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1.2. FIRESIDE CORROSION:

The main categnries of fireoide corrosion arB coal aoh
corrosion, oil ash corrooicn, waterwnl1 fireDido
corrosion, and cold-end corrosion (Southwest Research
Institute 1985: 4~1).

High temperature firGDid.e ccr-ros ion G l'ollltod to the
sulphur, cha cxd.ne , acd Ium, pot.aae i.um. and ach cent.cut
of che coal (Croosl~~y J.9GC3::~28). 1"01' common ccmL~ uuud
in the Utlitod Stnt;cw, tho olc2mC:l1tt] which have) boon
found to have the mont 1nL.ucmc:n em tlll' high
tompo:ratu:rocor rcarvi ty of the' coat an;) ulumill'i um,
pot.ansi.um, acd lum, Gulphm.', Lron nnd chIc,rillC) WI oet l.'.lC

Powor RODGnrcll Illutituto 1993: 3,110). A,."Ol'dill~,l 1;0
Plntloy, t,0tllam and MOl't'ill (1988: 8·1 89), tlld co:n'onioll
proco8o :i : :t:£':llutival y Glow but can aloo incl.'oaGo
dramatically with changeD in Goal q\h~1i.ty dud boil.ur
IJpm~at.illg ccndd.t.i.ons .

:t .2 .1. High tempel.'utu:t'o coal ash corroa ion I

lIiUh tompo:t:iltm:o cca; acn cci-ronf.on l'(wultG wnon d
mol ton aDh of complex al]"ll1.i Irun tl~i[l\t1 phaLon,
Na.'~l?a(SO'l)'~ awl 1(31"0(s0.'1) ~, tormn on l)oilu.' tul)L'

ulu':(acou. 'rho ul.omont.n Lnvo Ivad <ill cOi11 dull COlToDi.on
(G\llphUl~, ~J(KUUm, f)otaol1iut\\, {lud Lrou) an.' eim::i.vnd from
tno nrinnral mill 1m. commonly found in al.J <:Oil1(~ (Plat

ilnd lIm.TO 19n 1.: 1 Hl; Habc(wk & Wilc'ox 1(l'IB: 1 rj ~~(1; .md
ntmUlw(\fJL H('(1('iu'('ll llwt:itult) I'lB'i: ,1 11,).

' ...



CHAPT.ER 1

FIRESIDE BOILER TUBE FAI'GURTilS

l.l. INTRODUCTION TO BOILER TJBE FAILURES;

Acco:t'din9 to t110 Southwost RoocHl:n:h Inutitule (l~H:l[j),

bailor tube; f:ailm:08 ~luo cc fil"''':iuCl eor ros lcn CUlt!
f:h:ooido ol:.:or.ion arc tho pt'imo t:d\1("('C, of fOl'(~ed outa~Jou
in fo~,il-firod utilitioo.

Bo:ilor t.ubo fai.luren and tho [\Hbnn(1UUlll fore'd OULiHJf'U

eC)(lt ESI<OM mi.Ll.d.onn of: rnudn pm: yom: in tC)ln1U t;)f

l~optlirD and 1000 of rovonuo , A curvoy 01: boil CJl' tub(\
faUUl'(}(l on vnriouu pO~/~.l: utnL:ioIlrJ over iI i Ivo y(',~l'
1)o:l":io.1 (Flc)tlm 1991) l:lJVCH:llod that tly auh c).'oDiclU,

wallblowm' crecf.en and :i.lltot'nal pitting corroo:ion
during oft co load (~omlitionD WOl'O tho nlt:\in caUDOD of:
boilor cubo f.a:Llul;'oU. creep oxhauut Len wan bOGom:ing a
maj( f:act~Ol;' at two powez ot:atiOl1D whilo ~'lLlphLd()
GOIltn.in:ing' dO!JOoitG WC:l'Ofl;oquontly (1)002'\/0(1 dt
vil,'tunlly all ut.Lli.t.i.ou i.nvcst iHntod.

Pil'ClUido r:C)l'l'lHJ:ic)ll i.o a plli'110mt:llull whi.ch hl\u If'f'(,jvcti

im~l.'oLt(Li.nHly incm:crJt lIud at t.onrLen in mnmM oven' the
paDt few ycaro , AHh(lUUh tll.tu tYDC' of eO:L'r'ODi.on uuo not
boon 1.'OfJPOllO.U)10 f01' ullpJiUlw)rj uni I, nhut downu, Uml'l'
i.u (mmc COll'.'m'll that t.ld(\ em.Tou:i.oll t.ype nmy eout I Umu'
U; futtu'u tubn 1,dIurcr..



Tho avnilalll0 data and illVCH;t:i~;tH.:i.(}n l'f)[JU1tU WOl'(! eomb:illud
and anal.yaed t o oU~]gcut II roor cauuo annlyni.G t.ochn.i quo for
~;Jonm7aJ f iTO[;1i<ic bClilot' tube fi! i J urou , BocnuGo of t lH~l

(!('mpLmd.ty of t.lll}[lc! fa i.luro mechnn i nms, tlw root cnuno
HllUlyo:i G todmiqu() WHDcompi I 0<1 to uu i te t.no tjonf'I.'ill noodn of
an :i,llV(~(lt:.iSTnt(n.' and will only prov:Ldu 9uiuc)1 inofJ f.or: i1

oy[ltQmatic~ npproach to the probl om.

(xxi)



SUMMARY

Tho oxt.ont dnd C,:tUGOCl of f h'GHJ:idc bo:i1ol,' tube fc( ilul'OfJ/
d()t:,m:iOl,'(H .Lon WCJX,'G'l invefJt:i.~:l'ilt pd. Tho approach WtlU bar10d on
rooc. rcn at throo Eolwm powm" otGtiol1s Locnt.ed ill the! South
Eastern Tranovaal. The main cont r rbut ing fa.CtOl'[l r o thmlil
failtu"(!s woro identified an dopooi.t-buLdup, ovc~l'h8atilllJ,
thormal fatique and cubo el(lf:oct,(J.

Although no tube Ul.ilurel1 duo to fil'('luidc C01'l'ODi(m had l)f)f.m
recol'(1od to dar.o , th01:C) 'i n it concern that thi D cor rouicn
plionomonon may CilUSO f'ut.urr: Ill'ob.! oma rn ESKOM. Pi roui.do
co:rrooion io GOZlCJidc:['ud to bo i1 ma:io:r problem at t.ncor: uni.t.n
bm711ing con I that Lo l'ittCld an vory tlsmnJuoivC' (mainly hiqh
DU]phur , iron dml cnlc i.um conronr ..) .

Val'lOUG annlyt10D t.ochn iquoo vmro aDpl ted to ur.udy the; hlE\(i

coalD and tubo structuroD while X ray diffraction anti
cembf.nod i3Gunn:i.ng Bloct.ron Mi.cl·oOGOp:ie ,·Enorgll D;i,r::r";l'Di vo
~ipoctt'(weop:i.e lQclmiquoo worll applied to (Hlil1YfJ(] f11ll~j
,1UPODit campl.ou :t~omov(Jd from GoloGtod nuperno.u.cr , \I1d.1Ul w,lll
and ocencmi 001 , 'ubo eneci.onn . A gnnm.'al tt'(mei In til€'
t11LlL:rD:lut:i\)1l of the'<1\1,11,11(~ll.:montf] pronont in tho d1 ffc,l'cmt
ciepwd t JaYOl'[l wan oi;)[)()l'vod. V,u'i oun CiW(' DtmtLuD ,mtl
ovm,'DCtHl puhl Lcnri.onu wm'u dluo unod to i.nvnueiqllU\ tIll' t.uho
f'(1ilu)'(}(J and tho cic:pmli.t bui.l.dup on the firnu;ido t1Ul'f.Wf' (If

t.ho r UbOD •



Pulverised fuel ash: Aoh h;'om the combuati.on of pul roriued
fuol and .i.[l divided :into fly aoll dnd bottom UGh.

Soanning Electron M:krClL .opy (SEM): An el.cct.ron microucopi.c

tcchni.que wIli,ell:rovodlo opocdmon OUl;' nco t.0pc)cJn\phy.

Slagging: PllOnOnK'll1m1 who.ro mol.ton GO,,' I aoh impin90molll
on the furnace wallo froo30o ~IK otic~ to eho wallA.

Stress :rupture (Gl~OOprupt.uroj . gtl'o(JfJ rupt.uro , It 101m 01:

1. enq torm ovol'l1oating dmnCl.qo, :i.o the rupt.u rc of mntal due) f

suut af.nod .load at: nigh tomportltu:L'O. g\ly.c~rlwntc)l' anc rC'llC),lhn

t.ubon that' oxhibit: o~a1in~j ami/m:' th:iclt waUed ruptm'c:n iUL!

cunpoct,

Superholltero: novt cco which aupurhout (!:t:y ntomn dml eonoi.nt
of u largo numbnr of omaU bo1'o mul.ta.vl.oop Lubell ccnncct cd
to inlot and outlot hoadoro, lecatod in tho hot gaG path,
JUDt ufLUl' tho combuntLon ennmbor ,

X"ruy Diffruction SpectrosooP'Y (XRn): A toelmiqu(l in wlli ell
all X ray boam t.o didl'[H~t:C!d by tho Damplc and unnd to
idem\; i fy tho phauen 01' compoundu Ptf,1[.lont ill a ne l.Ld by
cluooif'ylng tho lJ.i:'.o and type of t!ledr clYDtal DCnwLul'C1.

X·rllY F'l.uOrGDCenc:c Spect:x:olJcoPY (XRF): h u\clm:i quo wh:ic'h
Uf)C'D t;lm wavoic'ntft'llo or OtlOl'g.ion of X rayu 0111i t l n<1by II

DClmpl0 to Ldont i fy t 110 o.l omont n proncmt in n no1 ld .
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Hematite: A mnSJllc~t'ic form ()f Lion cx.i.do, Fo;,:Ch. IIomatito in
gray to b:rigl'iL: red. 'I'll(} n~ddif)h f:(n:mfl a1':(' non-prot ..or.t.i.vo ,
and their coeur-renee JndicntGB tho prC1LlOllC() of hi.ql1 leNt'] n
of ()xY~lGn.

I'lduced draught fans: Fanu fn~ovidod to remove tho pr'oduct.n
c f combuut.Lon frOl\l 'elK1 bo i.l.oz; and di(Jchc\J:'tjC' it to t.lio
chimnoy.

Long-term overhoating: Condit:i on in wid ell motal t flmpl'l'tlttll.C!fl

oxceod dooigl1 1 Lmi t.o for dayu, wooku. mont.hu I or I 011tJU1'.
LmlSJ'torm oVC1:hoae.i,llH depends on rompornt.uro I 111119111of t imo
at t.omporutiur e , and tubo ll\ntal'lm:qy.

Magnetite: 1\ n.agnot:Lc form t\f il'lin o:;.~i{k', VC130,1' Miitmutitc

ill diU;'k gray I'd black, and fm:n1u ,t Pl,'t)tcetiv(} film on
iron Gurfnc()fJ .

•'1icrOl3truct:.ux.'e: Tho Dtt'UCt:Ul:'O of il motell no rov(}i11c~dby
ml.croncop to oxami.nat.ien of the ct:ehod f1Ul'face of a poliul!pd
opoelmoI1.

Overhoa ting: HCl':lt ing (}f a mot lil 01' alloy to uuch i1 ll'iUh
LCmp02'lH.uI'e t.~hat jeD FJl:opm:tioD al'(") .impah.'od.

Tatting: 1'110 f:Ot'matiol1 of: uma.l.L, ulmrp c.rvi liur: 11, il me't til
DUl'filGO by (~oJTo[)i(m.

Precipitators: Dovic('u In:ovidud t u (!Xtl:,wt fly aoh Piu't i(:1(!(1
il'om tho fUtll'W('.
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Economiser: A heat -exchanqe dovi.ce ior increaoing f(~Gdwato1:'
tomper at.ur-e by rucovcry of: IHJC1Lfrom (jallOo loavinS1 1'110
bo iLe r , An GccmOmiPJQ1' if) usually lOf.mt(}d in tho gaEl path
immodirlt('lly ai'tor tho (Jupm.'hcmtC!l'D,

Electrostatic precipitators: Located betweon the air heater
and :i.nduGed"(il~allght fall, thoy arc pnovi.dnd to extrace ny
(.wl1 pal't'ichH:l i:l'om tho bo:i.lm:.

Exfoliation: coz-rcni.on that' procoodo 1atol:'i111y from the'
oitOll of initiat:i.Oll along pl.anou paral1oJ. to tho [J1l1'f;l\;c,

~Joncri:ll.1y at: grain hmmtiiH.''lOf), fOl'm:i.llSJ cor roni 011 product u
tllat fm'(~e mot.at away from tho l:lody nf. tho mat.or Lal., Hiving
rifle to a layorod (\ppncu'(meo.

Failure: 'rm:m U(](J(i to imply that II p,u't :in uUl'Vice hau
dotoriorated DoriauDly, to tho point t~at it haD become
tmreli.ablo or unoaf o ftw continued tWO,

Flue gao: comount i.en gau l,'olea£]('d dUl.'inq t ho nombUDt ion
of (~(kil wld,ell i[l z'uloarm<i through tho nmoko Dtil{.~k,

Fly aah : Fine POW(~C):r'which in etu~l'lCld h'(~mtile f.urnaeo
by t.no flue ~Jn.neu dnd 10 mainly eoUoct'utl by the
Pl'cleipi. tat m'D,

Fouling: The lmildup of bondod and niutol'C'd (ic'})IHl.itn OIl

llUPU1'llu::41.()1' nnd rononr.cr tullc\l1 of ,~\ 1)(1i I.C!!' ,

Furnaco: Heat fl'um tIm fm'lld(!C\ lWlU[l up tho W,ttUl' in t nn
]'1£11'1' tul)uf1 i.nuidc\ tlk lH1ill'l' h111 :Wf\,

\xvi i.)



Air heat€;1r:The air hoatar t.n a st.eam gClllE}l'tlting unit
rm:laimn senne neat (whieh wou l.d OU1Elt'wioo bel Lont) tram the'
flue gas and adds that heat to the air required for the
combustion of the fl1c~l.

Austs::l.itic stainless steel: A ncnmaqner.i.c uUdnleso ntnEll
pODsonning a mlel':oGt:!'uet'lu~o of aunt.om.t.o . III ndditi.on to
chromi.um, thC1OE? ~n()(:lu commonty contain at Leant B'ii ni.okel.

Bottom ash: Rl:lnla:i.ninqpr-opor tLon of pulvl)l;'irmd fuol noll
which io collnct;od from tho bottom of the f'\.u:nt1cQ combuurLon
cnambcr .

Carburization: Cm:buri ;~ltt Jon condt r i011s ,\r'O caused by

i.ncomplete combuat Lon and too little! O:X:YCJOll Ln t.no i'm'lhlen.
t;hin may involve inouttic:i.oIlt mixing of the fluo gac within
the fur~lCO to ~ODuro an oxidizing ~tmcopb8ro dcrODO tho
ul1it.

Combustion: Tho rap:id runct.i.on of the> bauic ol.umont.t: i.n coal
(carbon. hy(h:ogcm, nitl.·ogcm nnd ou1p11\11:) with oXYHun w:i t 11
tlw oubaoquout r(11CiWO of:' hont and. r.no f:o:ematLon of'
combun t;Lon ga(loL1.

Energy Dispersi'\rc x.-ray Spootroscopy (EOS): A uu.croncopf.o
Ghc'm1.enJ i.l11illyuin t.ncnnf.quo which mcaaureo rlio
chantcLuJ·,i.Dt:ic cnoi g.iOD of X l':lyO omi t,1_,.,c1 by ntomo of .m
olcnncmt.

(J\V i )
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1.4. LONG~ AND SHORT-TERM OVERHEATING:

OVQrheating is t.he heating of a met.a l en' [l."ny to Hueh
a hig11 t amporat.uro that :i.tfl pxopoxti.ou arc' impi.drmL
Boiler tube failuree eml be cauoed by lm~J term
overheating or by short-term overheating, aD described
by Port and Herro (19?1: 29 to 55):

1.4.1. Long term overheating:

Long t.erm overheat:in~J pr'edomi.nant) Y (JGGun; ill

nupO:t:heatel,'[J, l:oheatm;;'o, and \'1,\11 uubcn when t.ubo mCH al
t:emporatm:os exceed the dmlign 1:imit 0 f,(Jr pur i.odn of
days , w(::'l(~k:J, or l(mger. OVC}l'lH!(H'illS] is c:mwl.'c1 by
inte:enal d.eposito, C)vo:rt:i.t'ing, :inCOl.'l:oct flame pat.tnrn ,
l:()stl::ict;,ed coo l ant; flow, or Lnadoqunt,e nt.t.crnpurat.Lon ,
Failed tubeD arc either ruptured cr bulged nnd often
COllt8~ll internal depcaito, Bulging uoually precedeD
rupture and caUGeo dopooito to opnll at tho ~ulgu oito,
t.hun ro(1uc..,ng tho mor.at tumpm:llturG(l locally,

1.4.2. Short term overheating:

SlIm:'! tGI'tn ovo:rhuat.ing occui.n when t.ubo met,ll
tompnl7LltU:f,'(}[loxcond th(:i~' d()[liS111 Lim! tn 1;01' :lllOt'! t urm
port.ods oul y, 'I'lHHJO l'c'mpr:rat U1.'('(1 ofr.un ('xened 'I -It) lie but
an.' at loaot ·lf1,l °e, Fi1.ilunHl CflUf1()d by uhuJ't t [1J'm

ovorhoati,nq [1.1'0 more commonly round In hiq1l rompurut un'
component n nuch <1(1 nupcrh.. It tIl n \I1H1 1'1 'll(~,U ('1'[\.



T11ic typo of (')rcHlioll can lJ~' nxp0l'i.cmcmi in the) pri.mary
nupcrnear.ur and oconomicar wll(~1:'(_")non uni.f.orn. qil.U flow
difJt:ri.buticm may OCGUl~. S'in ',! aull part.i.cluu .u-o mor«

abl:'t.wivo when p[l1~tiGl(] tc}mpHl.\ltul\~Ll l1l.e>. Lowor, fly anll
o roai.on i.n bc>:tievud to bf' mere uiunifi.cnllt in tho
cconomt crr uect; Lons . A[l t (·l\\IK!l'Clt.\llT!D Lncr'cauo , Ul'OG lve
motal 1000 dec1:'eaoou b(~GauGo I'kut iClQC becomo nort.or,

Alu{), nc tho nn~Jl(j of: impin(Jomcllt bCltW(",)Ull(Jao flow and
th(~ motal uurfaco Lncroaaon, tho O1:on i vo J (HJf1 t 021(1u t

iUG:FOt:HJO. Pan:icf"n eontaiJlinq 111(J11Lovoln of u i.ll.con
and alumillium compoundo tn'!; moro tlln:au:iv(' lJOCi.1\lUO 01
t;hnh' liU\1c: partielo IcinN-j c cmm'(Jy .md hi~rll part l.c.l('
hardncso U;outhwCLl( RcuciJl'ch Tnutit.uto lq!:lf): l) 1 to

(_,ii , and Port and HCrl'o 1('C)1: 19:~ ~Hl~~).

