustion for 

indus"tria l s team ralsfng in South Africa . S .Afr . Mech . Engng 

vol . 29 , July 197 , . pp 243 -250. 

2. JUDD , H.R . , OAI/SON, I·I.F. , and ELEFTHER1ADES, C.flo Fluid ized 

combustion of high ash coal. SOUTH AFRICAN INSTITUTION OF CHEMICAL 

ENGI NEERS , TH I RO NATIONAL flEET! NG , STELLENBOSCH , SOUTH AFR I CA . 

Apr il 1980 . pp 4GI-4GI 5 . 

3. DE KOCK , J .W . The South Afr ican coal industry . OEPARTHENT OF 

CHEMICAL AND I~ETALLURG ICAL ENGINEERING, UNIVERSITY OF STELLEN80SCH, 

SOUTH AFRICA, July 1978. 

4. EHRLICH, S. History of the development of the fluidi zed bed boiler. 

PROCEEOINGS OF THE FOURTH INTERNATIONAL CONFERENCE ON FLUIDIZED 

BED COMBUSTION IHTRE CORP., Virginia , U.S.A. Dec . 1975. 

5. GAMBLE , R.L., and ~IARSHANY, F.R . Comne,·cial development of 

atmospheric fluidized bed utility steam generators . AS:'·/E and 

IEEE . JO INT POHER GENERATIOI. CONFERENCE PORTLAND OREGON, U.S.A. 

Sep.1975. 

6. BERr~AN . 1.1-1. Fluidized bed combustion systems : Progress and 

outlook. Pouer Engng Series 83 ~ Issue II . Nov . 1979. pp 46-56 . 

7. DAVIDSON , J.F. , HARRISON , D. Fluidization. Academi c Press. London. 

1971. 

8 . LEVENSP IEL , O. Chemical reaction eng i neering, J . Wiley and Sons. 

N.Y. 1972. 

9 . SKINNER , D.G . The fluidized combustion of coa l N&B Non09raph 

CE/3 Mills and Boon Ltd, London 1971. 

10 . 14cLAREN, J. , and WI LLIAMS , D.F. Combustion efficiency, sul phur 

retenti on and heat transfer in pilot plant flu i di zed -bed 

combustors . J . Inst . fuel, vol . 42, Aug . 1969. pp 303-308 . 



11. BOJ.lLI~G , K. I1,G. , <!M WATERS , ?l. fue l processing in fluidi zed 

5:eds . Sr. c}o.cm . E>lgw. vol . 13 , no . 8 , 1968 . pp 1127 -11 38. 

12. BISHO? , J .W. , EHRLICH , S., R08INSON, LB. , and CHEN , P.S . Status 

of tile dire,t cor,tac t hea t t r ansfe r ri ng fluidized bed boiler 

ASME ~INTER ANNUAL MEETI ~G , p<!per 68 -WA/fU -4, Dec . 1968, pp l-lC. 

13 . HIGHLEY , M.G ., KAYE , t.' .G ., CHlBA, T. , NI ENO'", A.W., and ROWE , 

P.N. The applica ti on of flu idized cOll1bus ti on t o i ndust r ial boilers 

and f urnace s. FLUIDIZED COMB USTION CO NFERE NCE , SYHPOSlUtl SERIES 

~o . 1 , vol. 1. London , Sep . 1975 , pp 83 - 1- 83- 9. 

14. KHARCHE NKO, N. V. , ~nd j.:A KfiORIN , K. E. The rHe of hea t transfer 

between a fluHized oed and an il!lllersed body a t hi 9h terperatures. 

Int. C!:em . En(p:7. YOlo 4 , no. 4 . Oc t. 196~, pp 650-654. 

15. .(~.LL , A.M .. VAUGHAIl, 0.1'1., KRA USE Jr , H.H. , CAAL-:-ON , H.I'". , 

STICKFO~D J r , G.H., BOARSKI, A.A. , and LUCE, R.G . Final Repor t. 

U.S. Departr.ent of Energy , Contract no. E(49-18)-2325 , Dec . 1977. 

16. ZELLARS , G. R. , RQ<:E, A.P., and LOWELL, C. E. Erosion/Corrosion of 

tUrbine airfoil materials in t he high velocity effluent of a 

pressurized fluidized coal combustor. NASA TECHNICAL PAPER 1274 , 

Jul . 1978 . 

17 . Pre ssurized fluidized. bed co.1lbus t ion . RES . t DEL Report - United 

State~ office of coal researcn no. 85 , Washing t on D.C . , 1973 . 

18 . \RIGHT , S . J ., KETLEY , H.C. , and HICKMAN , R.G. Heat tra nsfer 1n 

f l uidi zed be ds of wide si ze spectrum a t elevated temper atures. 

J . Inat . FueZ , vol . 42 , Jun . 1969 , pp 235 - 240. 

19 . ZENZ, F .A. Bubble fonn~ tion a~d grid des\g~ . TRIPARTITE CHEr·tlCAL 

ENGIN EERING CONFERE~E SYMPOSIUM SERIES NO . 3D , Mon t real, Canada , 

Sep . 1968. pp 136-139. 

20 . Bt Hl£, L.A . , VOEGEllN , S.E., BERGDUG';oU , M.A. The desi91l of f l uid 

bed grids using the orifi,e equation. Can . J.C~. ~3ng , vol . 



Sli . Jun. l 'i1S. PF 404-4DS. 

21. ~lTEH£AC. A.B .• r.&.~TSIDI;. G . • DEIIT. D.C. flo< and ~'ruu,~ 

.. 1tldlstrlbutlon It tlIoI d\ftrtbiltor level of a ')IS-soUd 

flutdh.d bed. C'-. ~ ,;. YO\. 1. 1970. ~ 1I,-IS,. 

IolI\TEtIEAD, A. B ••• ", CENT , D.t. 5onl,lou, Of ... Hlp" tul"'"' 

u~i\ .. In h~ Iluldhtc! be.! •• lNTERN~TIO~1.l }'~I'OSIUM 0I<l 

Il.UIOlZATlOII EMDHAI'£M Cotf'lREJICl. Jun. 1%7 . pp 802-820. 

23. FAlaIlIU. 5 .. 1M IWUtISOll. D. Mullio,HI" dlll,lbuto" In 

naldh.d beds' • 9"1<11 UI d .. lgn C_n 70 IiutUlf"WOrtl1. of 

A.,trllh. 29 . 1910. 

24. 513' St .. 1 EJIo;I~,hg AB. Motorl. 51;1" Pl ...... lt. Ph ."" 

TKhnalO9l' f., _I t red""tlon In crud. I..",. p,od..ctlon. Hofo". 

Tho C...,.r.y. 198::. 

,;oIIIISGN • .).'ol .. nNl OAYIOSo.,. J . ltI<I><tl,.. of Iron ore G1 t~. 

flo ..... ltll"I9 pro.:.n. J. I""" S .... ~ I/"" ' . .,,1. 202. \'l6G.? olO6. 

2G . aASI:AKa~. A.P .• Ind ·1A1GQI1~. X.E. C,,","Ulon of note .. l 91' ID 

fluldllt~ bt-d,. fLUICIHC COIIII,'SlI(lII C1l'i'£Ii!~C(, Sl'lIi'OSl1..tl S£~l£S 

1iO . 1 ... 1. 1 LondGn Sep. 1975. PI' n+Cl-9. 

V. a.ROOCHTON. J. C(nlluHl0" tn $~.l1ow fluldlt~d bo~ •. ~li..:J. 

_'Y/!. App l l .. Schnee PUDlis"lr, Ltd . En~I.,,",. vol. 1,1915. 

pp 61-78. 

28. PllLAl . k.X. Pr.l •• d!ll' ,0000"'tlon In shi ll "" 1I.1d1, .. ~d, . 

• . [ ..... _I •• 01. ~9. De,. 1976. "~200·205 . 