1.~.3.Sootblower erooion:

~~ooth lowor cren Lon 1u caUOQe;1 by L110 mal [unct j on ()f a
oootl)lt,lw(;r or oootblowinu nyu! 1)1, m; operatJ on of ,1

blowing oyut om which ontTa:i.nn II I,u'go amount. of f:'11' (luli
at n voJ,(lCitr ll'iCfh onougll to ('(lUGG G.ignlftt~tUlI WUdl'.

i-iupC'l'llf'i(Ll}l,' t.ubou .uid fUnllH:C! em'1l01:r, oppouit II will.1
lJl"wnru aro unu.u Iy itt't aelwcl, ,'JooUJlowor ('}'(}nj on
11Ul.maLl y pl'od\lt~(Hl f1at npor D (Ill tlw f.1 nHJ i.dr: uurf ,lec' ou

the' tubo (Sonthwc!ut HCHH1,U'('h 11l(1t.i t.ut.o 1(18(;: ') 1(; to
'i ~!0 i llmi POl.'! and Hm'l 0 .lflfll: 1~;:1;:O:J) •



U,) COrr'OB1.011 of tho tl\(ltnl by the {H~id then LnJwl_~

pt aco ltGcordinn to thH following :rnact ion:

( t v)

CO:t'1:C)31on flliluI'Hl an.1 duo to ntTP[1El rupt.u.:« from
:1(..100 of loud c:anyi.nq mat.or i.a.l 011 t hu f in1ld.dn of
tho tube (Sou thwout r~of,C'al::'ch tnnt i tut C) 1qW,: ,1 r\),

:1..3. FIRES!):')E EROSION:

1.3.1. IntroduQtion:

ApiJxt from fh'of)i(10 co rr-oui on, bol.l.o r tubp fai1ul'ot1 (',ll!

aa.oo 1:>0. cauuod hy f'i:n.:u:Ldo e1'(m.i.011 pl.'oblomD, Two of t hrl

main cont.rIbut.o ru of iin:nido OrOGiOll (\1:'0 fly anll
oroo.iou and noot.hlowor' (}l'()O:iUll.

1.3.2. Fly Boh erosion:

It'ly ,1011 m.'ofJion Ln l.'olo.tud to tho impllction bi fly lUll!
t1,Mtieloll at. hiqh v('l(l(:iti(l!1 llqllinnt the lJoill'l r.ubo
nr.oct . 'l'll'ir: normally l:f'tHt!tn in nmnoth , poliolwd. fldt
opotc on t.no fil'eni.cio uUl'irwn, It'ildlnfj to nxcL![wiv(\

roduetIon in wall tlliclmUDD -uid final t.ubo rupturo . III
oti.Wl'.' canon, \Jl'oovinq ,111(1ixru\Jul tll.' flow 1\1,11'1<[\ al'e'

eaU[l(,cl by oddic'l1 ,\:,'(nmcl [1111(J C'lHTUflhH. iOlW.



J .2. ,1. :3, em TOLl i(111 llloclldlli om:

fn general, corrooion problemn arc aGUocialod witl!

tl1n oombuat.Lon of fuc!1u that cont.ai n nul.phu): 01'

nul.phu r ccmponnds . SulphUl' ill tho ilUd in uxidL:c\(i
to au lplnrr t:r':ioxicic'U5()'~)ill t.ho iolLow.inq (wqucmc'c\
(Port and Hm:l'') 1991: 1.1<1;IIociloy l(HI:~: ,1f) to 10,1;

Npedham and IJ\:)ne:::;1984: 'HI i and t.ovv and Mnl'rym,m

1.9G~S: llG to 1;~'~):

(1) S + (let ( I!')

(~) 1\ nmal1 port-Lou of \ hI' HU~~iUl'li\l'd in li!tl('t i.on \! I I

i,(1 o~,idizc)d to SO~ by roncri on wit.h ,:lol\\i(' uXyql'll

Ln U1C' l1iUh t umpCIl't1 Lure! i 1am(':

( 1u)

(:'l,) rn tho prODCnCtJ of vanadium pont.ox i.do (V;-:OIJ)' SO~;
can aicc bt' {'ollvln:1 ml t' 0 BO~:

80;1 ( 11 )

(.1) In thc} Pl'(HJC\llCC: of wn.toJ.', Sl)~ eondonuou t () i.orm
Dulplnu.'ie acid (Il:~SO.J) n,t tc:mpm,:il!.Ul"tW below t hi!

dDW point:

(lu)

11



'rho ou l phLdat.Lon mechani.sm OCClIl'D bHllCJittll a }Jl'OV Louul.y

C:KiGtill£) f)xi(Qo l.<lYC]l' and nt.t acko (h(~ cp:ilill bounda rioe

uf tho wnturwall t::il'oGido (Jul'fncc. Tho cor-roded <]l',dn
boundari.oa ac t an th01:mnl fJ t rnno concont 1':'(1toro ,
n)(J\llting in in the f'm:mntioll of: tim wnt01wall Gl'(tckrJ.

1.2.4. Cold-end corroDion:

('old end corron ion J',:)uul to from tl'HJ foYm,H::ioll of'
l1u'lphur'ie aCHl (II:~t\O'l) ou mnru l rHl1:facun. It ()GCUl'[l

in 1'ho f~o()l(}r I'flnio)')'l] uf t.ho (~nml!\w('i()ll nyntom ,
[1twh ,HJ I'collomiut1l'(l ,mci ill] lluatm'[1 ([luutllwOGt Ht!DUilU~ll

11101 j t.utr: In!lt): ,1 Ii).

1 • a . ·1 • L, CtlUDO[J"

('oneienontion of fjulphul'ic acid OIl metn.l flul:,i:nCOG

occurn under tho following ctreumacanceo (Si.llgCll

UHU. 3 ~~(i) :

(1) Opc)l'ntioll with bo:tlm' t.ubo mota), tnmJJ('l'tH \We'D

bolow t.ho aci.d dow point tompOl','Htuu GO that
mmdCmll,ltn vliU 1:1 .m 011 tIw mutnl.

(;;) OEJC\1711t ion w:it;h the cJml t nmpC'l:'ntUl.'(\ b(~low thu
aei d (h!w point LOmpOl'Lll\U'U DO t;llaL condonuat.o
will form on tl1(1 tly tlnh p,u'ticl,\[j ami produco
aei.(1 nmutf1.

\ 11



(.ii) Su.lf.idaUoll cor ros ion .

:orr08ion io considered to occur in Govern! Dtagoo
(Fronch 1983: 203):

(1) Sulphur in tho tuo l 1.0 oxi.di aod ill tho tl amo
to cuIphur dic)xici(' (SO~;):

(In)

(::) iihllphur dd oxd.do (SO~) i(J cnnvnrt.od to nu.lpllUl.'

trioxido (SO]) by a catalytic procDOo
oGGun:inu llllitl' t.ho hn:naco wall:

( 1u)

(3) Cm:bon Lo doponLtuc i.n t.ho aoh 01 t'.l1m·from
unburnt coal or carbon monoxi.de ao:

ur»

(J ql

InvtJotigilti0118 by flmith and MiU'dul: (Ull)~!), rt:!Vf)illn<i

that Gin~umfol'(m!..ial t:l.'ltcldll~j Ln watul:wall bo.Ucn' tulwu
had two compononru, nnmoly cOl'l'oGioll awl t.hormal
Gtl.'onf1.



1. , 2 . 3•~l. Corron i all llIucl1a1l3sm:

The following corrooicn mechanismo are described
(Batol1 C!e,CoJumbu(J Diviclir.m ) 987: ~1 (j j and Port ami

Hm,'J::o 1991: 13~'l:

(i) Formation of a1l\:a1:i PYJ::oLiUlpllatrw:

l1(ltaooium and uodf.um vcf.aual j,~~of'roTn the mincr'al
mattor in conI to form K~10 and Na;;O which l'OilCt

w;i,th S03 in tho gaD nt.roam to form pot.aoutum
Dulp11nto (!(;iS04) and aodi.um fJulpllat.n (N(l:.!~iO'l)

t'ClopoetivoJ y:

(Ill

l1otaooium pyrooulphato (K~S207) or Dociiurn
py:r;mmlphato (Na~1S=10'7) in i;'Ot'med by reaction of tho

alkali oulphvlOO with ou1p11ur trioxide (803) in tho
gao ot:ream:

'rho pynmulphatcHl then l'OCWt wi t h tho iron uxponod
to tho tLuo gilO utroam ell' with tho Lron O:,1.dOfl t.hru
havo fOrmC}cl on tho firOrJi<io DUl,'faco. Pl~C'G:l.p],tnt.:Loll
u1 t.ho nIlml i P¥l.'o(JulphntoG tnkN1 Ill-iCO bet.wocn
'3'10°(' and ,1300(' (('ul'lot' at al., 197B). The moHI\ll
D1(,H, :Cl \l~(\U rlw oxt t':l:11nJ Pl'OI'oet' ive I'\"'i:30'l In.YC:l' on

t lio tubo mu'l'iwc', c,nwinq l'npid mc'tll.l w(tnt'l£Jo.



'rho acdf.um-vanaddum ocmp l exes are GOX'l:'()[,ivewhen
mol. ton. oxf.dat; i011 of the met.a l, reduces wall
thickness which results in an increase in stresD
t.hl'ough the t.h i.nncd r(:l,gi()ll. The combined LnfLuenco
cf ;i,ner.'eaDed 8t:l:(HJ8 and high metal t:c:mporatUl"G~8

renulc: Ln final failure by GJ;'eep rupture (Dart and
Herro 1991: 124; and Babcock and Wilcox 1978: 15-

23) •

1.2.3. Waterwall fireside corrosion:

Watorwa1.1 fi:t'cwj (ie' c:m,TonioIl in found in tll(~ burner
area of thp bo:llol' and Lo oauuod "'Y i.ll()uff:i.cicmt
oxyqon in c.ho burnor acne (P{,:l't't ,md lIm.To 1991: 13:n.

1 ~.3 .1. CaUlJclG:

POOl: ccmbunc acn cond.:i,tiOlW produce ,1 fuol"l,'ich
COlTooioll envi renmcnt (Port:. and Her:r:o 1991: 13(;).
Thin f:u()l ,rich condd.t i.on :in Cl l~ml\leiug ntmoopil('l.'o
concnario high lovelD ot: carbon monoxrco (CO) and
doliv(:ru unburrit; coal pnl't:ielofJ to tho ',11:)0 sur+aeo .

Tho dopoGi.ted incon1];)lotu burnt, Goal part:icleD l'OlGiH1C
ehlol'ide compoundn and VOlatile uulphur in the f'or'm
C)1' (Jodiutn pyrcuu.lphar;o (Na:~S:~07) und pot;lloo.i.um
PY17ClfJulphdto (I<~~8:!(h) (Scmthw(Jot RDf)(1al'h IllDtituto
198 t): ·1 8).

'1



1.2.2.1. Cl1ilx'acte:r:ist:ico of 0.i1 eor: c01.'X'Clsicm::

Oil ash corrosion occurs by the fluxing action of
molten sodium-vanadium compounde on the protective
oxide meale on the tube steel. The corrosion process
is the catalytic oxidation of the metal by the reactioll
wi.tll vanadd.urn pcnt oxd.de (V2()S) 01' compl.ox vanadat eu
(SouthwGst Resaaxch Inotituto 1985: 4: 23 to 4-24; and
Port and Herro 1991: 124).

1.:?2.::? C01.TOG.lOIl mocimll.iom:

The following corrosion mocllanioms are dnscribod:

(1) Vanadi.um compounds ill tho fuel nro oxidi~od ill
thc) flama t(:) V:10~) (POl::t and Hr::rro 1991: 123).

(2) Sodium, an chlorido, vaporinGs to Na20 and
roaceo with sulphur oxidos in the flue gao:

(l:j)

(3) 'rho vanad ium and nodd.um copounda then l:'OlHH to
form compl.ex vuufldatou llavin~l 11\01ting point [1

lowor than tho(loof LhG paronc compoundn ,

(J ki



or

(11'1)

The reaction produces 8110\'min react ion (1-}) tend
to slow down the corrosion rate. If the depGsit
spalls, the reaction begins anew. Tha 8palling
rate, them, controls tll(~1 overall rate of corros Lcn.

Reducti.on of the tube wall t.hi.ckneas is cauaed by

acceleratGo oxidation of the prot.ecri.ve oxi du
cove r Lnq the tube. St:n'JS8 ruptul,'lS! is then caused by

the combination effects of high metal temp(~l·,ttunw
and increased stress through the thinned tube wall
(Port and Herro 1991.: 129, 130).

1.2.2. High temperature oil ash corrosion:

High t:Gmperatm'o oil ash corrcoi.on reE3Ulto when c\

molten slag cont:aj.n:in~J vanadium and sodium compounds
torms on ~lU'perhentOl~and l.ol1.t:1atE1:t' Lube ElU,t'faceD. Tho
ncd.i.um vanadat;o ccmpoundu , whoso mol L :Lng po i.rit s ar o

as low ao 525°C, aro mainly responsible for thi~ typo

of C01'1'O;':1.1011 (Nc:odllnm and 'Jon08 198,1: 32; dud POl':t.
and Horro 1991: 123).



(3) The Na20 and K20 then react with S03 either on
the tube or in the gaf:1stream to fo:rm aod i.um or
potassium cmlphate, a Low-rne l.t.Lnqmaterial that
deposits on the tube:

(ld)

The low-melting material attracts other ash
particles, building up a thick deposit on the
tube.

(4) The alkali sulphates, iron oxide, and S03 then
r eact; to form the complex suLphat e :

3 (Na2 or K2)S04+V'8203+3S03 'o,:~ 2(Na3 or (le)
K3) Fo (SLJ.~)3

Adams and Raask (1963: 196), showed that the main
constituent of the deposit was a potassium
aluminium suJphate, KAl(S04)3, rather than t.he
iron-containing Bulphates:

(H)

(5) The complex sulphates in the mol teriphase then
reacts with the tube metal:

-=::. ., nTa2/K2) 804~'

3/2F\~.'1+3/;~F0304+

3/2802+1."02°3

(lg)

·1



loa.I.1. Generatioll of cotroc ive ash ciepoe i ce i

Th(;~deposition rate of a l ka l i -rnet.at su l.phat f\~'1 in
coal ..fir(~d boilers depends on the amount: of vol.ati Le
sodium chlcride in the coal (Raask 1985: 202, 203).
Sodium and pot aasdum su.l.pha tea (.\n~ vapor spcc i.es 'hat

diffuse through a por-ous matrix of: silica ash d

and condense on cooled boiler tubes (Halstead;.. '
RaB81.;:1969: 344).

1.2. 1.2. corroe i em 1l1(w12ani aIn:

'1'11e following sequence of evant s Ls n~preGentinCJ thu
actions occurring during the corrosion process (Reid
1971: 106; Borio and Hensel 1972: 142 to 148; Borio,
Plumley and Sylvester 1977: 168 to 169; and Simons,
~rowning and Liebhafsky 1955: 17):

(1) Sodium and potassium are volatilized in part from
the mimu'al mat tel.' in the high ..temperattlrE~ flame
forming Na20 and K20.

(2) 802 and Aome 803 are formed by the reaction of
pyrites (peS2l and organic sulphur with oxygen:

2FeS2 + 51,-;' 0:' .. :~. Fe2lJ, + 48°2 (la)
S (org(U1:i.e sulphur) + °2 ~~> 8°2 ( 11))

SO;,! + )\·°2 .~:::, 803 (le)



It: CO ic fOl'm(~d, tho coal in nor (cumplc!t.cd yl nurnt
unde r oxidizing condd t.i.ons -md . i.n pu l vurLned tuol

bUl'm~.~f3, [lome unburnt cart ,~, Emn\linc'cl 111 t.ho nuh .

:1 • ·1•:) • ;;. Hydrogen:

The hydr'oqen in coal if] burnt to w.it 01: vnpor: du ri.nq t ll\~

combuuti on pl.'occmo (81ng01: l'l81: :~ I']:)'

;]. '1•.3.3. NJU'O$]Qll:

Pl:aet:i.cally all cOdlu cont.ai n liHHl t.lian :~oo oj llitnJ'JI\ll

on all a:i.l.' dry bao,in (K:i.1:nm' 19Htl) ,

Sulplnu: cceuru Ln eonl an pyr i t.o 01' marcnnlt:r: (!·uS~!),
all organic: uu l p11\11,' ilud ccmbi.nud wit 1l ca.tciunl lUlU inm
,l(J uulphat,t)Ll (Pel'ry, (11:0('n ,UH:i Mi11{mu~' lfl8fj: ~J in.
In South Afl::ican eoal.n , only t"'i1.GCll or (\t! c i.um ouII!hllti'
( c 0, 0r_)pu) and no i 1.'011 nu 1.phar ,'I if: f ound .

OXYHcm in cnleu]dtil(j :I¥ [inbUtlct':ill\J fnll\\ 100 tho uurn oi

tho por-cont ,tSjc)u of 1111' hydl'oqcm, ni t.l'U'1f'1l t Ot<l'l t\t~lIUll

aud onJilll i(' fl111plnu: nont out n (If C'htl (H LUll' 1.' 1qB1: ::

1·1) ,



eubj ocr.od t c a ntan<ianHz\.)d tnmvor'dttU.'P t.ont. VollltiJI'
matter includos tho vulatilo matter of tho inorganic
matol':i,al auch as crYGl,ll watu!' fl'tlm cr ay mi.ncrru.n.
carbon dioxidCl from ('Cll'ilClllCl.t'! mi nor aln and suIphu r from
pyrLt.o . A h.i~Jh o1.'(Jimic volatile) conumt in rn.'C}fnITnd
for :LUni t: Lon, f Lamo IJtabi.l itl' and GO, II nurnout..

:~. ·1. 1 . ·1. F iXC'll cdl'l)()lJ:

Tho f'iXCl<l carbou i.n t.Iio combuut.LhLo lTlUiduu 11~1 t .ut t'l
cidvll1'J oH t.no vo l.at.Ll.c mLlt\.'i~l.' Win\jul' l(jElJ: ~! 10).
It' 1(1 enlGul(W('<i by rmbtl.neti.ll(J from 100 the' uum of 1111'

pnn.:c'llh1qOl] of i.nnoronr moi.nt urn, vo) at LI (1 t11(lt t ('1' dml
,wh ccncont. (Pun')!, GrcclU .uid MLduuuy jqtEJ: I) .1) •

.2. '.I • .2. UJ. t:.imo.t:e o.nalys:l.D:

'rllO \11tit\lCtto tllHl1')!nin of coal 'in oxprouuod ill t ormn t)i

i r.n 01'(J'mri.e cnrbon, hydt.'oqnll, nLU.'O£JUll, m.q,urie nul phur
\m'~ ()XytJ'll f~OlltontfJ Win£]l'l' HHU: 2, .101; and Pm'l,}"

Ch:ucn and M,.t1cmcy 1q8 Ii: t} <1).

:.'.·1.~}. .1.. TClhl1 (\u'l)[l1J:

'l'cl\.al C(ll'bOll in(~ltHlt:'li both t.no Utll.hOll In till' f.ixud
earlKlll ,md in the vot at ill' mnr t'('l' hut II'/\cl \.ldc~u t.ho
c,u'lJ()ll fTom t ho (!i1l'l)m.,Hr~mi.n{'nll.n (SiWJ(\l' 11l81: :~ 1·1).

All t'll U1 CeU'bOll iIVP"I[1:(; ill ('omlHwr:i on IJ1.'odtWI (l ,W

carbon munoxi dr: (('ll) 11thi (!\\l'lHlll dioxi.do ((\l:~l.

!'ll
'I,)



2.4.1. Proximate analysis:

'1'11uproximnto t111alyu:Luof coal ll1 UXPlfHHll.xi ill t.crmn

(Ji il:.rJ moi.ncuro , aoh, vol.at.i 10 rnat.tur, ami 11xc,{i

carbon com.ont.n (Andc'l:uOll, Di<ilick, 'I'm'uul', Oe)ll\iul t,
Gotif:n"y, JiWlwDll, Huntingtoll, Kcmm'tiy, MUDCTl\Wl'.uui
Varloy 19'11: ·18 to Cd). Vltlu(w ,ilY! Gillen] itt uti t utIli'

llCJ.l'C)ot 0,1':..

;! . ·1• 1 • .1. IllllUl't'llt lllfl.i uturn:

Inhm'cmt rnoi.ntur'o l.n tl1(' moiClt uro 1'('\ ,.tillC:ti ill UII'

POI'OD of the c\'111 WIH\ll t 11(1 mu'L,cc) moi nt u ro hau

(\'l/llpm'nt.cd Whl'll in cqu:Uil.ll.'i,uP\ Nith llw l'('lativCl
llunddi.ty 01: ito OUlTCl\mdJ1ltJu (Amim.'oon at 0.1., 1(1'11:
·18) .

[HnSJ01' (1981: ;J, 11) cloHlH3cl .1011 an ellu noT.id, !lOP

combuoUl)lo rl'GiciUI\ \'l1l'iC'1l r'f'n\iliun aftm' ruo r~(lmpll~I\'
comhunt. ion 01, Goal. Acl1 Iu tiorivoci frum \11n minot',ll
mat tm; in couL (P(][l~Y, Gn](}u .uid Millonuy 1fHEj: q ·1) .

~1• ·1• J • 3. t!nl Iir i1L~ Jlld t t (.11 :

BiuqCll: (19(11: ;! ]1) C\()(1Cl'U)('d tlH' voLari.l.e mittte'l' dD

1110 1\1,Hf'J'i.,il, ot.11(11' than tilt' t!tt' illl1c1l't'llt moi utu ro ,
wlli dl iu til i.von off ill V,iPOI' t Ol 1\1 \'lhl!ll (!(l,11 in



('oal GUPP] iod to IInnd1.'in<t lJOWC:l' utatiml .il1 mtllpli.c!ci
by Optimum cotti.ory. of wh ich til" cOdl dopoul t In
cOlltclinod within tho Vlyhcd.d rormnt i.on of tho Ecctl
Group of tho l<m:oo Sc:qUUllGO. Only tho No. ·1 Lowm',
No. ::~and No. :~Anonmn an! ocouomi cally m.l.nonbl (' ill
tl!O Opt. i.mum Coal f iold.

C. No. ·1 ncam. Tho No.4 uoam conr.uIno ,lPP1'o:x.imllIPly
2G~ of tho Goa] renourccn of til(l Witbim], Coaliiuld.
It coneni no dull to dull tunrrcun c~oLllwi t.h l1UmUl'OUiJ

ullalc and uandnt.ono I!iU't..i.nnn.

D, No. ~;i DC'llm: The) No [j W', an COlW i ell n 01' tlli ~lHi bntld. '<1
COil] \<1:lth nhnlC' llmi mudur.ono IHU'\ i.nqn ill nomr: \l\'t'\tn.

'1'l1iD ncum emlLlilJutoG only ll!Jra'ox i.mat.o.l.y '1~, of Ih('
eO(ll l'C'110Ul'(:!(1[J in tho WitbdnJ.~ CO(lHiuld.

a.a .2. The lti~Thveld Coalfiol.d:

,mel ·1 GC!LltnO :llu'no1y ('ontn.in Low fP'ndo }.:itllminOHU coal.
Millin~J i:rom t no tll:1cJ~pl.' aroan of tho No. ·1 L10,lm
]IwlutlOf) Mat 1n ('01 U.Ol'Y and AH1CChll t U l:r'lc~l Divif\i\lll
(Allll,lUCrH1C!1.' and M,wkf' 11)131): Ul~IO .[ (PH) •

2.4. COAL ANALYSIS:

PI:l'lY, (11'pc'n ,md Mlllollf'y (lQuL,: q ·1) l'OI10l'tC1d tlH'

compor: i t ton 01 (~(h\l ill t tV'(1 .itt lUl'C'llt wnyu I namo 1 y
t.lio pnlximiltu dlhllyni,r1 imd t.lu: nit im.u » .m.il yni.u .



It i9 postulated that the susceptibility to doposit
f(n:mnl'itm io U funct.ion not only of the phcsphoruo , but.

alao of tho oorcn and nUOl.':illo cent.ant; of SOllth African
coalo (Dutkiewich 19901.

ReDulttJ obtained trom Nc>utl,'on Act i.vatLon unalynio by
Htu:t, t.cany and Fal con (1981) rovon l ;xl avorago arucni c
Levct o of 3,75\; in tlH:: No.2 ucam of the Witbank
Coalfield. Arsenic may originate from tho pyrite
mi.nor-nl., miopielwl (FoS~! 'It'tJA[l;~1 in coal, 'rho :f:orniat:ion
of highly nggrauoivo arsonic Gulphide (AU2S3' could
ti!.'iu::t:i.c:nlly incrntl(1o tht] cor roo i.on rnt.o of hoi.Lur
otuul.

2,3. DESCRIPTION OF COALF.IELDS IN THE SOUTH EASTERN
TRANSVAAL:

2.3.1. The Witbanll:-Middolbu:t'g COI?lfield:

Tho WitbanknMiddolburg Coalfield conoiuco of four
nrinoablo coal oonmfJ \AnhllOtHHJt.il' and Mnul{(l If)Bll: 19GfJ

UJH·ll:

A. No.1 (loam: 'I'lw NO.1 nonm cOlluioLn of: luuU'(I\HI III
dull CQJ,l with fJha.ly[liUlciflUmC!.

B. No. ~ noom. 'rill! No. :~ DC!Clmt'(mlaiuD Dome' of \.]1(' bum
qua.l.Lt.y G',)l\l Clild eontTi,lmt('(l to ilpprox:i.mittply Gf)"u 01
c'J<.d ,rT'GmU~~:puof the' 13P1'.1.11(J(1 Witbank (\mlflold.
POW(]l.' nt.at I onu n)cc>:iv1wJ C(),t:i ml.nod f rom Uti G noam
Ineludo AX'llot I Duvhil and UOll<h'i.ll,l.

't'l



'1'110 mont notable: difhll:'(mco(l botwUOll thoDe' con.lu ,U'C}
tho lli~Jh Ga:l ci.um lovel0 in the South Aft'icCtll coal and
t.ho l1i}Jhor iJ;'on oxi de loVQ1C1 ill tho Gorman and Bllt]l.iull
ecats . Tho aodaum and potnuud.um lovelc ill'(] ,1100 h.iCJllul'
for tho ()VU:t'OEHl.(l coala. Tho South ALt'Lcall (:0[11[1 ecnta.in
high l.ovo l (J of knot j nl.t.o , a clay nu.nernl oomponcd of
aluminium oiliciltO, Aee(')l~dillH to Pol1mmm (19tH), the!
cxccpti.cnat.Ly high calcite (C'aC03) LovcIu ill the' BOllt 11
Aft'i,m.m eoru, ill combf.nat Lon wi.th tho kaolinite'
(Al~~03' ::8102' 21I2()), Pl:(XiUCULl anm:thit(: (C'aAl;~iH~~08)' i1

Dlag minot'al which cl.yntall izuu to form tho main
component of t'hn 1),)1,'{)UO[Jlu~l'

PhoOl')hatic bonded dopouit;u in lloi 1f:-I'DuUillg South
Ai:l;')'cim coru.o arc mozo l)1~Ov,t:l(~llt Ulan in lJoi,lul.'D uDiuH

1101,'\.11(,11:nIlGmlopl1m.'o (:oa10, It would appoar that
phouphnt; i,e dopem t Ii' ,)u1 omo iU"O (\lU'IOd LJy (~oal
cOlltai.ni.llfJ mm:r] ~han 0,01 no phonpborun . Thiu mcnnn that
30r~ 01' South Ail'ican f!oil.lo ncvo UW pot.onti a.l in!'
phODplw,tic dopooi t.Lcn , Hof'fmculll amI Hof'tmmltt (1'l,lB)
c.1l1im that :nfj 01.. [JllODpllol'uU d.n ruo <lpN,itc' millen,'al
((\IF;~' 3Ca:gP20e) elm lJC' tTlUlnfmTc'(] int'o I no vapm
plltH'o. '1'110mc')t,ll vapor tTlltdtly oxidiuou ill tho 11tH' (Jilt:

whm~c! oxyqon ill pronnnt ill pxecmn:

't'llf' ox.i..«. tlnponit .i.ll,f t ocrnl 111'1' wi t 11 (wll can f.unet ion .1l1

,I Ili.qh tnmpm:atm.'u t'nnh'lit ill lHmdc'd dqJ(Jn.itr:.



TABLE 2.2 Compoa:i, don of Dome l.ocel. and OVG.n::;ea.D coel c

(RoshoLf 1986; Pollmann 1981; and Hadrill
1.979) •

Coal ash analysis Country

Minm:a,l mel r tm':

liDl) clc:mC)l1tdl:

",,8i (a.s SiO~!)
'&Al (ao Al~;03 )
':;1"0 (ao Pc;: )
~;Ca (as CaP
'JMq (as MgO)
!dNa (ao Na~;O)
!:'1\ (ao 1<2°)
"o''1'i (as '1'iOe,)

':is "(aG £(3)
\i l' (uo P;~()I})

11all fUG:i OIl
tomporatlu'OG (OC)

Dot'ol,'mat 1011
So:Ctcm:inS]
f.'luid

BnGf'/llcid rnt.Lo
81armillH fc1CLOl.:
HI aqqimr t.ondency

South Africa Germany England
(Kriol) (Ruhr)

S:i.d01::i to
Kaol in:i. to
Q\lart~~
CalG.i.t:c)
Dolom:t,o

4,1,8
30,4
.3, <3

Ll.,6
0,3
O,t)
O,G
1,5
'1, 8
1, r,

4S,€)
31,8
10,7
1, '1
0,7
0,7
'1, :';

1360
1390
] ,t I) (1

l~l<lO
1,,1£10
lS10

o , :~:-!
O Cl

I "-_.

low
o I 2:~
0, ,1
low

,1'7 ,0
:~G, 3
13,7
2,3
") F')
"" 1':.41,3
3,3

l::(lO
13ilO
11'J:O (l

0,3.1
O,B
lliql\



TABLE 2.1 Clar:wif.icat:io:tl of coal by rank
(Singe1:'198:1: 2··2 to 2,·6).

Rank

Antl'lI'aci tee Hard, brittle coalD
B:i eumi.ni.eus NOl~mally a ot.Lcky marie when

heat cd

Hl'ownioll blad, or black Goalu

Idgni t:cw Brown coalo

2.2.3. Chemioal and x".;.neralogioal ::'.lomposition of some
looal and overseas ocals:

The qualities of some local and oversoaa coals are
comparod to cvaluato the slagging nnd fouling tC'ndeeion
of the different coal aoh08.

:'5. a. :3 • 1. C'ompolJ it i em of a t:yp.i (,7(1,1 80tH 1J l!.fl'i Gdll IImi

DOInG ovm'DOcW coal.o :

Tho chomi.cnl and millOl,'nlcgical compenf.t.Lon of typ:Lctll
souun At.":i.can, Gorman, gnu1:i.flll and ,fml0ricnIl coalD iU'O
cemparnd 111 Table ::. ;:~.



peat to the various stages of coal ranks (Elliott
19(1) .

The Northern Hemisphere coals and the southonl

Homi8phol"(~coa l.s f'crmed undor dHt:rijnmt oond.iti.ona . In
tho Northern Hemiophol'E'l,1;.1113VD~::r('lt:at:l.on accumul.at.ed in
groat swamps which were surrounded by fairly (;WGl~ and
low lying terrain. The Southorn Th~m1nphorGcoals were
formed by veg({tati.on growing in g:l,'c:at nhal Low lakes
which \101'0 fod by rivm:o flowing from the Gllovat:od
t 01:1;ain SU1::r:OUlV.. n~; the lakes.

Tho coal scame fl.-om the South Ab:,ieall ccats [U:[!

dOpOiJit:oci in n ccmt.iz\('llt.al dOP1:Ol'W:i.C)ll, known ,1(1 the
Karco BaBin. Those coal 8camB are relativoly low and
gcologically undistributed.

2.2.~.Classification of coal:

snyman , Van vuuron and 13tu~mu:d (198,1: 1) claooHy conl
'1.nt:o \111:'oe d.ndepondent methmlo:

coal .gl'adE~: C1Clotlif :tent Lon buaed on tho dOSJt'(}P of
puri t.y (quant i ty of: :lnl')l;gan:i.e matf'l'inl) ;

coa.1 tYP4:: c1.anli,l:,it:(ltj.Oll banod on the mac(ll'<Uu
(vi. Ll:in:i tC], oxin:i t o and innt't:i.ni tu) j Lind

COd,} rank» c1.iwo:i,Llc:at' <i on b"u;nd on tilt' dOgl'ClC of
ruot.arnorphi.rnu (pl'OP('1.'t iuu of the macorru vi t l'i.n:ito
in a coa l.r . 'l'ilbln :~.1 ['lwwu tho CllWD iHeat ion of
Goal lly rnnle ..

UI



CHAPTER .2

COAL: ITS PROPERTIES AND CONTRIBUTION TO
FIRESIDE BOILER TUBE FAILURES

2.1. INTRODUCTION:

Coal, by its combustion, Ls tIlE: primary fuel used in
:~', '.;;c1!n geflerat:i on. Combuation ga8E~s f orrned dur:in~j
combustion (CO and C02i SC!2 and SO:~i NO::! and N03i

and water vapor) rnr e l.y remain flfl Lnd ivi.dua l oxi dou ,
but: interact to form new <'ompl(Jx(!(l with f:us1011

tempernt.lu.'GlL'l lOW(:!l: than thoae of the (~UbBtHllC8G from
which they were formed. Accolerated oxidation of the
protective oxide which ccvern the tube, londs to a
reduction in the rube wall t liicknens . Detcn:ioratioll
and final failure of tho tube is then caused by tho
combination cli:ff)Ct;[:l of the i.ncrmtHled BtreSEJ through t.ho
thinned wall and high tube motal temperatures (Port and
HQ1TO 1991: 1.21 to L~9).

2.2. THE FORMATION AND CLASSIFICATION OF COAL:

2.2.1. Formati~n of coal:

Coal or:ig:innt:ud from tho iWl'OSt'f'd decay of tho
nmmi no of t.rceu, 1>\1(1110(1, mODf10U and or.har i:ol'mCJ of
pl.ant Li f(:!. 'I'll(} I)1'f'cunJor of eoal waD poat, which wow
f01'nlod 11Yb'lct'Ol~ial and chnmienl act ion on tho p l.ant
dc)lll '1a , subnoquonr (let :iOll.fl of lwat mer.nmorphonod th0.

.1'1



1.6.3. Material defects:

Whenever a metal's thermal st.ability I s exceeded by t.ho
environment in wh i.ch the metal is used, mat eria.l defoGt::
may be e~ident (Port and Herro 1991: 254).

1(1



1.5. THERMAL FATIGUE::

Thormal fatigtH? i.s a pr oces s which If~aciEl t.o t.ube
fracture under repeated or fluctuating the rma l.Ly
Induced at rensas having a maximum value: lClBB t.h.m tl!n

tensile strength of the material (Port and lli~rro1991:
1'76, 27502'7(,).

1 •6. DEl1'ECT~~:

Defocts resulting from poor quality control, human
errol~ or poor workmanship can also CaUSE! tl1~~f a i.luze
of a tube section.

1.6.1. Forming defects:

Inconlplete fusion of I:h('1we l.dment; dur i.nq th(;~

manufacturing process m~y laad to deficient weldo in
welded tubes (Port and herro 1991: 227),

1.6.2. Welding defects:

Many weld def:ectc occur in tho euporheat.e r and l'uilnntm'
sectiono. An accepted wold in ono which forms 8mo~thly
flowing surface contours ar~ in frae of rosidual
walding GtTO(WQt'l, nonmeral.t Lc LncLuai.ons and
s.iqn:ificant por'cai.ty (E1ort and Hen:o 1991.: ~H'7).

IIi



fJOtdO(jiulU, euIphur alld lll'UlCfd.IH.llJC!. The! (.}IUmu.ltu won·
port od in t.ho ir 11.i911oDt oxd.dat.Lon ot.at.o , <l'ld t.llcd.l

conconr.rac aonn W(,1'0 ealc:ul,1tf'd ,tll Ihl' o.ci.dr»,

App2~oximat(]ly I, o q anh numpl.o \.;nr; 'H.'CUl\tt I,ll' me.uuu. 'fi,

m111('<1, dried dnd, combuur.od at B~:i(1°C. '1'11(' (himp]I' \'l,W

Goolod and mi.xod wi tll 1 iUltllilllum oxide ilwi 1 it 11Ium
mouaborut.e , The rni.xt.u.ru waD 11uxod ill t hn 1.1<:('0FX I (HI

nu:x:c~l'.',

AnalYfJOD wci.o pUl~fonnCKi ,wconi.i11Cf \'0 an EflIi'OM dl ,,'11111l't1

proeoduro No. l~!l, R()v. I, uni.nq t lu: l'lli.lip:,: PW 14tH
Doqunntial X l'tlj' t,11UOl:('[H~Cll(,1,clpO(!tl'(llUC·t.('l wi tI, diqit.il

nticl,'o l1DP 11/;';3 cemput.ru. o,(]eolldil.1Y X l\\y[1 \1hl\~h t.;1 fl'

prcdueod by tile' OlQlUCnLu l'li'Hl'nt in r ho lWl! U 11,1111\',
W01:'O mcanured nnd t.ho dcit it 1 ('cOl'liod on <i eUI\\)l\1! 1'1'.

J.3.:~.~!. Ml'lJf'laJoqitYLl ,llJaJYD,i:: pt '()dl ,Wll fXNll
lTIOt'llOd) ..

X l:a!, difi:l'\wt;i,on io d. l.c;elmlqun ill VJllh;h ,m X "ely 1JI\11\\

iu cUfh:cwtod lJY a t;(\mpln to Jej:'nt:ify tl1(1 pl1,W11U til'

compoundr: Vl'C![lC'l~t i,l] ,i ooUd by Cldufdiyinq 11,,1 l1i:~i'

and typc~ of t h('i.1' {:l.yu!.'41 tlt l'\1CtUH! Till' (li f l.l';(l'\ f'ti

X l'ayu an: dc,tf..'f'ted lly II qnnimm'U'l' awl l','l'Urdl\(!. T1H'

(!l~.:(\Ud i.u rn. upaeillq o.in 1)(' ('iilcn)iH,'d, .md thl'

phiHHW m,' (·ompmu\(.ir: prnnont ill ,I \IIi uoru l i(h'UI if i I 'd ;,y
el.HHJHyillq t11t' ni~,l: ind (Yl.I' 111 tlio i r f'l."y'utdl



Tho (~;\l or i f Lc va l.un of e0i1.1 wan dot: ortui.ned Ltceol'd.i n'] t o
E8I(OM prOemiUl'(} No. :1 os. H(1V. 1, un i.ll~J tlw ml~ C1'I;)0o
eU:.0l7imot'Jl, 'rho coal WiW gnmnd 1'0 n nominal t.opni.co
01 ~]L:. tim and pl:'opat'Q(l EH!COl~clil1rJ to SABfl 0 :131) met.hodn .