29. lII!IlI.ro~. T .. Ind HII!$AN, L. $o\!d, flow ,o"tro l " ln9 a non _ 

_ "'~I"I l •• 1 .... ~IKI ~ ST~1l!£IlC P1PELlN[ r.A.S SIMPQSW~ . 

tHl~. ILll'f!l IS. CMugo. instituu 0' Ga. Techno logy . act/No • . 

1911 . 16pp. 

30 . kNOllrOH. 1 .. l[lJljC. loS ... od M!tUJj . I. 1hot effect of lerotlo" 

Up lo.:ltion on u.. p.rfo ..... ne. of • J·v.I..,. FLU1DIV,T!1lII 



PROCEEDINGS Of THE SECOND ENG INEERI NG FOUNDATION CONFERENCE , 

CAM8RIDGE , Daviason , J . P., mid xeai-"'~(!, D.L . (eds) . Aprll 1978. 

31. JUDD , M.R., DI XON . P.O. The flow of f ine dense solids down a 

ver tical standpipe. HCIiE: AII!lUAL CO"Fl:RENCF; , ~~ ov. 1976 . 

32 . KOJABASHIAN, C. The properti e s of fluidized solids In vertical 

downflO'.o/ . ~t. Sc . Thes i s , Cambri dge Mass . 1954. 

33 . L EU~G , L.S. Design of f luidized gas-solids flow in standpipes 

Pawd.,,, T.,~ImoL . , 1977 , vol. 16, pp 1-6. 

34. LEUNG . L. S. Concurrent downfl O",~ suspens ions in standpi pes. 

PROCEEDIi\GS OF THE !NTER.'{ATlONAL FLUIDIZATION CO!iFERE/lCE, PACIFIC 

GROVE , CALIFORNIA, vol. 11 , .lU!-aiMI8 D.L . fed), Jun. 1975. 

3S . MATSEN , J.t~. FlO'..- of fluidized solids and bu!::bles in standpipes 

and risers. PO/old"" '!'echnoZ . vol. 7, 1973 . pp 93-96. 

31). ERGU'l, S. Fluid flow through pilc~ed columns. CIIC'! . Ehgng Frog . 

vol. 48, no. 2 . 1952. pp 89 -94. 

37. YooN , S.H .. klJHiI. O. Gas flow and pn!ssure drop t~rollg~ !:lOving 

beds. Ind . ~ CIwm . Pl">cd. Res . .Jet> . vol. '1, no. 4, 1970. 

pp 559-555. 

38. ELEfTHERIADES, C.I4. , and Jl!DO, M.R. The design of dO'<mcomer s 

joining gas fluidized beds in mul tistage systems . P~dBr' TechnoZ . 

vol. 21. no. 2:1 . 1978 . pp 217-225. 

39. JoN[S . o.R.H. , OAV 1 0SO~ , J.F . The f low of particl es fr~~ a 

fluidized bed through an orifi~e . Hh"ologica Acta, vol . 4 . no . 3 , 

1965. pp 180-192 . 

40. BURKETT , R.J . • C~ALMERS ·OlKON . P., MORRIS , P.J . • and PYL E. D.L. 

On the f l ow of fluidi zed solids t hrough orifices . Ch"m . E~ng 

Soi . • vol . 26 . 1971 , p . 405 . 

41. DE JONG . J . A . ~ . , and HOELE N, Q.E.J.J.M . Concurrent gas and 

particle fl ow during pneumatic di scharge fr om a bun ker through 



an ortftce. Pcr-.Jd"" Tr)hnol., 1975, vol. 12 , pp 201-208. 

42 . WALTEil.S , J.K . A tlieoretfcal analysts of s t resses in s\1 os with 

ve r t i cal walls . C[:e:. &{jII(J Sci .. , IS73 , vol. 28, pp 13- 2l. 

43. SPINK, C.D ., and NEDQE;<:'AN , R.M. Gravi ty discharse ra te of 

~rticles fr~ hoppers . Poud~" Technol . 1978 , vol , 21, 

pp 245- 26l. 

44. HASSIH!LLA , L., BETTA , If., and DELLA RQCCA , C. A study of streams 

of solids flowi ng fror; so l ids·gas fluid ized beds . Alehe J •• 1961 , 

vol . 7 , no. 3 , 1961. pp 502 -508 . 

45. STOCKEL, I.H. Hfgh speed flow of fluidized solids in cha nging 

area. Chjlrll. Engr.g Frog . , S!fr-;'{I. 5,,1' . , vol. 58, no. 38. 1962. 

pp 106-120 . 

46. DAViDSON, J.F .. and HARRISON , D. rluidi zed particles . Calltlridge 

University Press , 1953 . 

47. FRYEq , C., and ?OTTER , O.E . Countercurrent backmixing model for 

fluidized bed catalytic reactors. Applicability of sir.tpltfied 

solutions . Ind . Er.gng Chem . l"und"", . vol. II , no . 3 , 1972 . 

pp 338- 344. 

48. AVEDES!AN , 1-LM . , and DAVIDSO N, J.F . Corrbustion carbon partfcles 

in a fluidized bed . 1'r<IM 111ftll Ch= Er.gr.g , vol . 51, 1973 . 

pp 121-1 31 . 

49. LEVENSPIEL, 0 • • KUN I J, D., and FITZGERAL . T. The process ing of 

solids of cnanglng size in bubbling flu idi zed beds. P~Br 

Tochnol. no . 2, 1968/69 . pp 87 -96 . 

50. CH EN , T .? , SAXE NA, S.c. fia thelllll t ical modelling of non cotalyt i c 

solid -gos reactions i n fluidized beds . Oepartment of Energy 

Engineeri ng. Unlvers i~ of I lli nois 60680. U.S.A. Manuscr ipt , 

Aug. 1916 . 



51. SAXENA , S,C ., and REH>-lAT. A. A Il'.athe-na t ical !Jode l for the 

contfnllolls cQl'llillstton of cliar porticles in a fluidized bed. 

PROCEEDINGS OF THE 15tli INTERSOCIETY ENERGY CONVERS ION ENGINEERWG 

CONHRENCE, Sea t le, U.S.A . vol. I , Aug. 1980 . pp SO-56 . 

52. OONSI , G. , MASSI\llLLA . l. , MICCIO , M •• RUSSO , G., and STECCONI . 

P. The ca lculation of carbon load and axial profiles of oxygen 

concentra t ion in the bed of a fl uidized cO-llbustor . Co<"!b~st . 

Sci/mce ar.d Tecnol., vol . 21. 1979 . P;l 2S- 33 . 

S3 . GI8BS , 8.M ., HEDLEY , A.B. A pilot study of large cool combustion 

in a fluidized bed . 17t h HITERUATIONAL SYI~POSIU'I 0'; COMSUSTJOIl, 

LEEDS . U.K . vol. 17 , 1978 . pp 211-220. 

54. YAG! , S., and KU~!!, D. Sth SYMPOS!U:.I ON C0'1BUST!Ofl. Reirhold. 

New York, 1955 , pp . 23l. 

55 . ELEfTHERIAOES, c.~l. Drawings nos GW-241077 (1 & 2) JG 230118. 

Dep t of Chem. [n9n9, Univ. of 'latal , Durban . South Africa, n78. 

56 . ELEFTHER IAD ES, CY. Drawings r.os Cr.2 -9. CI> 2-10. Dept of Chem. 

£ngn9 . Un iversity of Natal . Durban. South Africa , 1979. 

57 . SGS Engineer i ng Inspection Company , Durban, SOl/th Afr i ca. 

Pressure tes t certi f ica t es; 

(a) Main Combustor . Serial no . 71703 . Ji . Inspection no. EN1480, 

1978/0J/13 . 

(b) Coal Hopper. Serial no. 71703-8 , Illspection no. EN1481, 

1978/03/15. 

(e) Coal Hopper , Serial no . 1084, Inspec tion no. EN96 . 1979/05/28 . 