I,(M'.r calorific "'ltlul~(j may 1)0 duo to tho highm.' rm11:.lhtu'

cont.o.n.o whi.eh l'fJducn tlH~ qnlDLl Gillol:if:ie val.uu in tlw

f.1.n(d. culcul nt.Lon , DUling tho finn'! ccl1euldt..i.Oll, \'l!l'!1l

<1otor\nining tho calol'i!.ic v.u uo , II Gorn~N Ion f(J1

Dlllplml' cont.ont; waD mado (o,oqr) M~r/luJ pm' 1~, nul.phut) .

.3 • .3 .2. Cao.l {lOll anulyoiD:

CC)\ll dull ,Uhl1jlUin dud 1\\\.10 Clllt'U1.ltiollO \<ll~l,(~PU1.'iOl.tnt'(j

on t.nc .1dbo:t\1tOl.'Y Pl.'C!p,u'od conl <loll 1:1om all t1l1'Of'
powor ntat":imw. 'rllitl t'lcH) done: to dotm'mino dnd eva.l.uat.u
the eli ffUl'r'nt ('onl noll qual it JUG and 1.0 iWUUClD rho
ulafmi.nq <nul fouU.ncr preponu i t' :i,on of t hi] ('0,11 [J •

X ray Fluorc'ocC'llGf' Bpnell'nmet r'y iu ,1 t oelm iquo \'1'11iell
urwu t110 wiwel''ll\lhl'U OJ' C~lWl"Hiun cf X l'ii'YU ut\tittfxi by ,I

llillllplt, \0 ,fi('n! it.y Uw elot\\uutTI Pl:t'(1C'l1t in a unliti.

Tlliu 1111't111)(1\\1t\u tHH'd to (iul ('Imiue' tll\.! emwcmU'ilticmu of
maim' 010tn()1lIn in tho iwh, namul.y Ui1iCOll, nluruiniurn,
lrou, t.i t ;mi um, plloopllOl'ml, cllJciulIl, tnilqnou:lulll, nod tum,

)'l



Tho (iotCl.'minntion (Ii: t hI:' di i tcn:'cmt t orrnn of' nul 111mI' ill

coat W;:1(\ pa1"fc'll'mod Hccorciinq r.o an mmOM modi! iL'<i
l)l.'('}cc!dun'1, tWi.L1g t.no Philipo PW 1·1()t1 noquont ild

wavolon~Jht: ciio}1oroi vis X ol'dy Fluor'C'[Jc()lw(} ."1})('('tTomoUn'.

3.3.1.1.4. Trace olementn:

'rho det.urmi nati on of j·:rClC(} cl.omout.o in ('(In I wan
porformnd aGcordineJ ~o an ESIWM mothoci No. tV; IWIT. l .

uui.ng t.ho Phil ipu PW I·H'l uoquont. i lIt X l'ay FluOl'('ucf'W!L

Spc'ct.r·omet.o:e.

'l'llo GOi.1l wao (Jt'oUll(i to It'CHI t. han fj i micron i.I1 d UWj aq
mill. 'l'lw coal wac t.hou mi.xod v>'ith WH-X: .uid mi.Ll nd t.o i1

fino fHJ\'Jdol' (m,d prooDod \·!itll a hyd:en.u1i(1 pn..'Du into a
pallat. 1'110 0\11:£l:1eO 0:(;' t;ho flowdc::e pc:l1c:t \'lLlL1 l'\\(li':lt(}d

with pr.1nml'Y X rayc . secondary X'"ll1YU WOl'U V:t'oduGcxl hi
tho olomontu prcnont; :in r.ho pn\'Jdm: PQ11et. Fl(}condlll':y }\
rnyo WOl"tJ dm:eGtod 11Yt.he fipoetr'omotel.', ,~onvnl'tc'd t ()

oloet1~'(mlc pulu('o and (.lUl.'llil'ittO(l to tho enmIlutm' \'Jhun!
dnt,1 l"C'duet:iol! \'JilO demu,

3.3. 1.1.~.J. C'ttlori fiv V,llu(' (01' 1l(,(1t:in~T vllllW) :

'1'111) nliJol ib.e VII 1\\0 in m,tillly dnhJ1TIlinotl lly i.tD carbon
(Ul(i llydr'oHC'll eeni.ont.n nnd to ,1 l'J(10('1' oxtont l)y itt)
(lulplml' ami IlIU'(lt]f'Il cent unt n , The- lJf·tt m: tllf' ('ulll
qunl.Ity, rho l1iullm' iLn C'd1m''ifie Vil!tW nnd tho lowl'!

tJll' il.uh «ont.m: (1<'('11t on, Ad,1111(1 nud II'ufllr .•y If)n::: ,1t},1).



3.3.1.1.2. Ultim~to ~n~lyoio:

The ut.r :lnmte i1.11i11YDin of eOll1 iD expl'fHJDmi 'in t.orma ()f

the fivo main couct.i tU('lltD, nmnr)ly c,n'l)Oll, lly(h'tl~j('ll,
11i.t l'ogrm, fJ\llpl1.ur anti OXyqClll.

1"01' thu \11t.i.mat'Cl lUlctlyuic, t.he coaI WelD q1'ountl to (l

u()llrinnl torHlirlc of 212 pm, Pl'(:'!1'U.'oti aeccrd iuq t.o ~)AIW
013 S t1\o\:hodfJ. Clll:iJon, hydroqc'1l and ni t l'ogcm wn 1'('

dotonn'i nod acem'd:i l1H to an ESI<'OMp:r'ocpduro No. 1.1f' ,
Hov. 1, ulliu,] the' I,ECO hOO annl }fum'. '1'11(1 t (lull uu 1phur
Wil.O dctr'rmin(}(l af'col'd'iml to all gf;I(OM lll'llcntiun' No. 1n,!,
Hcv. 1, uo:iun Clio IJECO sc ~;:iUlil1YCH.J!'. '1'11(' O:'YW'Il

eor-ront Wl1tl enleu]iHcKl by 1_1ubtl',HH'lllH irom 100 t ho
e.wboll, hydl'O!]Cll1, lli.tl'mjC'u .mtl t O1.J1 uu'lplnn. ('(llll ont u ,

'rh(~ t,i.tl'imutT.ic (ictnl'milhlt 10n of Uw (~\uhollato eUllU~nt
of c(Jnl wan emTiud fmt:. ;Wt'OY'(i'll1!J t.O em BmCOM pl.'UeC)dUll'

No. 100, Hev. 1, unIne t.h. Bl'itiull fltnnd,u'(i HU(l
t]ui<ioJ.i.nc(J,

.~.:~ . 1 .1 . 1. F01:\1\[' of flul p1m1':

'rho pm'Gont (\qml of VY1~it .i.e, m~qim.i.e .md (]ulpli,lt,'
uul pliur' ill mllli ~"('l"ndeh'l,millc'd. 'l'll i[)h'<W ciow' t u
lnvnntiHil!.n t.no Ill't'nmwC' u1 fln'fli(i(\ (i(lfH1l1it!1 \111ich .uo
G,mumi l)y cC'l'tllin nu Iplnu. emll id 11inD Dll(l('icl[1.



MOLuttllO LO the> amount of W,H:C'l: phY111cally ,l(1[JoeidtC!d

w i th ('oal LInd if] romovd})l() hy ImntJllH 10 lO~) 110(j(~ 1'01'

1, Ii 1101.11"'0 unum: lJtanti,a:d condLt.d onn . '1'1,(1motut uro
ceut.out i.u them ealeu1l1t'od [rom tho Louo II mnuu .

ADh cont ont; io dnt ormiuud hy combunt :inq 1q elf eonl i11 l4

muffle' furnace. The' conl in llc',1tu(l to Blll°(, (I iu-c:
lmd kopt at Utio t.ompor.u.uro unt.i.I conut.unt mann il:

Cluu ..ined. Thu <lull eOnlC\1lt io cl.lleulated fnml the' mnuo
uf thc! rT\Did\h~ ilitl'l inei.nul'llticm.

VOL1U1D matll'r' 10 cillf'uliltmi fl.om tho lunD flf m,lDD
t)1)til'i1l0f1 by hOllt:i nq 1£1 of Goal at (jon °C (I 100(,) fin' '/
miuuteu.

'1'1H' 1 ix,ud clll'liOn GmH (}HI i [1 pilt ill,n(}(l l)y [1UbtJ',H~t illlJ I hi \

Dum of moiut\u.'j \, (lull and vul iH iIf\ milt t (11' I f'xpnxJ(Jod iW

IWl'C('UtiHl(lfl, f 10m 1 no.



Finally, boiler tube 8Hmploo wm'c' co ll.cct.cd f1'<111\

diffo:t:Emt oporating un i t.s from thl'(;)(-'! powe r at at.Lona
(A, B and C) for V'; r'l1al f ncpcct i.on , cncmica l and
metallurgical aneuyaos . Slctg depoa i t GamplLjfj we:t:'o
removed :f::t70m the tubetJ fen: chemical analYfJ.iu to
de t.Ot"millf3 tho chomical compcs i t ion of ouch dopesI tu .

3.3. ANALYTICAL METHODS:

3.3.1. Coal analynis:

J ..3 •1• ,1. Pl'O:X:,llllD,to and ul t ,imtl t (' imaJy!JUO of COd 1. :

'rho p:t~mdnmt()and ultimat.o cUlulyoo(J wm~e pet'fOl'lUod to
determino the Chtll:'Hct;ot'iotico of t:lle dHfOl:'ont t~oa:l0
[luppl:l,od to tho varxous powor ntatiollD to identify
any obvious pl:.'oblomo aunociated th01:owith. This wan
aloo done to compare tho coal qualitioo from tho
different cca; ocame .

3.:; .1.1.1. Pro:x:imat;(] Grwl.YGin:

'1'110 proximate analyfJ'i.o of' coal illvoluoo dot.ul'milliJ1Q t.ho
IKll:GOnta(jelJ of: l;O\U.' main oonuti.t.uont;e , narnoly molnuuro ,
(lull, vo l.at.i.) o mart.or i.md ti:x:eri GCu:'1lO11 ccnt.ont..

'I'll(} p:r'o:x:imato nnalyoifl of (!f)al wan por:fonnnd a(!('~Ol'ciin;T
to E8KOM pl'(K:oduren Ncw. 101 to 103, Hnv.l, followlnn
SAri~J !Ju:i(iol Inon , Coal wan tJ1'OlllHi to i1 ncmi.na! h)po'i ao
of ::1:: JLm and I)}'C!l1(u'od Ct(!(~mxiil1q to g1\p'~; Ol:~r) mct.nodn .



CrtAPTER :3

EXPERIMENTAL AND ANALYTICAL METHODS

3.1. INTRODUCTION:

vaz+euo (Flmpl08 wore cof.loct.od from throo power
Dtutionn for chomical and motallurgical evaluations
t o determine tllc~ caunee and oxt.ent of ll.LiOocLatod hoi l.ur
tube> fa:i1U];'ufil. '1'he dal',a W£H) t.lion \l(lod to (~oLabll(1h a
DyotomaLiG gui.deline for tilc] cval.uauLon and
invootigaticm of f:i.rT)o:i.do hoi.) I')' t.ubo fllilUlYHl.

3.2. SAMPLE COLLECTION:

I\pproxintcttoly 2~; kg of raw Goal onmplG wan collectud
fl'()m tho millo fnml Powor 8tntion A, Unit numbor: ,1.
Thio waD taken in inc)1:omontD OVOl: a pcr i.od of th:t'oo
mcnt nn to 00t:(1111 a l'Or)l:ooc.1lltativn nampl.c , Va.. nun
analyooo W()1\l V01~f;m,'med to dot;Ol:mi no tho qual1 Li ('0 iilld
I)l~oport:it'u of tho ditfol~ont, e0\11D.

Any noll ilclmplo pt':lOl,' \' o t.no 1\1r liCJntm~ and a GO[U'u\j

wh oumplo f:rom t.ho [loll hOPPClI' WOl'O alml collo('(n<l [Tom

Uni.t. (1. 'I'hi.u t<ln.u douc> to dc}tm'mlllU t'll1 \tnh qUillJt inn
and nlnmr:i.nu PI'OPOllOit:if'" of; I'llu iwh (poon.ib.l(\ nUnc:t
on hoi.lm~ tubo LLthll,(lfj' [lnd t 110combunt.i.cn flU Lci.cncy ,

"~I
"l(J



2.5.6. Coal ash deposicioning and s1agging:

Ash dopoa i t 0 em bailor DUrl()l.'i1oat,(.:;t' tubrJG cU'O i.omovod by

Dootbloworo which are installed in the boiler ou1'fac0.
An thmJe dc'poolt.L; 91 '(WI and become' \'l1i ckor , t.l1C!l'oat

oXGllan~1n pot.ontial of: t.ho tube in hampered. Tll:U} could,
in GOVC'l'C' eaOC}D, load to ovarueatInq and fa:i.lurl' of t.ho
t.ube , !)epondin:J 011 t.ho ir' haronons , thmJO depoai.t n ,U'Q

ott.en difficult to remove ~mdrJoor.blow.ing thun boccmen
1008 effoctivo. Bryers (1988: 1 13) defined olagginq an
t.no f'ormtlt.;.on of: i:uom'i or Llintol'od dnpooit n on hUllt:
tral1f1fol' ourrncon in tho bo:i.lm: fU:ClliH!(). It i.n t 110
ronnlt of roaet.iono oectu;Tin~J Wb'll tho ruino rn l mat t.or
io huat ed abOV(1 [lome'(Tit ieal tmlLVI.!1.'itt.un~, un t h,tl a

Li.qu i.d IJllaU(-~ i~3 I)rOOtlCO(l ill a r'()t't ifni of t,:lC' mat rn'ttll .

i'll{al I \\1('1:0.1ouJ.phatcw eonor 1tuto il l iquid plhHl0 ill (wh
dapooitD. ThL' molton (;ulpllnt.(~o wnt and Dlll'nad 011 bolLur
Lube' nurtacc . SulphateD, .in n n~ducinSJ ,lttnoGplwl'o and
when in eent.act wi tIl carbon, IU'U ruducod to oulphid( 'll

which wnt ilnd nproad on any nUl,'face' (Bm:tO:~l~i (mel
SoldUlLi, 196'7: l!i"Hll.

'rl'w ul£]niLi.c(meo of tho diffm'oncon betwcH'll nout nnrn
1I11dNonilm,'ll lwminphC'l:'u conln (n'illtivoly hi.qh ..inn,
hwninitC' and nnh fllHlon r ompornruron, <md low irou ,
oulpllur, [JocUum, pottwulum, illld chlol'ldp cont.ont u) I it'
In LlH' eomouo t Lon llcH.'formanee of t 110 c~oill n f rom Ih! '
diffm'C!nr l'c'uionu. FOl maximum eembunt.t.on , tho (1011dwan,~
c~(ldl u, bunliwi wl'l' in hot, (11 nmq f. Lm1C'U I l'PqU i1'1'
Ulll'l' pul.vuri.ul.uq, h.iqllC'l.' DlOCOllCial'Y .:dl' !C'mpl'l'lIl11'('f1

.uid lo1FJf" l'C'[;.irit'IH'C' t im!'H in t.ho lmil t'l' f.ui.n.ioo . TIlt :(11)
mod)j i '~dt lonn f'onll'il1\t\ C' t (l f'llh,Ulf'l,tl (~tlml)\tm ion
IJI'l'iol'mdIlC!(1 (Fill('()1l tllHl IImll: ](11\1)).



2.5.4. Conver~ion of minerals during coal combustion:

The amount of mi.ner'a l maltOl' pm1[1:in~1tlu:ough tho
milling and boiler plant haD an illv8rso rclationohip
with the heat contont of coal, and the increased
amcunt s of ash can markedly enhance furnaco olagging,

The ocnver-s ion of the mi.ncrnL matter in coal dUl.'i.ll~.Jthe:
combunt i.on proceoD in dl.Luut rnt.cd in 'I\1.blc.! 2," Now
crystallino phaoos ([llag mi.nnra l.n) an') fOrtnfJd tht'(Juqh
decompoa it: ion and rOllet:i 011.

TAELE 2.3 converniou of 1lI,illt'l'dl.u dtuillSJ coa; oombuntiou
(Pollmmm :.%'1).

Minera.l Conversion

1"08 IIonmtito
(l,lt':.!O, )
l"ayal.i t'f)
(1<'0')810,1)
Hm~cynitc~
(FoAl:!04 )

!foS')
(Pyrite)

SiO'!
(Quart~~)

Anhyd1.' it o
«('a80.1)
Anm:tl1ito
(C'(tAl :~0 t,~!(8)

CllC03«'a;lcLlo)

Al"101'~RlO~'~H"IO
(I{~io1 iIIi t c!)' ..

Mullit',(j
( ~Al~!O~. rHO:!)



2.5.3. Fusibility of coal ash:

Ash fusibility is a measurement of the pezf'ormance of
caall:) related to slac;:jg:ing and deposit bui l d ..up (Barrott
1945: 496 to 5'71). Ash 1:U8i01: cemperaturos aI'!~

performed on the Labor'at.cry prepared ash in a roducinSJ
atmoGphere.

Singer (1981: 3-5) I Reid (1971: 106) I and Winogartner
(1974) observed the following characteristic fusion
temporat.ureG:

1. Deformation 'I'empet'at.ure (DT) is t.he tCil1poratu!:EJ at
which the tip of: tlw ash pYl.'amid begiuG to show
evidence of deformation.

2. Soft.ening '!'emperature ([:;r): The s:oftcming
temperature is the temperature at which t.he t.ost
cone under observation has deformed to a spcrical
form wllel'e tho ll(~ight is eQual to the widt.h.

3. Hemispherical Temper tture (fIT) is the tcmlpGJrature at
which tho ash samp1.n fuses i.nto a hemi.apner-i cal.
anapc . rhis t;omp0l.'ature if] l:01.ut.ed to condd t.Lons at
which tho ash shows d tendency to mass together and
ot::i.ck in la:ego quantities to hoat··(>,:whalllj'! SUrfilGCW.

<1. l1'luid 'rempo1.'atul.'o (H'T) io tho t()mp(n~aturo at. wn i.cn
the teat ~ono flattens out to a pancake shape. This
tomp0J;'ut:uro 1.[1 J:E}latoc'ito tht~ tomperaturc) at which
tho coat ann flown from htl~nae\,lwallo.



Phase diagrams show which 81a~J minerals ar e t ormed from
the coal ash at certain tu r.iace tEHnperatUJ;'E~Sand at
what t.emperatures they mol t . The tlu::ee phaae diagl:'am
(Si~2-A1303-CaO) of Kriel bituminiouG coals showed that
the glag mineral fo!'m(;)d was anoxchd to which
crystallizes and Lmparts great rjgidty to the Ellag
(Albrecht and Pollmann 1980), The test al sc reveal(:1d
that all South African coale form slags when the
temperaturl'l difference between the initial d(;~format::i.oll
and softening point is lEWS than lOQoC. Such ashes "U'G!

paxticularly cene i t i.ve to low t.emperatul'(} diffol'cmccw
because in a closely limited range they change their
nt.at e fl~om the solid to the liquid phase and v.ice
verma. The ashes also crystallize rapidly out of the
molten state, a charactcristic feature of Kricl ceal
containing ln~.:Tll calcium uslv;,is(Pollmann 1981) .