(d) CYCLO,~E. Seria l no . 1085 , Inspec tion no. EN94 , 1975/05/28. 

58 . JUDO, M.R . , ELEFTHERIAOES, C.M. , and DA\.ISON, M.F. Combustion of 

coalin a multistage pressurized fluidized bed. INSTI TUTE OF 

ENERGY, FLUID IZ ED SYSTEMS; SYST8~ AND APPLICAT I O~S CONFERENCE . 

LONDON. Nov. 1980, p. I!!-4-1. 111-4-7. 



59. STIJKIII:£ , B.R. , and JUNe; . k. I ... , moot rites of b ...... cool 

<hiT pl.tlel .. in " "ldl nd!.od ~_""o .... TN ... 1. ,,'-. C., 

"Ill. 58. 1900. ~ . 66 · 68 . 

60. IotJllEII, l ., 01><1 C~"[ R . G.I. Hut t,,",fer I><It ..... " rluj~b.o 

sollos &.<Is ."d I>,,,,"~.rr ,"rf,,<, . Co".Iotlon of <llUI. 

MCftI; '_l. . ...,1. 4 , M. 1, pp 15·2l. 

61. IIJTTEL, ,1.( .•• <'14 SAAOf!~ , A.f. Rod!"I •• tr.n,r •• . I>tw ' orl . 

1IeG . ... Hill . 1961 . 

62. COJlSOll ,J .·~ • • Inc! ~!C:IAAlISUI, J.'. '_Ieol [nil" ••• I ...... lTd 

eojltfon, r."}OIODII ~", tCJr>clon ... 1. 1. fluid nO •• f<eU T"rsf.r 

onc! """ Tr,n,f • • , 19M. 

5] . PERRY , K.R" tHl .. ~O'I, C.M. , .1Id lIRlPA1 R!(l, I.D. C .... l"1 

["~I_" IIo.n40001<. f,,"rt~ [d. "cGrow Hili, H.Y .. li'SO. 

64. CNt'M01~ , ~ ., OJ KII!!. II .. DONSI, C .. !<I.SSlJ'!lLA, L .• RUSSO, 

c .• SIEttOl<J , P .• Ind lAM/llWO, A. ~Idablie oj .. 1",,1."," 

pr~·pllot. per I. ,,, ... "U ..... in I.". flu'"". CCJoall"SSO 

OHLA SOCI[1~. C"IlKIC' Il\ll" ..... 11I:1tNOO. 1'7&. 


	Eleftheriades_Christos_M_1.front.p001
	Eleftheriades_Christos_M_1.front.p002
	Eleftheriades_Christos_M_1.front.p003
	Eleftheriades_Christos_M_1.front.p004
	Eleftheriades_Christos_M_1.front.p005
	Eleftheriades_Christos_M_1.front.p006
	Eleftheriades_Christos_M_1.front.p007
	Eleftheriades_Christos_M_1.front.p008
	Eleftheriades_Christos_M_1.front.p009
	Eleftheriades_Christos_M_1.front.p010
	Eleftheriades_Christos_M_1.front.p011
	Eleftheriades_Christos_M_1.front.p012
	Eleftheriades_Christos_M_1.front.p013
	Eleftheriades_Christos_M_1.front.p014
	Eleftheriades_Christos_M_1.front.p015
	Eleftheriades_Christos_M_1.front.p016
	Eleftheriades_Christos_M_1.front.p017
	Eleftheriades_Christos_M_1.front.p018
	Eleftheriades_Christos_M_1.front.p019
	Eleftheriades_Christos_M_1.front.p020
	Eleftheriades_Christos_M_1.front.p021
	Eleftheriades_Christos_M_1.front.p022
	Eleftheriades_Christos_M_1981.p001
	Eleftheriades_Christos_M_1981.p002
	Eleftheriades_Christos_M_1981.p003
	Eleftheriades_Christos_M_1981.p004
	Eleftheriades_Christos_M_1981.p005
	Eleftheriades_Christos_M_1981.p006
	Eleftheriades_Christos_M_1981.p007
	Eleftheriades_Christos_M_1981.p008
	Eleftheriades_Christos_M_1981.p009
	Eleftheriades_Christos_M_1981.p010
	Eleftheriades_Christos_M_1981.p011
	Eleftheriades_Christos_M_1981.p012
	Eleftheriades_Christos_M_1981.p013
	Eleftheriades_Christos_M_1981.p014
	Eleftheriades_Christos_M_1981.p015
	Eleftheriades_Christos_M_1981.p016
	Eleftheriades_Christos_M_1981.p017
	Eleftheriades_Christos_M_1981.p018
	Eleftheriades_Christos_M_1981.p019
	Eleftheriades_Christos_M_1981.p020
	Eleftheriades_Christos_M_1981.p021
	Eleftheriades_Christos_M_1981.p022
	Eleftheriades_Christos_M_1981.p023
	Eleftheriades_Christos_M_1981.p024
	Eleftheriades_Christos_M_1981.p025
	Eleftheriades_Christos_M_1981.p026
	Eleftheriades_Christos_M_1981.p027
	Eleftheriades_Christos_M_1981.p028
	Eleftheriades_Christos_M_1981.p029
	Eleftheriades_Christos_M_1981.p030
	Eleftheriades_Christos_M_1981.p031
	Eleftheriades_Christos_M_1981.p032
	Eleftheriades_Christos_M_1981.p033
	Eleftheriades_Christos_M_1981.p034
	Eleftheriades_Christos_M_1981.p035
	Eleftheriades_Christos_M_1981.p036
	Eleftheriades_Christos_M_1981.p037
	Eleftheriades_Christos_M_1981.p038
	Eleftheriades_Christos_M_1981.p039
	Eleftheriades_Christos_M_1981.p040
	Eleftheriades_Christos_M_1981.p041
	Eleftheriades_Christos_M_1981.p042
	Eleftheriades_Christos_M_1981.p043
	Eleftheriades_Christos_M_1981.p044
	Eleftheriades_Christos_M_1981.p045
	Eleftheriades_Christos_M_1981.p046
	Eleftheriades_Christos_M_1981.p047
	Eleftheriades_Christos_M_1981.p048
	Eleftheriades_Christos_M_1981.p049
	Eleftheriades_Christos_M_1981.p050
	Eleftheriades_Christos_M_1981.p051
	Eleftheriades_Christos_M_1981.p052
	Eleftheriades_Christos_M_1981.p053
	Eleftheriades_Christos_M_1981.p054
	Eleftheriades_Christos_M_1981.p055
	Eleftheriades_Christos_M_1981.p056
	Eleftheriades_Christos_M_1981.p057
	Eleftheriades_Christos_M_1981.p058
	Eleftheriades_Christos_M_1981.p059
	Eleftheriades_Christos_M_1981.p060
	Eleftheriades_Christos_M_1981.p061
	Eleftheriades_Christos_M_1981.p062