I)i.fff::'!l.'cntial ThE)l~malAnalysi~l (DTA) results (Sl1igecu,
Hamao, Aoki and Kajigaya: 198'7) of a synthetic uoh
indicated a Na:~S207+F'>Sl2()3 sample mixture undcargoing the
following reaction:

NU2S207 c~ Na2S04 + 803
3Nu2S0,1 I· 3u03 + F0203 '::C',_ 2Na3Fo (SO'l) 3

(2a)

(2b)

'1'ho D'1'Acurve r:oveuled endot.horrui.c peaka at 3800e
(docemp()oin~1 of NU2S207 bv react.ion (;~a)) and MOGe
(f'uad.on point of:' NU3Fe (804):3 fOJ;'mad by rouct d.on (20)).
'I'll!' nt oep 0101'0 beyond 6000(.; on tho 'I'hormogl:'i\vimot.l'i.c
(TO) curve wnf~ duo to the> deccmpoadti.on of Na:,lt'~](SCl.1)3'



2.4.3. Calorific value:

'rh(~ calod.fic value of: coa l is thc~ amount at heat;
relet~8ed dud,ng combuati.on , Heat~.ng ve l.uas as
determined in calorimeters are termed high or gross
heating values, and include the latent heat of tho
water vapor in t:h(~ producrs of c xnbuat i.on (Singer 1981:
2~12) .

2.5. COAL ASH:

2.5.1. Introduction:

Coal aah de t.he inorgan:i.cnon-coat rEw':'~'lle lEiift aft01'
complete combuat Ion of cos.l.. Coal ash cons i.ac s mainly
of ehe oxides of aluminium, iron, silicon, titanium,
calcium, magnesium and alkD.limetals, These norrna.l.Ly
account for at least 99~ of the ash, The remaining 1~
of coal Bsh contains other elementA in trace amountu
(Singer 1981: 3-1),

2.5.2. Chemical analysis of ash and three phase
diagrams:

According to Albrecht and Bollmann (1980), the
Labor'at ory-pxeparud UGh door lot l:CHJOmblu Qi.:':llot' tho
fly 1.1.011or tne E1Ing Ln the f ur'naco Q.(J both of thom
have been DU1):i ccr.cd to diff:m'ont tompm:ntul.'o,gao and
tIrno conddtLonn , Tho ,11l~1l1i lUld nul phur eonconts I n
GuperhontOl' dOPOf.1:i.U1 may tllOrofc)l.'C! i)t' nnvC!l'a1t imuu
that of t.no 11\bm at o ry Pl'lP,WOll noll.



4.2.].. Tube number 1: A/4./Sec 811 In!E;45/H33

'1.2.1..1, . Introduction:

Jl. tube seer.Lon was removed ft'om tho Unit <1 secondary
Superheater Inlet, Element 45, Row 33, from Power
Station A.

Al though this tube did not fail at. the time, or showed
no signs of having been affected by fireside corrooion,
it was removed because of an extensive deposit ouild-up
on tl1(;". flrerJic1e of t11El tube. This cube Wi:U~ also (lOOIl de;

a. ~:ro()d cn.'Q.mplefor varLous analysis and :l.nvcHJtiqat ionu .

EeCduse of ~'h::aintensive depoei t buf.Ld-up , it waG
dec i.ded to p(~l'form a comprehensi.ve study t)f' tIlt:) 1:8nd

coal t.o Power station A, the tube metal, and also the
fireside deposits.

i1.2 .1. 2. Coal inve[Jtigat:iom:z:

<1.2.1.2 .1. p:('(lx:i.l\lLlt:f~ and ul.t.i.mnte ana l.yaes , and
calorific value of coal:

The proximate analysis and calorific value woro
peir ormed to der.e rmi.ne the Cl'L11~actod,nticD of: tho (;0,11
aud the amount 01' 11oal:.rel,(1ac"li (lU17ingcombuet.Lon .
'rhe r.·oDulto of tlw pl.mdmct\:Gl ,UlCllYOl,O and calo.:! f:i,c
va l.ue nre SJi.vrm in 'l"lblo ·1.:;.



(ili) StudiG8 repo~tQd in the literature of othor
rCGQar<:110l'fl (lpplying V,U'!OllO almlyt :i,caJ..

t.cchm.ques to :invontigato the: depon i.r layc'l'u on
the fireside of boiler tubes.

4 • 2. RA.'t-tDOr.rREMOVAL Oll SELECTED TUEES FOR CHEMICAL AND
METALLURGICAL INVESTIGATIONS:

'1'111,'00t.ubcn we:t'o rcmovod fl~om (1.i.ffol'Cmt opOl'nt..i.nq un i.ttl
i:rom thl.'C)(' POW01,' Gf'.atiOllr1. 'I'hc~ LdontLf icat.i.on ami
location of the t.ubou arc ,I int Hd Ln 'I'till!!' ,1.1.

Bupn:t'l.lflut:e:r
I':co21omioer
31<10 v1nl1

A/4/8nc SH/E4~/R~J
111U:cn/BE!lU 1 '1
C/~~/ldn s:w/~r,m

llownr sruti.on A i'l a ;JOn !V1W I',tat:ioll rUel"iv ilL,; 0PCllH:llUt

con L wllUo POWfll' ,c]tat:ion C' in a GOO MW Ilt.LtiOll alml
rcceivi.nq coal iiom (111 oponc.uir ml.ne . Dowel' St',ltioll n
it] a GOO MW l1tnti on n)(~ni.villH both oponcnur and
u~aorground con].



CHAPTER 4

BOILER TUBE INVESTIGATIONS

4 ..1 INTRODUCTION:

tn "1,'(i01: to P1'OPOOO a root Cd.tHH! 1'01: iloilUl' t.ubo
ftd 1\11:00, tho cauClOCl und mo(;tWUiOUl of fluch fa.i] urea

muut be (Jotablinllod. TIl'iG can 1)(' aellivt}d l)y ,1 thot(\1\(lh
invont1 gation 0:£ tho fa:LLod/doql:Lldod t ubo COl.'t oj 01. .uid
JU10wl(~d~10 of tho boi 1CJl' operntillty comUt :1.011[1 at t.hr:
time of faUul:o,

Fm.' thu purpouo of th:icl utudy , f.i.l'c:nidc' boi.Lcu tube

invootigatimw WC))'(J bilUC'd on:

(:i) 1'uhc'[\ Go1cJctod LIt rundem f'l,'om dii:fmxmt E£3KOM

oporatLug unito. Thooo tubOD did not fuil at tho
t~.imo of illvClot:i.gat.i.oll but wm~c: oolc'ctc:d bnemuln of

(wll/(lerKHJ:i.t l)u;Ud up 01 UlgUD ot ext'm.'nnl
COl'tTl: j ion,

(il) cnco Gtudic1e of fll;Ll.(}d/(il)~fl.'fic1cd lubnG r'cl!lovf:d 1m'

dwndnal ,mt1motil,l1unJiea'l analynco ]lol'formc)(i lW
lojSI\OM '1'cclmoloHY I RODon t'(!l' and tnvon t iall t tom]. To

Ll l.unt.rut.o tlw complexity of the dif.t(Jl:ont fid l.ur'o
rnoenani.nm», ll\nm enne) (\l'\l(iil'Li W('l'f) UDl'd t o
t.lluo\Xntf' a i:l\1I1iC:W0l'1< f 0" tUlll' fti'i 1un'
Lnvcnt iqa r i.onu . }o:,l(;ll (~i1U(, u t.udy i U dLneunnud
o('pal.'Cttf"ly.



to (l prooGl':ibod tempornt.uro pl'ogl'flTnmo I of two namplC'(l
of oqua l mass unde r ident.ical condd ti.ona , 1;;:9.hC),lt.:illS)
l~Rtn , f'urnace a tmesphoro , oompoa i t ion, Dilapo and [1i;"0 .
Tho roi. ':'l'nneo namplo i.o an .lllOr! rnar.ori.ar which linat 0

up in rmJponso to tho £'\11 'l1,H: 0 ,

Two dOpODi.t nampl.en from Tuba number 1, t.he whi.t.o 1ayrn.
and tho rod Layer , W01'(' ,Ulalynnd \1(1 illq t.ho PI'l'kin ElmC'l'
SCll'iao 'I D'l'A (ESKOM, 'nu I Report number R/OCOO 1), 'l'hc~

fUl:naco Wi1.Doonnect.od to ('.1 t)(~rkill Elmer TAe' 'I conr I'(LI

modut.o which <!fnltTOlu tho )lOilt 1w] of r.no hU'lliH:n and
tho nampl« onvi ronmont, A cent l.'oll(·~d dyn.uni.e ni t.ro.ron
iJ.LmOophm:o of 1,0 cc.m:in,l .ind a IH,](ltillH l\i,C' of 10''('
V1lIfJ ufJod duri.ll('J tlld iuVC'OU.qllt i.on ,

Tho dc>ponit oamploG WOI.T! nub:j L'ctnd to a r:t:lllldiU'(j D'f'A
t.oot prOC!OCiu'O in Ot'dOl' to "i: illqU:t:Pl~illt ", on D'l'A
eUl~VOUI tho t:l'IC!l.'Ill,ll ovent.n Undf?l.'qOllCl by (mull 'lampl

undor tho q:L.vnn net of eondH Lonn , Thl' condl \ j OlH1 of

O{i(~ll run worn <1[1 followk1:

Ildtii.ll U'mpOl',H\1l'C' (OC) ~;~,

Fi.lla1 tumpm'o.tm'o (0(') i.soo
Hi'im l'ato (llontill\I l\ltn) (\le,m:in 1): 10

i}nflC'OUO onvLronmont Nitl'oqr"ll

'l'he' D'1'}\ 1(1[1\;(1 WCll'e pITh) 'mnd uu inq n Lumi.nn iH1 ,\ dl l uont
,\11<1 ,t:} [1(J \vt'hou\ al.umina nu di.lnrmt, 'l'lle! tllm.'!I\lll

prOpdl'\ i.l'f1 ll(~f:on' ,mel ,lft.'l' ql'i.mi:inq of t hI' whit t' IdVf!l

nnmplf' W\ilf1 comlliu'ud ;mti finalIy th,' UTA eurvon (If tll<'
wldtl' laynl' illlrl th» 1 'Oft In'{f'l' wr!J'l' ova l u.ir.od .



3.5.4. Carbon analysis:

'1'110dot:cn:minnt ion of cno total enl.'lJ0l1 in t.he dopoo i.t;
1aye:!:.'Dwas peri: oztned according t.o an ESKOMprccodure

No. 119, Rov. 1, followi:t'g tlw LElX) cs 12r, 1\l(·~tllCld.

'1'110 depon i.t; samploo WElro hoatt;d in an Lnduct Lon f'u rnaco
Ln un oxyqcn atmoopncre . Tho carbon ill tho D<.unpllw
o:x:idiGod tv carbon d.l o• .1>,,:0, which wao dot oct.od by
infrared detectoro. Tho final r08ultc wore diopluyud au
11 rOl;contngo carbon.

3.5.5. Z~ermal un~lYD~D (TA):

..3 • fJ • ~j • .1. III tl'oduC't iUll:

Tl1o:t;'mal Analyoio covcrc a Dorion of t ..O()lmiqu[!o which
otudy the chemical and phyoicnl properti.()(1 of n mixr.uro
(Jl,' (lUbutallcO en il t\mction of tompot'utUl:'I) or t irno . TIlu
rmmpla in oubj cccoe to n cont.:eollod t~omporut'.un~
prog:eo.mmo .

'I'1lC)diffOl~Cn\'.~u in \;emllcll:atm:e bntwmm t.ho uample and
It l.uf:on:mc(I mat.erial io l'oeol'<io.d li/hi 10 hoth aro
Dub:j (Jc:tod to Uw uamo lleutinfj pl'Qgl:nmmn. '1'ho tnclmiqnc
Lnvol VOfJ tho oi.mu.l t.auocun llDi\t illH 01: cool inSl, llceoniLnq



3.5.3.2.2. EDS analysis:

Ene~gy Dimpersive X-ray Spectroscopy io a microscopic
chemical. ana l.ys i.a tochnf.que which mOllOUl:'OUthe
characteristic energios of X-rays emitt~d by the atoms
of an e l.ement. 'rhe aoparacod aampl.e laym:s VJ()1"O

iudi vd dua ll.y analyoE;('l with the EDS technique I ua i.ne LIlt·
Phil] ips PV9100 EnorSJY DiBPt'lJ oivo X ray AlllllYfJ(-u:. ThiD
waa done to idr:mt:ifytho el_(!mellt~,flprooont :in each
Elumple layel:' and to compare l,hoElo to the rna]01' and
minor mineralogical phases.

,~. 5 • .3.3. Comb,illed Scann.ing BJec:tl'Clll f.1.icroDcc>PY dnd

Bne,l,'gy n:lDpcl'oi't"e X-l'tlY S,pect:l.'o[]coPY (SI~'M"
ELJ,s') :

The mounted, polished and gold plated speciwBno woro
studied at high magnification with a scanning electron
micrcocope (PhillipG SEM ~15). High magnification
pho\:.ogI'aplHl w(::l'et.akon , nhowinH tll(j different layorn
t;t)l;med on the tuba curf'ncea . Whilo mount od ill thu
SEM, EDS (using a Phillipn PV9100 Energy Ditperoive
Analyoel;') wao unod to dotm:mi,na t'110. concontrut.Lonn of:
c8:t'tain o.1emollto at points on tno unmpl0.

'1'111:'00 arunn of: cho oamplc' wen: nnalyood, nmuct.y tho
innido edge whoro tho depooit was attachod to tho
ourfaco of tho tubo, an aroa from tho middle of tho
depooit, and tho outBide edgo which reprooonto moot
rocontly dopooitod matorial.

,1 f)



3.5.3. Elemental Analyses:

3.5 • .3.1. X-ray F'.luo.resc:cJrlceSpectroscopy (XRF):

XRl" anat.ys i.s of the deposit f3ampleo war, performec1
using a Philips PW1404 X-ray Spectrometer. This wa~
done to identify the elements present in the different
deposit layers which wera removed from the tubeG. Theqe
t';llemt=mtswere matched wi tIl tJv:> mi.ne raf 09 lcal anaf.yn i(,;
:t'esu1.t!1to icientify the mechan i.am for (i(;~P()£lit formation
on the fireside ot boiler tubes.

:3.5.:3.;:] .1. r nrrcducr d.on :

The tubC)G were cut Carefully in Cl~()EJ[l·seetion to
provent the deposit from dislodging at the edgos. The
oamp1t1s wore chan mounted in clear acrylic
metallogt'aphic l'esin and the mounted samplo(J wore then
ground to 8Xp088 the deposits.

The! camp Len wcz'o thcm COVOl:'r,~d with a Lew vi.scood.t y

cellulose acetate solution which wao allowod to
ponetrate and bind the 10000 depoFito before final
grillding and poliohing t<~ C1 1.,"( ouri:aco finish. Fi.nally r

tho oampleEJ we:r:ogold sput:ter coat.ed [(n' uce in tho
scanning oloctron microscope.



T118 deposit sampl es W(~J;'eremoved for millGl.'cl.logi.cal
ana l.yaa s (XRD) and elomcmtal ana.tya i s (XRI"). F'0l~

SEM-EDS analysis I the layers were not removed or
8ep?~aLod from the tube.

The depos i.t; f3tm.ples WE~reremoved for (Ollnmc:ntal
ana l.ys Ls (XRF) and mineralogical Lldltl:IGO£l (XRiJ).

3.5.2. Mineralogical Jlnalysis (XRD Method):

Mechanical separation of tube depcs i.t s were cur ri.cd out
by scalpel. In Bach case the deposits wore divided in
pOl'ticll.S in an attempt to separate the depos i t s in thE)
y,'espective la.yeI's. The finely ground samples were mixed
with em internal at anda rd and pressed in the forrn of a
pellet. ThCi:samples wel'e indi vd.dual Ly mounted em double!
sided adhesive tape for X-ray diffraction analyoiD.

The determination of major and minor phases of aoh
dOPOElit Layer's was parf'ormed Dec()l'ding to all ESKOM

I:J:t'ocedu.l;'oNo, 116 Rev. 3,. Analysis was performod by
uo:i.ng tho Ph:Uips Aucomat.ed X··:eay POWOl' Di.ffractioll
syacem (API) PW 1'100) backed up by tIlL: Phi Lip;:J
analytical softwat'(:: (Vorsion :3.:5) .



3.4.4. Determination of alloying elements in solid
steel (XRF method);

The alloying elements .i.n the boi le:::: tube samples wm~E~
determined according to an ESKOMprocedure No. 106,
Rev. 1, using the Philips PW 1404 aequ. ltial XRF

spectometer.

Th(~ polished surface of the steel spec lmen was radiated
with primary X- rays. Secondary X - zays were produced by
the elements present in the s~.eel sample and tlH:: data
recurded on the digital micro PDP H/23 computer.

3.5. BOILER TUBE DEPOSIT ANALYSIS:

3.5.1. Introduction:

Slag deposit samples were remov(~dby manually
separ'at Lnq che layr;rs from the tub s , The following
apPl'oc:lChwas f()llowing to analyse the tube depos Lt;
samples:

Portions of each dried, ground and homogeneous
deposit sample wel;'8used for mineralogical anaj.ys i.s
(XRD method) and ehmlentdl analynln (EDS method) .
sampt e por't i.cne were also used foY.'carbon anaLyad s I

t.race (:;lement:al ana.l yads , difforential che rma.l
ana l ya i.s (DTA) and pH determination,



3.4.1. Material identi£ication:

Material identification is an important step to verify
that. the tube macerial conforms to the manufacturer's
specificat~on. A s~ction was cut from each tube and
analysed b~:X~ray Eluorescence. The analyses results
were then matched with standard boiler tube material
specifications. This was done to determine th(",
elemental composition of each tube.

3.4.2. Tube hardness evaluation:

San~ples from each tube were ground and polished to a
1 ).tmfinish. The gronnd and polished samples were then
subjected to the V1ckers hardness measurement. A test
load of 20 kg was used to determine the hardness of
each tube. The tube hardness is inherently related to
the material' resistance to deformation.

3.4.3. Microstructure evaluation:

The microstructure of a failed/degraded tube provides
information about the thermal condition the tube was
exposed to. The tube surface was prepared and polished
to a 1).tfinish. After etching with an appropiate
etchant, (eg. 3P.; solution of nitric acid d 'd alcohol,
Nital), the samples were inspected with an optical
microscope at magnifications of 50-400 times.



3.3.2.4. Ash fusion temperatures:

Coal was ground smaller than 212 micron while the coal
ash, fly ash and deposits were ground to obtain a
particle size of less than 75 micron. Ash fusion
temperatu~e measurements were performed according to an
ESKOM method No. 125, Rev. 1, using the LECO AF 600
bomb calorimeter. The instrument has been automated by
employing an electronic video system to obtain the
initial deformation, softening, hemispherical and flow
temperatures of c'_::~lash, fly ash and ash depos i.ca .

The method consists of the controlled raising of the
temperature of an ash specimen, moulded in a standard
pyramid shape. The tests were performed in a mildly
reducing atmosphere which should always result in
slightly lower (approximately 20 ro 500C) results.

3.4. BOILER TUBE INVESTIGATIONS:

Various tul~e samples were removed from different.
locations in the operating um t r . The ruadn purpoae of
the tube investigation was to determine whet.hez' t.he
tube complied to the manufacturer's spclcific!ltion at.
the time of failure/inspection.

The tube samples removed weze SU')j ected to material
identification, hardness evaluCi ' n, microstructural
exarrd.natid on and X~ray ana Lyad s .