	Eleftheriades_Christos_M_1981.p063
	Eleftheriades_Christos_M_1981.p064
	Eleftheriades_Christos_M_1981.p065
	Eleftheriades_Christos_M_1981.p066
	Eleftheriades_Christos_M_1981.p067
	Eleftheriades_Christos_M_1981.p068
	Eleftheriades_Christos_M_1981.p069
	Eleftheriades_Christos_M_1981.p070
	Eleftheriades_Christos_M_1981.p071
	Eleftheriades_Christos_M_1981.p072
	Eleftheriades_Christos_M_1981.p073
	Eleftheriades_Christos_M_1981.p074
	Eleftheriades_Christos_M_1981.p075
	Eleftheriades_Christos_M_1981.p076
	Eleftheriades_Christos_M_1981.p077
	Eleftheriades_Christos_M_1981.p078
	Eleftheriades_Christos_M_1981.p079
	Eleftheriades_Christos_M_1981.p080
	Eleftheriades_Christos_M_1981.p081
	Eleftheriades_Christos_M_1981.p082
	Eleftheriades_Christos_M_1981.p083
	Eleftheriades_Christos_M_1981.p084
	Eleftheriades_Christos_M_1981.p085
	Eleftheriades_Christos_M_1981.p086
	Eleftheriades_Christos_M_1981.p087
	Eleftheriades_Christos_M_1981.p088
	Eleftheriades_Christos_M_1981.p089
	Eleftheriades_Christos_M_1981.p090
	Eleftheriades_Christos_M_1981.p091
	Eleftheriades_Christos_M_1981.p092
	Eleftheriades_Christos_M_1981.p093
	Eleftheriades_Christos_M_1981.p094
	Eleftheriades_Christos_M_1981.p095
	Eleftheriades_Christos_M_1981.p096
	Eleftheriades_Christos_M_1981.p097
	Eleftheriades_Christos_M_1981.p098
	Eleftheriades_Christos_M_1981.p099
	Eleftheriades_Christos_M_1981.p100
	Eleftheriades_Christos_M_1981.p101
	Eleftheriades_Christos_M_1981.p102
	Eleftheriades_Christos_M_1981.p103
	Eleftheriades_Christos_M_1981.p104
	Eleftheriades_Christos_M_1981.p105
	Eleftheriades_Christos_M_1981.p106
	Eleftheriades_Christos_M_1981.p107
	Eleftheriades_Christos_M_1981.p108
	Eleftheriades_Christos_M_1981.p109
	Eleftheriades_Christos_M_1981.p110
	Eleftheriades_Christos_M_1981.p111
	Eleftheriades_Christos_M_1981.p112
	Eleftheriades_Christos_M_1981.p113
	Eleftheriades_Christos_M_1981.p114
	Eleftheriades_Christos_M_1981.p115
	Eleftheriades_Christos_M_1981.p116
	Eleftheriades_Christos_M_1981.p117
	Eleftheriades_Christos_M_1981.p118
	Eleftheriades_Christos_M_1981.p119
	Eleftheriades_Christos_M_1981.p120
	Eleftheriades_Christos_M_1981.p121
	Eleftheriades_Christos_M_1981.p122
	Eleftheriades_Christos_M_1981.p123
	Eleftheriades_Christos_M_1981.p124
	Eleftheriades_Christos_M_1981.p125
	Eleftheriades_Christos_M_1981.p126
	Eleftheriades_Christos_M_1981.p127
	Eleftheriades_Christos_M_1981.p128
	Eleftheriades_Christos_M_1981.p129
	Eleftheriades_Christos_M_1981.p130
	Eleftheriades_Christos_M_1981.p131
	Eleftheriades_Christos_M_1981.p132
	Eleftheriades_Christos_M_1981.p133
	Eleftheriades_Christos_M_1981.p134
	Eleftheriades_Christos_M_1981.p135
	Eleftheriades_Christos_M_1981.p136
	Eleftheriades_Christos_M_1981.p137
	Eleftheriades_Christos_M_1981.p138
	Eleftheriades_Christos_M_1981.p139
	Eleftheriades_Christos_M_1981.p140
	Eleftheriades_Christos_M_1981.p141
	Eleftheriades_Christos_M_1981.p142
	Eleftheriades_Christos_M_1981.p143
	Eleftheriades_Christos_M_1981.p144
	Eleftheriades_Christos_M_1981.p145
	Eleftheriades_Christos_M_1981.p146
	Eleftheriades_Christos_M_1981.p147
	Eleftheriades_Christos_M_1981.p148
	Eleftheriades_Christos_M_1981.p149