-40-



The determination of the mi.neaa l phases of coal. ash was
pe rt ormed according to an F:m<OMprocedure No 116 Rev.
1, using the Philips Automated X-J.J.y Powde:t Diffraction
system (APD PW 1700) brl:~]':C1d up bv t.he Philips
analytical sof twaxe , (VonJion 3.5) .

3.3.2.3. .':)lagging and fouling peremetiere :

Gra! and Moore (1.974) I have proposed a slagging Lndex
whicL. originates from the Nicholls and Selvig ratio
where t.he Elo-called 81agging index is given by tho
acid/base ratio (R):

R L_ - .. ------- .. --'''_. ---'-'~--"-.--- ..~'--"'.""..,,, (1)

The index is given by ~S/R in coal, which explains the
influence of sulphur on slagging.

Incedently, the fouling index is given by:

(2 )

R

It must be stressed that these r at Los are standards
for overseas coals and only serves aB a guideline to
calculate or to predict the slagging and fouling
propens i.t i.es of the South Afd.can coal inv8slt:igated.



4.2.1.4.? Tube microstructure:
(ESKOM, 'I'RI, 0'1' 94() KI,l(./cn)

The mi.croet.rucruro of the t.ube W[W found to be fun:i to
ASTM gl':ain fiizo No. 8 wi th OplH'l'oi.dir;od pCltll.'l i t C' ami

carb Lde dispe:rtitjl1. Di£lGOnt:mucus c;:\l:bide di.ope rt ion ;It

the grain boundaries wac present.

4.2.1"1-.3. Dotorminaticm of t1lo nlloyLn(J nl.omont n in
001 i.d Clteel (X .. ray Fl\llJl'fH\('r'lH~CI mot 11(1) :

A noct.Lon of tho UUPC'1:hChlU!l' tubH moLal W.Hl ImcilYfltHi t r:

ootarmillo t.he nlC'menl [1 Pl'()I)I .." ill thu nUH'l. '111('
l:'C)FlUlts of the moot'. promi nont alloyiu(J ul.omont.u ill t.lu:
tube material are reflected in Table 4.12.

A1though tho olomentfl detectod in thc) cosI HDll (Tllbl p

<1. G) tU~O oxpcor.od in L1 coal ilull, tho 111:('(1('l1C(' of citl'lln1\

(Table 4.14) Ln cno t.ube dr!pO!1it mtnqorltf1 Lncompl.ot o
combuncion of t;}w coal,

Upon n'mtOval oi' the: iH111 dopout t, om'face> U 1 i.nq[\ Wl'l'C'

rnkon fl~(}m the' out.or t; mm fm' (',u:llOll ,umlyti i.u , '1'11f'

cnrbon content of t.uono fi.l.illlJ.~ \....<lf~ found t ,) btl 0, ;~;:,:"
'l'h:in il] il tlliu'kntl inen'{HH' from Ill!' maxi.mum f1FH.I,'ifit·d
Gm:bOl~ concont (\f 0, Fi':, (BS 'HJflt) H!<'f; (ii~:~), 'I'hill if] 1111

,ndient' ion that c,U'l:Klll htH] (li tiuuud into the' t uho
rnnr Pl':i al {l.u:d.nq llC'l'vicp.
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TABLE 4, 11 ~l'raco el. (!mCl1t:a,l ,llwl.yD.i D •

vunad.tum (i1(1 V)
Niobium (au Nh)
cnrcnuum (GD (;l')
MlUlflcUlO[l(J (,lU Mll)
Cohalt (ou Co)
N.ie)wl (uu N:i)
(~oppc!r (au cu)
:'Une (iW 211)
Gnll ium (aD Gil)
Gc!rmtmium (nn Ch))
.'\nJf!uie ([40 Au)
:'ioUml.ium (ao !3u)
Rubidium (iF' Rbl
::H~1'cmtiun1 (aD 81')
"it'.trium (au Y)
:".1rc irrium (no i~l')
Barium ([H Hal
'l'tmnot.:cm (no W)
IJcatl (iW Ph)
B:iomut.:ll(nu Hi)
Thor'i,um (no '1'h)
trenmum (aD U)

Sf" :.:\
;~G, ()

lSG,3
I G '1, ,1
10,l)
·El,'/
r; \) , ;~
tl:~, l,

:~ f) , •.~

LA, ,1
G(" H

?l(l,l
8::, !)

263,fi
88B,O

6,'7
78,G
.11,9
G,O
G,9

'1,9

(loll lU~O eomvnl.wl, a l1iqh ll'v: 1 of' ohr-cmiUnit ,u:(1I'111 \' ,

fly unh iu (!vit1c·m.



'rlw anll {Ur.iOll tumrK!l:'atun'iJ of. fly null ,.u:u lin\l!d ill
'1\:t111c '1. 10 .

[.
I

Pa:I':a.metor 1 Aoh fuclion tempera turo
( \lC)

IllltUtl dCl!(n"ntati.on
So[t!.!u1nU
H(~ntiupllPrteill
Fluid

] t) tl ()
If) ~;~
1 I) [10

l.GO()

'l'llf' ,Wll f.uuioll of thc! f1y iUll! wen.' ,pllll'l,'ally 1lit.Jlll'1

than till.) fuuiclll tumpOl'lltUl'OU (If tht' coal rwh.

i1 .:1. 'l .·1.,. 'l'1\\(~(!('lcnvmt n:

l\.eeonHtl\1 \:0 l\'i nH'h ot Ill. (UI6t\), and H(hWJ~ ot e.1.
(1fl'IOl I tho .U'(H'ltie and lC!11Cl cout.ont 'i.n \w11 in \Hmrtll}'

l,cIt wcon 10 and H.l0 11111\\, \1!\,-.n',w j 11 110 i1(ll' <i('pm: i I II I hI'

1!]nllll'lllu may be- }ll.oucmt ill (~CllWcmll'tltimHl of 1 [,\,. I'I',ui

hun hOtm fouud ill bn1 teu' cif'l)(Hli ttl ill C(IIH't'Illl.1t j llllU

0'1('1' Ion t irnnn lliqli"l than 1111' aVCI1'ilt}I' val.uo ill "U1L
't'l\(\ t l',W(1 Idc·mc·utal iUldlYllif] l'('l11111 i: flf fly dull ,UI'

I i(11 I !(i in 'l'lll)\ I' ,1. I I .



,1. ~~. 1. '1.1. RlnmcmLal nnnl.yui.u ,

The ,;J '!.\.)1ltal [lll[tlyc·; n of fly twll wac pnl~f():rmud to
dot.ermi.nc tho ma]or c,lomontr: prouonr in fl y .wh and to
compare t.ho fl.y auh qual.i.t.y to the coal null qua l.i.t.y ,

'('110('1cmont 111 ~~nnpoa i; :on of' f 1Y anh :i.u l:i [)LOci in 'l'ilbl u
,1.(1.

Silicon (nc: 1.lilh)
Aluminium (au 1\Y~JO ~)
I;t'Oll ([H1 FCi'1(3)
'!,':Ltani um (at) '1'iO,))
Phcuphoruo (aD p50g)
CLll e i11m (tl.D (\\0)
MaHllOU ium ran MgO)
~;()dium (cw Nll~O)
}1otanuium (ao I{',D)
BulphUl' (1.U G(h, r

(I'J)

,1" , 8
~:9 , ~)
(i,g
:l , rj
0,9
G,O
1, ~j
0, ~!
0, [j

0, 1

TIll' componi.ti ou of .whud \~(lill (,ID ,lllltlYl1,Kl ill tIll'
lahOl:atol'yl d..lffm:n h'om tllu ('cl\npouitioll of 1,'1.).'.uil.
pl'uducn<l W1U11 I Ill' nnnu: ('(lill t 11 bunll ill t ho 1)0i .hu. .
Thiu Ln duu to till' difh'l:I'lWL' in tompC'l~,llUn) lIlld

VllYUi.C;:lJ eondd.ri onn of bunlinCJ, emil. fl\Wt i.onut.f ou oj

tIlo millen"l! 1l1,1t!1:)'. ~1h(,1l (~omp,u.·inH thu 1<'[';;04 lnvnln in
t.ho ('Oit 1 ,wll and t lw fI Y .inh , ,i ill q11 clnqnl(' of i1'(111
C'llcicllnl('l!t ii: (Ivld,11H.



4.2.1.3.:3. Ash funion tt~mperatUl:(:;f:l:

Ao11 l:uoi.on tt'Jot:o are ompirical m\C)thodn pOl:Lo:r:mod :i n [1

l'(~ducinSJ at.monphm:o to ciC1tcn:minEl tho dif:f'nl'unt moltin(J
t;empo:r:aturo(J of H coal aeti . Aoh fuuiclll tl~nU)(!t'iHu rou cn'l!
listed in Table 4.0.

tILl t; i a:1.deform
SoftfllLiw:r
!Joml aplwl'i cal
l~J!l,t c1

148·1
1!,2 '7
lfj'l(i
rsns

AD eno diHormleo botwocm tllf' tlofm:nmt ion and nof.t.nni.nq
t ompor atUl~(\D ill lonD thrm 1000(, I tilt' VOllU 11>11 i. t y uf

(1ll1q~rill(1 mci.lltn i'm.' the coal tOllt I'd.

·1.:~.1.'1.P,ly iwlJ:

Tho fly aoh wan imlllyuc)(l to cOmpitl.'Cl i.lu flU'll.l ty wi III
tho ceal aon CIUelli.t.). Fly auli l:f'DuHo an) l'ui:.Lc!etP(i ill
'1'llblo8 4.11 to 4.1~.



'1'ho rmmltG f:r:'l'lU the aah nlumcmtal ccmpos iti.on illliicilt",!
no obv i.oua peob l.omn in t.ozrns of ESKOM atandar-da . TIle!

lQvoln of tho abraJi vo olnmcmtD in tho anh in dIll()

l'agnl'ded ao normal hn: ESI<()MGOalD.

4.2.1.3.:.1. Sla~lg:ing and tou li.uq plu:amctl'l.'o:

RooultfJ freml Goal analyn;i.D and C(H.l Huh i.UltllYGiu ttl l'

app l.Lnd to en l cuLaco tho nli1gq.i.ll(] and hmU.nq

PLH.'iln1C!tCH'(J of coal . Tho ealculal c'd ul aqcrinq <Inti

foul il1~r pa:eamctOl'o arn 1i.nt.od ill 'rabIn 4. '1.

Ac::i,ti/bU(10 l:nt Lo
81afJgi.n~J i.ndox
11'0\1.1. ing inelo.x

D I nl)
O,ODl
c.uai

'L'lw nlnS.mJncr llnd Uml tuU jIldi(~()(I .1miicdLf' ,1 low
nlll('HrillH pot.nnt.Lll of f 1w co,lI t(lfl!ud. It .in llUW.'VI'l'

i,mpOl'tlUlt to nut n fhill Ih,Hlt' l,'at lOP 111f! f\11culnluti
for nor: 111!1.'11homi Uph(,l'P t~Oill n ,uHi oul y nn1,'VCI ilU

qu:itluli.nnn fo)' flll\Hh AhiciUl ('(loin.



4.2.1.3. Coal ash:

Imnl.y8CW C)Lann wel:(~ parf.ormed to dot Gu:mim; t.he qual; t:y
and propo~tioo of tho ashad Goal and the fly doll, i,o.
the) cUffm:oncocj in major olemontal eompond t i.on , iHJll

ftwicm temporaturoD and t.rnco F~lmnontal compoa iti.on .

'1. :1.1.3.1. Elomontnl nnalyooD of co,11 [loll (XI~F met.hod) :

At)h ololUent:al compoai.tLon IJl:ovi.duD Lnf'oamat.Lon on UK!
abraoivo propert icm and olrH1'cJ:i.nq propollo:ir,y of 1'1)(' unli .
Tho elotncmtal \;ompooi,tioll of the' eonl .1[111ir; lil1Ln(i In
'1\\1110 i}. b .

TABLE 4.5 ,,'In}l e1,0111tmt,t1, COJl1_poLJit ..ion,

Combustible matter :~,c)'l

Elomcnt
8i (,Ul ,sin') )
A1 (an A1~~l'l.~)
I~o (nu FUrIO,)
'1'i (au Tiel,,)

up ( .:1tJ P~!Or,)
(~a (an ('aO)
Mq (an MHO)
Nn (aD N,l;'10)
K (an 1(',0)'If' (,H1 sn,~)"tvln (an MnO)

tj[l,9
~}",8
3,8
J , ~-l
0, ·1
·1,0
1,3
0,1
O,h
:~ I ~1
0, (B

(l'" )



4.2.1.2.4. Forms of: Sulphur!

'rhe di.ff81:ent fOl"mt1 of: surphur WE~re perf ormed to
det8l'mine the percentages of pyritic sulphur, m,'ganic
SUlphur and sulphate sulphur in the coal, The resulto
of tho different ferms of sulphur are listed in Table
4.5,

TABLE 4.5 D.i ttexen t: formlJ of tnil.ptnir in ooal,

Sulphur form
Ol.irc·c:hy Bardo)

Pyritic suIphui; (Ll.(] S) 0, !j·l
Organic sulphur (as S) O,OG
Sulphate Dult~lUr (ao S 0,23
Tl1t~al au Iphur (as S) 0, 8:3

Tho total sulphur content in tho coal (O,83~) io low
m:cOl,'aing to ESKOM otandardn. l\1l'.hough a100 t\'lqm:doci
ao low, the pyritic oulphur and volatilo organic
sulplm:c are eapttu;od in tho 9uoc'l)un form and cont I'liml u
to firosido doponito. Generally, the proponsity of
oU1phur to f()l:m dopooit.D :i,u tlmJr(;vnt~oc1 hy 11.1\;h
ca l.cf.um, por.rwn:Lum and nodd.um lov(~l [1.



TAB1:.E 4.4 Trace elemsntD in coal.

Elements "<=rRe;uJ. t,;-'
(ppm)

~' ...-~:.------~"'-----.-~--"
vanadrur.. .as V) 24,9
Niobium (aB Nb) 9,0
Chromium (as Cl.') 35,0
Manganese (as Mn) 32,9
Cobalt (a~ Co) 45,8
Nickel (as Ni) 39,0
C0ppar (as eu) 30,1
Zinc (as Zn) 18,3
Gallium (as Ga) 8,3
Germanium (aB Ge) 3,8
Arsenic (as As) 18,3
SelEmium (as 8(1) 5,7
Rubi,dium (as Ru) 7, 2
Strontium (as 81.') 168,2
Yttrium (as Y) 17,9
Zirconium (as Zr) 56,9
Bariwn (aG Ba) 227,7
Tungsten (as W) 8,1
Load (a~~Ph) H" 5
Bismuth (as Bi) N/D
Thorium (as Tl1) 4,6
Uranium (ao U) 5,7

According to Kirsch at a1. (19GB), and Raaok et a1.
(1970), arsenic and laad have been found occasionally
to be present in high concontrations in boiler
deposito. Other elemenr.s, ouch as lithium, may playa
role Ln the formation of ag~!l.'cJ('lBive depend \"'8, but t.horn
is a lack of published data for an appraisal.



TABLE 4.3 Ul timate Analysis of coe.l ,

1
-"'"-----~"".-.--.---,---,- ..-"~.---Ultimate Artalisis Results

(Air .dry bee i a) (~o)

Inherent Moisture
Ash
Ca..:bon
Hydrogen
Nitrogen
Total Sulphur
Carbonate (a~ C02)
Oxygen (l)y dlfference)

2,9
29,1
59, '1!3
3,61
1,3'/
0,83
0,'79
6,9:5

Results from ultimate analysis proved to be within the
ESKOM limits. The pzesenoe of oxygen in coal can be
taken as an indication of the degree of partial
oxidation of t.he fuel, thus reducing the amount of heat
released on conmustion.

4.2.1.2.3. Trace clements in coal:

In addition to the majot· constituent element s that. make
up the mineral impurities in coal, there al',,'a l.so a
number of tl~ac:eelements prE~sent: :in tho L 1. Trac~;
E.,)l(~mentaJ analysis were pe rf'ormed to determine thc;)
levels of t:h~~8eelements in coal and t he enrichment of
certain trace elements in superheater deposito. Results
from trace elemental analysis are listed in Table 4.4.
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TABLE 4.2 proximate analysiD alld calorific value of
coal.

_._---------_. -_._--------,_._---
Parameters

(Air-dr~~d-basis)
Result-s

Proximate 8118lys.is:

%Inherent Moisture 2,9
%Ash 29,1
~Volatile Matter 24,4
!JFixed Carbon (by diff(::lrence) 48,6

Calorific ilP,~_ue__.(~J/kg): .n__ ..__ -"--_2~3_,32,._J

Proximate analysis results show no .ibnozma'l ta es ,
although the ash content (29,1%) can be regarded ar
relatively high in terms of Eskom standards. The coal
also has a medium c;alorific value (23,32 MJ/kg).

4.2.1.2.2. Ultimate analysis:

The ultimat.(~ analysis of coal was pe rformed t.o
determine the p!.\")rC(;ll1t,agesof the basic e l.ement s in th(}
coal, namal.y the sulphur, carbon, hydJ~ogen, oxygen, and
nitrogen contdnt. The ultimate analysis results are
given in Table 4.3.

··:51·,



XRD result(J showed that aluminium and n L.it' III ill t.ho
deposit layorG were prOfient' as nou-crynt ,(lline IJhiUmn
in t.he form of alumill()clilictltoci 01: ill tho cl'yota.ll lL"

i:orm as mulli to. Molton a l.umi.rioe Ll.i.c.it.o fl:')' aull
pal'ticloD ac r i.ke and react wit.h t 110 lit icky lnyC',n; ('11

the aupexheat ar tube. nopeui.t laY0l:G an. tli, !l'OlOn'
of t en compr i.sed of a lumi.nosi.lLcato ~JllwG. C,tleium ',,,,llU
preacnt; in tho fOl~m of anhydzit.e which plnyo n villi!
role Ln the formation of t.ho Lnit in1 dopO[,Jit 1,1,/1'1'.

Iron was prm:lont ao ht~mat He.

EDS l~QsultlJ 1"8VOitlnd hiHh Lovo l.n of 1ron , pumdllly from

nemacLt.c, whilo Galcium and rmlpl1ul' in the' layul'u could
be from gy~sum. Chromi.um Ln tho bane of Uw tnct.a l wau
likely to ol'iginate h:ot1l tho ttl.bo motar:i.al. Chl'omiul\\

diffuses slowly through jron oxidoG and thoro:(;ol'O
remains in the inner layor.

TGA rNlU.l to (Appendix A) [l110W(](j that: tJIO poak at
approximately 13!Hl°C roprooclllt'o tho molt.i.ng of IVH11(lt.iu)
in bt)th oamploD. H,)hmtite han n m(}lt,i,n~J POillt. (li L':100('
to 13GOOC. {AI'Qltal:t"~ undor£Joo[l a 17ClV(}:l;'8iblO i.nvm.ui.en l\t
~)'7:' , which could nut b\} obG(lv('d bocauno t.hio
tranui.ti.on if] known tic) ~.n:oci\lcO it wUdl~ plmk ovon iu.!' t lit'

puro m:inCl:al. Anhydr,j,tu Invcr't n to 1"/ CasO'l iIt i.ioo«:
and mol.t.n at l'1~jO('C'. Thill meenn that' the' l' irut pl·,tk

ebuurvod on bot.h curves miHht eor roupond t (I t Ill'
Lnvuru i.on of anllyd,:itu. 'I'hu t:ilini PChlk might (,Ol'l'OUpOllJ

to tIll} mo1Linn poi.nr of. muf.I i.r.o 01' t'lh', Ullidt,ntij;ji'ci

Gl.'Ylltil..ll.ill(' phaao dn\!!Gtt,d ....1i th ::UW.

" ,1



Althouqh tho corn 1:(,)[.:,,1\:0 and the; coal auh (}lUnH~lltul
1'08111[.0 wore normal, tho noll tuu ion t.ompornt.uruu and
the! olnl]rrillCJ Lndox d.nd.i.cute tho pomlibUity of t1L~tJ

f'ormat Lon .

'l'ho ea:e}Jcm cont.ont in il'011 1i1.1in(3U Irom tIlt' fin~[lid('
DUl'f,aee> of tllO tub') WIlD Nol.l tliJOV{) th(' dOHiqn ('lll'bOI!

op(;Glf1(.~aH.,on. 'l'hiD imUenl",(}[l th.n. (1ifi,tHli.ull of eal'1HHl
Lnt 0 tho t.ui'll! mlltullitl took plLH.!Cldm:Lng ocrvf.co . 'l'hiu
C:[ll'bu:t':i~ution phenomenon :in niqnii'.i.e,mt In that the
carbon cemb i.ncu wi til chromi.um prunont; ill t.ho tube;
matol;inl, thm.'ohy n}duci.llC] tho (~m't'ooioll l'cwiutUllCC' 01
the rune ot 00]. 'rno proUCJ1WI , If carbon in tho do[)cw it
Lllyero l'ooultod !l'om ;iuGompll·te combuut.Lon of, Goal.

Rmml!',[j of t.ubo dopmJ'it nn.rl.yuou ullownd r.hnt clll' «nll
pnrtic1clO NlJrO not oxponod to oxtromo.l.y IdOl!
tcnnpm:n,t'l11'(ln. AIDO, tlH' pH val.uon of all rno ldyern
\'101.'0 i_lbove 0\, tcj which :!lldl(~dt!\D r.no illlflfmeu 01 oor roulvo
compj ox mu.puar.un uuch ,W N,l~l"(' 01(.)'1)·~ i\11<l 1\ ,10'(' (}-lO.l) ,.

'/ .'~



'1'11eoampleo ohowed a diot:i.nct co l.ou r enanqo whon r.hrry
wore) ,:rround i 1 t , 1l101:ta:t'. HOWf0Vlll,', no clianqc- in t.ho
thozn: .I Pl;'()POl't:iI;:!O of tho aarnp l.on boforE} and aHm:
grinding cc)ulc1. bo ol)(wervud. A pouei hlo oxpl.auat ion f 01

thin pnonomonon could bo that: mul.Lf.ce , nortual.Iy white'
in co.l.our , encapnu.luten the homati.t.o DO that tlw red
cc l.our bOC,1n10(1 :i.nvird.bln. Whcm the' on.mpl(~ in CJl'OUlH.i, it
,1ctually l)l~oaJwn t.ho mut ; i t n c'lwapoulat i.on Lit nil.'! ur. '1\

and t.ho 1'0(1 col.our (If he-mat itl' lloeotnc'r1 viuilll(·.

Whon compnl'inq tho 1:'00\11 \"(1 of the' rod lnyt't' ilnti IlK'
whito Laynr it WcW cl,,'·n,· that thr'C1C' t11C'l"I11.,il ovont.r
oecuz rod al:)(wo ,1200°(' in botll fHlmlJlt'f). Tlwl'c! ilppOa1('d
tGI bo it d(:~f:i,.n:it o r.olat:imlOhip bot ~"C1Pll the tc!mpf)l'lH ur. III

\"hOl'U tho fh:nt LUlU Doetmd pua]w wnl:'CI OllDOl'V('t1 ill bet 11
uumplon wh.l.Lo tho t1111'(1 pnuJ-:: W,lD olJuo:rvmi. cH uJitfllUy
diifm:cmt tnm£Wrll\'Ul'(!D in both fJamplml (Tahln ,1.U3)

TABLE '1.18 1'(\lk (moot tOlllpC·,t'iH'lU'CD tn till' It'ci "wi I...lli(('
1 dYC'l'D.

1:'~1l'J
135'1
.138'7

1~,~1~~
lVifl
13(Jt)

Poak tmnpornr.uroo
( ()C)

White layor nod layor



4 . ~~. 1.. I) • lj. Det ortui.na t:i on of pH:

'1'110 pH dot(}:t'n1inatiOlw of tho Damplu lUYOl.'O W('l'('

P()l~fOI'mt~d to (int;()l.mino the ac id ill' wi1tmo 001ub1 o
Gonotituon;',G within Hi.wh dint Lnct. Laynr , Horm.l tu of t IH'
pH dutut'mi.nationu an! l:l"lflCJctC'd in Table ,1.1'1.

TABLE 4.1'7 pH Pili tWG ("l[ dnponJ t LlYCU;.

Deposit lo:yer

Black t (IP
Whi.tc! 1i('ttom
Blue!\: GlUO'
Whit(~ lnym'
lWei lllym.'
Bauo

pH value
(250(1)

8,G'l
B. elo
rl , 1.:~
" . q (j
'I, '10
7,08

Tho muao\ll7(\d pH luvnl.o of tho our.or laym;o arC} ill! in
tho i:llmllno 1ocri on, enuo LndI t:fH :tnq r ho (lbUUllcn f1f

no:tTcwLv(1 complox f1ulphat'ell.

,1 .:~ .1. tJ • G. 'I'ilcmnal ,Ul111YGio:
mm(()M, 'I'HI, Hopol.'t nurubnr R/00001)

11'fl\. w;w unod to r1c'ltm:nrinn tho mnlri.ll(j tT!mpPl~nt1ll.'(ln of

Ute' \\'~litf' and rho 1nd li\Yf'l'f1 fnlm culm uumbo r 1. 'I'll!!

]'O[]UltD tll'(wc\(l to be' 11\0.'(' ntli~cn(]nfl'\ll without uui nq
,,1.\\mi11(\ an ttl Luont .

'/1



TABLE 4.16 BDS l'(wtl,lt:a Cit aepoai : laye,1D.

Depooit layer
(I'.; )

Black White Blaok White Red Base
t·::>p bottom c:r:u:,~t layer layer

[\1 (an Al:10:, ) .1H il 2 rj [' :! 1 G ~1~l 0 ;~e . B :~0 I b, , ,J , ,
C\t (aD CaOl b 0 2 7 ') q ;1 LJ 'l

;,
1 9, , c. i , , .. , .. ,

Cl' ([10 el';~()31 Nit' N/D N/D N/D N/Ll o , 7
I"f) (dU FO'l!)', ) 40, C IG 1 ),,1 (':' :~() g It; "l flO ("J, , ,) , , .. , .,
MU (an MU()) . .1 ,~~ 0 , I, 1 , 1 0 , '} 0 , tl N/D
1< (no K',O) 0, J 0, B 0 r 0, ·1 1 0 0, [j, ,} ,
81 (ao g\Chl 31 , '~ 49 , 8 'H , G ,11 , (l ,1() , () ~!0 , II

L,
o (flU SO~ ) t '1 C'l 0 3 0 1 'I ~~,L ,t

(i,) , .. , , , , " ,'1'1 (an 'r.iO~; ) J '1 " II .1, I) 1'1 I) ~;'J 1 q, " I I I ,

Elomental l'()uulto UhC1Wn typicill fly null ut rue+uro 1'01,'
all tlw 1,IYC'1;[J. IhJ1.i.tti.vcl y hig11 ~i\lG:i.um, ma~Jno()i\lm and
potaouium lcw']lo W0.l°0 found oeeautonat ' '/ in nome of tilt'
l,,\ym~o .

Ex(mpt:iml,llJy lli~Jh ''L'on GOlWf'ntl'nt;imlt wore) found iu
l\11 tho layoro, Qopo('dnlly ill tho bl aclc top l.nynl'
(,10,0':,) ami in tho bano arou (,to, :;~) of: chn t uho ,

'1'11\: cnromtum i.n LllO lldL1(} iu'oa (f) I ' 'J) could hewn
orJU.Jllilt oti from tho tubn melt <11.

'/0



Tho diotribuLion of tho mlnoral mattQr in tho doporiL
lay~rs 18 conoiotent throughout eha entiro aoh dopooit.
'rIle pn1Gcm(~o of QI-qua:t't:~ (S;i()~!) and tl1u abuouco of

Cll10rtllite (CaA12Si2(JS) ill all tho muuploG :indicl1.tc!D
that uno anh particloo W01'O not. oxpoucd to oxtrcmo ly

hig11 t.empCrtltul~O[l. At very high tr~mpp.raturofl, Cv quurt.a
iG convor+ed to criGtobolito wh i.Lo cn, Lurn oxi.do (t\t())

comb i.noe w ith kaolinito (A120:3' ~!Si02' :m20) to form
anorthito. Kaolinito can alGo bo tranuformed into
mul.li.t.« (3Al;)O',\·S:i.O:1) I wllic:h in :r()~Jlu:dcldau II Ol.HJ

m,Lneral.

Calcium in t:.lm uamv10[1 wao pnH:ullt mainly ill the! 101m
of' Dulpllntoo (aD anhydrite!, (\tfHl,l)' 'rho CntlO'l p l.lwu It

vital ~'o10 Ln the icn'mntioll of the illitinl ciq,mui t

layol' on oupornoanor tub(]D.

!loon in tho (lu.mploo Wt1D found mainly no hernat.Lr.o ,

Fc;'!°3'

4.2.1 5.4 Elemental annlyoio (EOS method):

Enol'qy DiG[H'lTllvo X rny SV(J(~t roncopy \'l[H) a} uo ttppl j od
to tiotc):rmino tho Cllctnc}llt,ll eomvooitJon of uno diUI\l'Ulll

dupon:i.t, layu,l'f.). It to aloo \l[)lJhl1 1'0 comparo \'11('
l'Of)U.1tLl witll t11lJ XHDnmultu in 'l'i~bl() ·LIIl. mm ronut t n
of Lho doponitil li_\ym:u arc ulwwn in '1'abl o ·1.J(j.



TABLE 4.15 XIm l'l1GU.1 CD of ciqJOG.i t 1.tlY(.]l'u.

Bluck Top

Red LUY01'

Major
Mulli.to
NOl1·cryutallino
Hemnt;:i.to
Alpha quut'U~

Mullito
Non· m:yot"aI1.ino
Hcmm t i.t C)
Alpha qUtll'U:;

Mul1itP
NOll'" cryo tall :i.110
Homatito
Alpha qunrt2
~1\lllito
N(')l1n G1.'yota1.1 Ino
Homatito
Alphu quar+ ~'.

(,13

Minor
1mhyd l'1.to

Al1hydl.' it c



'1'110 ash tunLon romporat.urou of t.hn dC~pOGit laym,'[1 wore

much Lowen: rhan t.hono of t.ho coal ash and fly aan .

fl.2 .1. 5 .a . Carbon ana Lyui.n :

TIle c,u'bcJll ,mnlyni..CJ WHO pnri01:mud to dot.ermi.no tile'
carbon Love l u i.n curt.aLn doponi.t ldYCll'C;. I~nE1\11t'c of tho
Gdl'bon tlnalyniD aro l'nflcH:tc'(i in 'l',lbln ·1.14.

TABLE 4.14 Cm'1x)1l contenr: (If Cil'llllU.it 1.l}'t'L'Il,

13laelt top
White .lt1Yf~l'
Red 1ayor
Bam'

CIl.:r:boncontent
(\'J)

t) 'J 11
n.uvs
o I l~~
0, n·n

Depooit lll.yor

'l'l1l.' }H:()[lenCc of c,u'llon in .111 t hel lilYl:1U llldi(~,lttlnt hdt
Lncomp l.ot.o comlJuutiull pi '~ll(ll I'ClUk pl,wl'.

'1.:: ,I. LJ • .3. Millf'l'(lloUi(~(ll anaLyni (i (Xlm):

'1'110 minm;'aloHi ea) ,Ulill YDi U Wiln pm'iol'mml to tiPt I!1'nri no
the ma'j 01,' and rni.nni: phan(lf] pl'OGUllt 'in tho dopon.J t

Laynnl. The,' milwr,(lloq.i(~ill n1~1\tltu of the\ tuih) df'puntl

}'ly!\l:il an) ll.l.unt rill tId ill Tillll n .1, IL).



'1. :]. 1.5. ClJemi cal ana..1.y£1is of bon. or depos i t:o :

The fireside deposits were chemically analysed to

identify the major elements present Ln such depo['1.i.tS.
'.1.'11i.owas done co deri.vel compounds or compf.cxes which

[l.l:e formed du:dng the slrgging/corroE:lioll process.

4.2.1.£).1. Ash fusion temp8rat.lu:er:l:

'1'h8 melt~ing temporatureo of the deposit ltlyc:l:'o fl,'om tho
tube worG p81,'tormed to de,:c'rmino at which t empoz-atuicu
tho laym;'fJ melted, and at ce to compare tnouo to t.hc
meltin~f tempOl'at\U'EHJ of tho coal noh and tho fly auh ,
Tho mol tillg tomp0l:'i1turc'll of' t.no dopmJit lo.yot'" are
given in Tahle 4.13.

'l'ABLE 4.13 A::l1l flw:ion tt'ilwpt.1ro. t:llJ:8D of dopord 1; l.aYUl'Ll.

Aha fusion tempe3:atuX'o
( °C)

13la01t
top

White Bllot'Ok W1:-lite Red Ease
bottom O:r.'\Ael t layer layer

1144 10:3,1 10£!3 I I. .•~8 llDG
1:1,1(1 JO!HI 113:) 11·1:l .1:U)'l
11r51 l1.3·1 llfi·l ntH 11l)lJ
1:113 1179 l;~OO 1161 1.:~.~o

Doformation 1100
8oft~ning 1120
Hnm:i.npllm:0. 11(i0
Flu~d 1185



Mirror Image

Base (6)

figure 1:

Secondary Superheater Inlet,
Element 45, Row 33
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inlet tube. El~rnent 45, Row 33



TABLE 4.12 l1..11.uying (~lt':!ll1to)lltE; in tllb~" Gam}:)lo.

Element (?"l

Carbon
Chromium
Nickel
Manganeso
Molybdenum
vanadxum
Silicon
Copper
'rungsten
Tit.anium
1'i:1

0,12
2,18
0,04
0, '1.5
0,94
0,01
0,32
0,02

<:.0,01
<:0,01
<:0,01

The results of the alloying elements in the tube stefl
were mdtched with the material speCification to
determine the struct.ure of the tube. This was found t:o
be BS 3059 BFS 622, which is accepted as a very good
quality stee. in superheaters.

1: • 2.1. <1.4, Tlll.,e mi croeccp Lc evaluation:
(ESKOM, TRI, OT 940 KLR/cn)

The microscopic evaluation of the firasida surface
revealed an oxide layer of 50-200 Mm. No signs of tube
metal degrad;;.~tio!1(I~ubt:~craGk:LnH ,)1' oxd de pener rat.Lon)

or metal lOGO Wf:u:t? Pl'BS! ' . How"Ner, nome pit t inSl wi t 11
pit depths of approximately 100 Mm was obs~rved.



Table 4.25 Carlo D t ud: (;'f) of LI"}11 bo i 101' t !lilt':., .

A/5/Prim SH/T24/b28
A/3/Nof)(1 tube
A/B/SH2/'I'H/F:JCi

'1'16~lM:!'l:!1 TN/lJO.!B/Cll
'} '7 (i~!M;!'I ~~I MEJ/ L~UIiL) ,/ ( '11
7762M~'l21 MEJ/'102'1lcll

.1

4.3.2. cace ~tud.:y number 1: A/'l/Pl'im mIT;!·l/r·;;w
(TIn, Ill'()'jc!ct No. 'l7G:;M::'l:!l, TN!I)n;~B/t'll)

·1• .3.2. ,1. OInt I'OcllJGt icm:

r.:SI<OM, 'I'IU parf.crmcd vcu:i.oun llllnlynnn 011a U('(~tj 011
fa.i.1od prinlruy cuporhoat",01: t.ubo fl.'om POW01' Stitt i ,ll! A
und t: tj, Tuba ;:4, Elomont :18.

·1.J •.":•2. TullO recnn: Cd 1. ~;p('ci t i CCi t i (mD:

'l'lln tnclmil\ll cli11.l\ imti fJ}lC'ci.fi.cilt,imu: of thl> (Ul.H' .It

tlln timl~ of fidlU1'(! Lu .10 tol1owf1:

'rU1H} opm,'ill. inc1 t 11\10 (1l(l\ll'U)

Milt m. ,i .11 f1},'('i f icat i011
f 1 r\'~OO(l

m: .%0,1 HF~; 1.10



,1.:l . .3.!'. CcmeJ [wi()ll:

Tho fil'orJidc) of tho tu))u wac uxtUlwl ..vol.y C01'l,Oelmi and
t 110 oxidat, ion of tho mQtal han in uomo nro(to cr.uued ,I

rcductt on of up tCl riO':, in t.ubn \<1ll11 thir:lmu(J(l. Thiu
olJuulvt1tion may wo] 1. :i.mlientc! tho l'ulat j vol y low
l'('uiutant:o ro C01TfH1ioll of l.hi(1 tube nt ruct.uro . Ttl i [1 i l:

DUIlpm.'t('ci by XIU' ruaul.t u which (111uwnd lliql1 '.1 1'011 Ie,v\'l u

in all t.latH.' laym:u whi.ch cou l d lx' f.l:om the' !nlH' motu L.

4.3. CASE STUDIES:

4.3.1. Intr~duetion:

BOC[\\F10 of t.ho \<1:idc' V,U'i(l\Y tlf llO(1uilll u t uho lL'cilw dud

l\ combination of 1iwLoro which mLqht cont.r i.bu: C' tot ho
tnU U1'O mochanf.nm, it iu v.i.:t'tually impw1fl1.b:to to cover
t.no ollti.t:n topic of ].)OilOl' tube f,dlul:CHl and thoil'
mocllltll,inll1u Ln thiu ntudy. 'l'hn ut.udy will hOWUVCH'

lit I I'mpt t 0 (~OV(ll' [lome of l~hc' mont common fuLl \11'1' typ,.,n
oc .urri.nq {Ill EmmM !)OWf)l' nr.at i.rmu ,

To nupp Lomnnt thf' illVC'l1tir,rtltlOtl u1 CnillY, l'ttud(llUly

remevod nnd ,Ulalynnd an denm':i1Jc'd ill (h !ct ; fill ·1.;' I

v~u'.ioun eauo Dtmli ('U of fid it \(i t.ubon dt't' d i(1Cl1:HlI!d j 11

t hi E1 nor':tion ('I\tlJlc\ ,1. :!l,). 'l'}l('lll' (n1)I'li Wf'l'(' nmlovl'li dlld

anal.yuod ljY EGI<Ot<1,'l'r'clmololJY, N('~lC!d.l'Cl1 ,md
Invc'fJt. Jqat :i.onu .



.1.:)'.3.,1. FJICll1Cmtd.L ,:mcl.1yuiu (1f tulx' dUllCHlitu (:\1\1"

111(' til(?lV :

'1'11u c~lemtmt,nl lUl,llyniu waD pUl"iOltllO<1 t.o til'tmmi.ll" !ll!'