	Eleftheriades_Christos_M_1981.p150
	Eleftheriades_Christos_M_1981.p151
	Eleftheriades_Christos_M_1981.p152
	Eleftheriades_Christos_M_1981.p153
	Eleftheriades_Christos_M_1981.p154
	Eleftheriades_Christos_M_1981.p155
	Eleftheriades_Christos_M_1981.p156
	Eleftheriades_Christos_M_1981.p157
	Eleftheriades_Christos_M_1981.p158
	Eleftheriades_Christos_M_1981.p159
	Eleftheriades_Christos_M_1981.p160
	Eleftheriades_Christos_M_1981.p161
	Eleftheriades_Christos_M_1981.p162
	Eleftheriades_Christos_M_1981.p163
	Eleftheriades_Christos_M_1981.p164
	Eleftheriades_Christos_M_1981.p165
	Eleftheriades_Christos_M_1981.p166
	Eleftheriades_Christos_M_1981.p167
	Eleftheriades_Christos_M_1981.p168
	Eleftheriades_Christos_M_1981.p169
	Eleftheriades_Christos_M_1981.p170
	Eleftheriades_Christos_M_1981.p171
	Eleftheriades_Christos_M_1981.p172
	Eleftheriades_Christos_M_1981.p173
	Eleftheriades_Christos_M_1981.p174
	Eleftheriades_Christos_M_1981.p175
	Eleftheriades_Christos_M_1981.p176
	Eleftheriades_Christos_M_1981.p177
	Eleftheriades_Christos_M_1981.p178
	Eleftheriades_Christos_M_1981.p179
	Eleftheriades_Christos_M_1981.p180
	Eleftheriades_Christos_M_1981.p181
	Eleftheriades_Christos_M_1981.p182
	Eleftheriades_Christos_M_1981.p183
	Eleftheriades_Christos_M_1981.p184
	Eleftheriades_Christos_M_1981.p185
	Eleftheriades_Christos_M_1981.p186
	Eleftheriades_Christos_M_1981.p187
	Eleftheriades_Christos_M_1981.p188
	Eleftheriades_Christos_M_1981.p189
	Eleftheriades_Christos_M_1981.p190
	Eleftheriades_Christos_M_1981.p191
	Eleftheriades_Christos_M_1981.p192
	Eleftheriades_Christos_M_1981.p193
	Eleftheriades_Christos_M_1981.p194
	Eleftheriades_Christos_M_1981.p195
	Eleftheriades_Christos_M_1981.p196
	Eleftheriades_Christos_M_1981.p197
	Eleftheriades_Christos_M_1981.p198
	Eleftheriades_Christos_M_1981.p199
	Eleftheriades_Christos_M_1981.p200
	Eleftheriades_Christos_M_1981.p201
	Eleftheriades_Christos_M_1981.p202
	Eleftheriades_Christos_M_1981.p203
	Eleftheriades_Christos_M_1981.p204
	Eleftheriades_Christos_M_1981.p205
	Eleftheriades_Christos_M_1981.p206
	Eleftheriades_Christos_M_1981.p207
	Eleftheriades_Christos_M_1981.p208
	Eleftheriades_Christos_M_1981.p209
	Eleftheriades_Christos_M_1981.p210
	Eleftheriades_Christos_M_1981.p211
	Eleftheriades_Christos_M_1981.p212
	Eleftheriades_Christos_M_1981.p213
	Eleftheriades_Christos_M_1981.p214
	Eleftheriades_Christos_M_1981.p215
	Eleftheriades_Christos_M_1981.p216
	Eleftheriades_Christos_M_1981.p217
	Eleftheriades_Christos_M_1981.p218
	Eleftheriades_Christos_M_1981.p219
	Eleftheriades_Christos_M_1981.p220
	Eleftheriades_Christos_M_1981.p221
	Eleftheriades_Christos_M_1981.p222
	Eleftheriades_Christos_M_1981.p223
	Eleftheriades_Christos_M_1981.p224
	Eleftheriades_Christos_M_1981.p225
	Eleftheriades_Christos_M_1981.p226
	Eleftheriades_Christos_M_1981.p227
	Eleftheriades_Christos_M_1981.p228
	Eleftheriades_Christos_M_1981.p229
	Eleftheriades_Christos_M_1981.p230
	Eleftheriades_Christos_M_1981.p231
	Eleftheriades_Christos_M_1981.p232
	Eleftheriades_Christos_M_1981.p233
	Eleftheriades_Christos_M_1981.p234
	Eleftheriades_Christos_M_1981.p235