1>](~m(111tu pnHH'ul ill t.ho Luh, dqlooit.[), R(I(lUltu 01 till'

(\lc:muntill anaLynl U (11n l'oLlc](~\ uti In Tllllle' ·1. :!,l.

Element!)

Sociium (au Nil'10)
f>1dqncolum (iHtMHO)
l\tuminium \(h\ Al:~O,)
Silicon (nu SiO~)
Phoopllm; uu (dU ii~;!(5)
Btllpllm' (nn 30'~)
('h1m'inc' (liO VI,.)
POl:cwoium (.lD I<~O)Cnlcium (aLl ('ao}'
'l'i t anf.um (an '1' I(h)
Chnmdum (eHJ Vl..;!()'l,)
1\1,mq(mnC1f~ «(lU MHO)
I ron (lW Ff!:~Oi \
Aroonia (dO 1\.02°3)

N,ID
.I, .1
lil, ;:
:},l, f)

O,G
1,3
N/D
0, ,1
3,3
O,f)
NIt:
(), '~

·lQ I tJ

N/D

DOPO:J.i.t layer

Middlo
N/II
() I 'J

1" , ·1
:'H.3
o,e;
2J~
N/D
0, .'.1

o,q
a,b
NiP

I} o , (l
N/D

Inner
N/l)
0, 'I

;: 'I, U
~'1,:.;
1,0
1,'7
N/D
0, fJ
~,()
1 , ~
N/ll
NIP
H"l
N!ll

Xh'P runulill nlHWl(~d t.h.u tIll tIll'L'" l.li'(1.l'l1 li,ld I( rypil'd.l

11,/ .wll ('I)nllHH1it ion \11111(' till' hi-rll irou 1(1'\!!d.u coul d ilt,

i 10m t h(' t u1H' 1111'1 ill .



'1.:3.:1.3. M<im::rldo~lic\l,L ,m<l1:yui.u (1f tl111U t1oIX'DitD (XR]l

me tilCltl) :

AntIlysin elf tho depoui.t, laycnJ NiHJ VC:l'formod to
dotormi.no Uw ma] 01' and minor pllfwOJ pnJDOllt in t no
dqJooitu. Tho rcourt.c of tho miuOl:aloqici11 anal yu Lu
LU'C' liutod in 'l'il1Jl0 ·1.23.

Top

Middlo

1'nn01

Phaoe identified

r.lajot·

MUgIlO t.i t o
Non u1'YGt;allillC'

Mi'lflnc t", 1.t0
Non,eayotallim'

Maunot:i t(~
Non· C'l:YDt,lll Iuo

Mullitfl
Homat.ito
Alpha qUil'ft ~'.
(iypoum

Mull i.tf'
HemaL:i t o
Alpha qmu't ~~
(~yp(1um

l4u III t C'
HomaL it C'
Alvlln qu.ut. i~
t'lyprmm

,mn l'C'ou1to rl11m-K'd thilt' mi1Hlwt it!;) and non Gl'YDtilllillC'

p11llDCU WC'J'C) (hu mi.tjm~ ph,tnll:l !1c'loc'tc'd whi.l.u mul1it.C',

lll'ntnlih!, cllphil q\1'll'U~ and 'TrIHlum WOl'!,' 11H' mlnnr phduml
d(·t(\etf~d ill al] tllll'I' lii\,''1::

fH



<1.2.3.2. llJloying olemellta dmi tube> 1lI.icl:(JDt't'uct:un.N

TllE: t'ul)Q aoct.Lon wac [Ululy[)u(i to dot(}l7m:inEl t.ho ehmnical
compca LtLon (Jf t.he tube Dt:ool. The roouHo of tho
alloying olamonta are reflectod in Tabin 4.22.

C(U?bOll
Clu:omium
N:Lel~el
McmgtuwfJo
Molylxlonum
Sulplmr
PhoopllC1:t'llG
SHi(:on
C'oppor
Cobalt
'l'tmgotoll

0,1,1
0,01
0,03
O,GO
0,28
0,018
0,021
Q, :~7
0,01
0,01
0,01

'rho tuba matf1l;'inl WiW idollti:Hl~d liD 1, ~)j115 .UJi'lo:~. The
m:im;oot.:ruGt'll1:e WllD C\ tC't'l'Jric mat l::L:~ with AS'l'M No. fl

Brain (l:L~o nnd nHunt:Jy f1pllOJ':iodL~c!ci po,ll:l:i.t:o wj tll
fJt:l,',illg[J of n,u'bidofJ al()U~i tho gl'u;in i)mmd;ll"ioD.
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'1.:J.:1. i1. C(')JJcl [wi OllD :

Tho opaemJ botwoon tlH:'J heat fino of tho aconoml.so.r
o l.omont: woro eovm:od witll an adhm:'(Jllt. white depocit.
trpoi, rrnucva l of tho depoe it, COlTOO ion of tho tubo

fi.l"cuido nurf'ncc wan ovidont whilo fJlighL pitt.:inSJ
em't'oOiOll wan n l.rro olJClol'vod.

XRD roculto of tho dopooit layoro ohowod that aluminium
.md Oi1,;i,COIl WOl'(} px'(w(mt ao 1l011<>Gl:yotallinc plHHHH1 i,11

the; form of alum:i.n:i.umoilicatoD while C!1:11ciumin the
jmwr layo:r.' waD prunonr, no HYPDum (CnSO<1,)' t ron was
prouont :in th(~ f;of,\U of llOmatien (1"03°4,) and maqnorLco
(FO;:JO:3) whilo mct,lll:ie iron (Fo) in tho i111101: lllym' WilG

moot tJl:obably part of t.ho tuho mct.a l. 'rliiG io uupport.od
lJY tho vi.au obuervat iono that. (!0l71:ooion and (11 iOhL
pitting did ,do'Jd cccue .

'L'hc xrm rcoul r.o of UlO dopooit layol~o arc Gcmlpl.i.montod

by tho BDS rooulto whinh indicatod that corrooion waG
J,j,ko.1y 1;0 110 eauGed by DulphuI'i(: acid at tack of tho
Cuba ourfaco according to tho following reaction:

ThiD typC! of: COlTCHLlcln OC!Gllr'U ill t !le' cnol(il' r'uni onn 01

tho combuot.Ion fJyntc'm nucn ,t(] l'ccJllomiUU1'u ;Hlel iel ctlUllud

when the Lulm metal t l'mpOt'dt mCHl (ll' fJiW LOnl!l(ll"lt\ll'().l ill

tne ftU:llCtCO lllX~ COlltl'ollud lJu.low I Ill! iW.id dflW po i.nt
tump0l.\ltUl,'l..'. The Vl'C(1Cl41CI' tit ('OlTDUiun j;J .u no
uupportod by ,t hinll ehnmli.um ('Oll('I)llt rill iOil in I h(l i.nnc.r
laYI'l', pmwillly 11'011\ Ihi' t.ul». mt·\ .u..

80



EDS results of the deposit layers are listed in Table
,1. 21.

TABLE 4.21 EDB l'twuH:o of de1i;(loit layE)r~L

Element

A~,u~tinium(iw ]\1~~()3)
Sl11con (ao SiO~)
Phoophoruo (no ~205)
Sulphur (0.0 S(3)
Potassium (0.0 K~O)
Calcium (ao CROr
Titunium (ao ~iO~)
Clu,omium (ae U:'20~))
Manganeoe (aD MDO)
I ron (ao lo'(}2.03)

Top Middlo Inner
8, t' '} , 2 N/D,

12,1 10, '1 I, H~
9,0 4, .1 N/D
4, 3 'I, "'\ G, 1'-,

.:1 ".J

0, .-.', 0, 1 N/D..
3, ·1 3, 5 N/l)
1, 0 0, 9 NIl)
N/D l, ~ ~,G
N/O 0, 8 0, (.';J

61, 6 G(l, G 8 ~5,9

'rho lli~jh Lron concent rnt Lens in n.ll thrc')o layol'D could
bo h:om tomntito (l,lo:!03) and magllCltit.e (FO:304)' Thl'
high Dulphur cent put (GI i~'J) and I ron content 03[1, %) ill

tIm inner layox' may imi:lcnt'o tllat Lron nulphat.(~ (1"N1O'1)
mJgIH, havo or,iq,",.lUt:od from l'nactlC)l1 of fJUlphul'ie aGid
(H2bO.l) wi th ,i:cm.\ (Fo) lTom t ho t.ubo mot.e l..

Tllt.'1 (~lll'Omium ill ( lIt' inner' lilYUl' Ui, G'J) could. \lleo bu
!'r{}1t\ 1'.110 tube n:Qt.ltl duo to eoiroo+on of tho f:i.:r, (}D.i dn
tubel [lUl'fi'l('(\.

'/ q



mdl,..! mount.od in Ill' ~:cdf)ltill(J lC'c:tl.'Oll lllil!l'UI3COP",

Enorgy Di:'pct'c Lv\.;' j( Lily spccu roocopv \1df.l used ro

det:(}:t:mllw tho Iul\\(c'ntdl compoc i t ion of the dC0PO[~,it
]i.l}i("ll:'n. A hiHh ttlttlJnificclliol1 photOl.JUlpl1 VJi:H1 t.akon oj"

t110 mil 1'1' LiyC'1 H on \ he' t 11\)(' (Plat<' 1).

II

m:,ATE 4: Scanning naoct:t'on M:i.ct'OfJC01')O imQ.g\~u

Economil;joX', Element E, ROt'1117.

i\ t h.iuk, whi t.o flv .u ih dqH)Hit (lc)!! h;llld [ddl)) iu
0\1[1"1\1('(\ on till' lin'[:id.' 'ij' tile· t uho .



<1.2.2.3. cnems ce: eUlalYDis of tube aepos i to:

4.2.2.3.1. Mineralogical analysis (XRDmethod):

The mincll':alogical analysis was pnrf'orrned to dat ermi no
the major and minor phaGes presont i.n the deposit
layers aD ohown in Table 4.20.

TABLE 4.20 XRD reDu.l t t: of ti~JP(')[;ir la.Y(;U'D.

Major Minor
t layer Phase identified

Magnetit.e
H(~matite

NOl1- cryst:all. i118
Alpha quartz

Nt')ll" cryst.al.line
Alpha Quartz

Mi.,ddl!';) MagnG;t.ite
Hematite

Inner Magnetite
Hematit.e

Motallic iron
Gypsum
NOn~Cx.'Y8t:nl1 ino

XRD rooul to one. thnt: thc} ma] cr ph(WClU in aU t.m.oo
layoro wOl~O idontified ao maqnot.Lt o (P0203J and
ncmaci.tc (F03()'l)' Tho minor' phanco in tho top and
middlo laYfn;fJ worn idontifiocl iHl alpha qllIU:t:~ and non
Gl':¥st.al1ino pnaocs while tho i.nnar layOl.' cont.n Lnod
qyprmm (CUSO'll and motalEc Lron (Fe).

'1'1 '



4.2.2.2. Allcyil1g elements and rube mi,cro.'3tl'tlctul,'O:

The determination of tne alloying e l ement s in the tube:
steel was performed to identify the chemical
composition of the tube. Th~ results of alloyin~j
eLement s in the tube are listed in Table <1.19.

TABLE 4.19 Alloying el.ement:e ,'::12 tube sample.

Elemental composition

0,16
0,02
0,03
1,07

<:0,01
(:0,01
0,018
0,024
0,26
0,01
0,01

~'O, 01

'1'h(: tube mat:Gx'ial waD identifiod an BS360:~ lU\1l0. The
tube microstructure waG a ierritic matrix with ASTM
Nu. '}grain oi::'.C! and part l.y nphOl:iocii::'.od pE~at:1i,t.o wi t 11
ci:u~bido d:lnpoJ.:'t.i.on .; I f)ng tho SJl;i.lin ncundo rLun .

Element
Carbon
Chromium
NicJ~E~l
Manganese
Molybdenum
Vanadium
Sulphur
Phosphc)rU8
Silicon
Copper
Cobalt.
'l'ungst:em



.' .. '. Tube mmtl.1<" 1\
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'1'ho cevcro :i.nt.C)l'qt'amllat~ eon'CHLioll at t,H~l~011 Ill\'
fil'cwido nurf'aco of tho WtlLUl'Wlt11 t ubo Wilf1 ('.lULlt'd

by th(~ nul.phur--boa rd.nq eombuuti.on q,lGOU ill tlH'

1)111'1101: furnnen nt.mccphnro . Tho nuI plnrr- l.nclon VMU

also J.:'OD}JOlW,ibl,) for tho mul.t 1,layr!l' nealt' 011 t.h»

curf.aco and wi.t.hi.n tht> crncku. The eompol1i t i.on of
tho ocala W\lC dott'l'minod tfy tIlt" lltu't iill pn'uum'p[1
of oxyqon ilnd Lli11pllul.' 'pcurJ. A phdlll' nt .1b1 1 it y

diagram ()xpLd1l0(i t hnt Ir-on mdiii,' \'",(: t 11(' f 11 :1!

dopoui t. to f'orm , BC!Clmu.' (If the! Idqll oxyqnll lhll! iu l

pl~('U(lUn' .:c'<11111'('d 1,01' co,ll combunt l on , d [11db!,'

o:x::idu tOl'lnud in tll(' ('umlJUt1t J(\11 dtdmlH1l', n'Lllllt'dq

in t.ho fOl'n1t.lt.iOll (If F('~~()~. Tilt' tiC!('l'C!;lUf' ill

oxygc~n/(iUlphul.' IhU.t i.al 1)1'('(1[1\11,\' l:l1t i(l dwi t hi'

D\ll'lf1c>quont ~J\llph'id(_) se.u o torrnnt ion l'lwul tud f rom

nu l phur tralH.;llOl:t:nt Lon t'hl'o\HJh oe<11c,1(If'fc'(~lll

(nu1vhi<int, j OIl \ •

4.4.3. Publication number 2:

!let"HU1, gYUiu'lil']\U ,md nl.'l:l;],(' (]tV!.l) hilVl' \HH~duc.nm i i«:
(lluGt ron miCTPm!Opy .uiu ('leet 1'011:1\.1tTO}ll'ubrl .lIllll}'H i~l
(~mf';1/gMPA) to C'j;,P,HlC' tllf' ul:~I', UhiHlC: und dle'minll'}' ,I!

t no j lld.:i vi (iUlll ,wll Ihu't:i ('lc,(l fOl'll1l'e1 whru (~(.)d I 111111Hl.
Thu dil(il Vlllfl t.hnn lH1t'c1 t. I )1.'( -d i,!t ('ombuut jill! 1)('ll,w J tllll

,\wi i.tn impaot nn lUll! dl'IX)[~i\inll .tud lull,' dl'ptl(li\u.



IltJA'l'E 9: C:t;'aCJo~ooe'l;ion af 0, eit'cumforont;,iull.y
oroell!od Wo.t.o:r:;wo,ll tuba.

{I



4.4. OVERSEAS PUBLICATIONS:

4.4.1. Inl:.X'oduetion:

Tho inv(:cti~ptioll into boilor t.ubo fail Ul.'OU WilU f Ul'lht.'.1

oxt.ondod to runcarcn tindingu by OVOn:1C'ilU l'fllH',U'chl'l'U.
Publleo.tiono in thio t"(}~Jat'd in uued to uupplt'n\(~llt dud
DUPPOl:t t'ooom:ch wi t11i.11 BSI<OM.

4.4.2. Publication number 1:

111\T!Dt ,(g<1lio110 i.11tO thu (!l)lltl:'ihution of t'())'l'uuion 1.(1

circumic)rC'llt:tal Cl'ackinq in \<latorwaLl bo iLur tUiJl!U

(Smith and Mani(']': 1~19~l) n'v('ltlc'(1 the follm1111'l:

romovod , Tho e:e(lc)o::i.ng\o.1CW Ot Lont.ud c11'fJund t.h. \
eur.o i.do etn;umfol'l:-ucu nud ol'i(l1l1ill·\(j lit t h!.'
f .i l',}U itil' D\11'1 (leo.

(.ii) C'i}'enmfr'l."'llt ,1III mtCl'r)flt 111('1111[\:

A (~l'ml[lGOct'iollal v:itlW of tll,' f'll'('umh'n'llt i u ll y
or':Lcmtod craelw and elw CUU'(Hl LUll pl.mluctu Ull t hr:
(1uri,wu and w.l.t.nl.n Ult, cldc]m in nhown ill PLitt! '!.

A wlri.r o lnyul' in tlH\ uldll'd. miC'l'wltnH't'''f' ,mti d

[:ol~ond, {i,lrkl'" in C(l]\lltl' ld}'(' .11" \ll!;l"!'Vt,d.



,1 • 3 • ,1 • (). ttarctncc G ova 1. !ltl r i OlJ :

'1'1lL1Vielwl:.'G llal"<1uum.l (30 I~U) of Illn tul)(.l wau found to

no 1:1'1 nv.

4.3.5. CODaluoioDO:

The eubcc iuvoGtiuntod worn i111 UxpOOf'ci t.o OVlll'llc!iU urr

1m' GOtnC t Imo , Tho foJ Jnw:l.1F1 t'ollcluniollD ,H'I' tnilli(' f ui:
cach tulle:

'rube' uumbm' 1 htilu(l due tn ('l'I!CV <1(11)),1(1(1 l't~DUU ilhJ
£ nm! ltmq t.orm ovn:ehc'l!t .ilJi1, pI'olltllJ.l y \~,l\l[\l'd by

pa,eLilll blocJ.::n(jO of tho t.ubr.

'rUllC numbo:r ;') fnile'(l duo to m1V01;(' ovoruo.u inq,
euuuod by otC'lm DtiU'V.H ion or uxtUl:ll,l} h\(~t 01':1.

Cm.'lJoll'molybdmmm (VJ!Vjtdl uti'!'] 0, ;w tl}J!)(Hll ,(1 t (I

ctn:umimll ('tmt,linil1l1 utoelll W1HO{)q/{i:~O) I ,11'1'
UtluGopLl.hh: to (p.'llplLHi.:~nti()ll. 'I'lli' \nl)\! \<1iH11\1
lcil10d (0, ;~()~}\l) ilHlh\Hi of B8.H)[,q/Ii:~n 1)l'(1I1U.lihud ,
'1'11(' 1.IJMo' W(1!l mWI~I'rHil)ll,) t.o <Jl'lt]llliti~~nt.i\l1l.



Wa.ll Lhic!lmoOD (mm)

1)001911 tompot'FltUl'l' (0(:)

0001gn preoouro (MFa.)
OpUt\lt tug hourn

3/()

4'79

U/3
1M) 000

Tho fa'i tut'n l'O[H'IlU:jlnti t lln!(' pnnu.lol !tlilll ('l Helm dhuu\
30 mm to ~;Omm h'om a b'lt'!" wc-ld. 'J'ill! cl':wlw al uo
l'ol1omblcd h1'j rr l.o fn:i 1un' and no f1Vidl'llc(' Clf 1)1"0:: i1111
(1.nmano \'Ii\[J obr:m'vc'(l. Al uo , !HI p:iltiUff WilU nlHH'l'V\'d UIl

the iml:ido m' outn'i(in of: thu t uhu.

·1.3.,J.,1. C1Juw'i(\t] (llld.l.yu.UJ:

(,he'mica.'! ':lllalYLl;1D I)f rho !'uho indicated that t lw t \11H'

mat.or·,j'll eomplir'll to E;MoA iIlDtC!ild of w, H)()~l/():~O.

l-:xllmin,ltion of UK' flatT'uLmd,'ll w1th .ui olltk,\1
mi(~l'OUCOP(' l'UVI)olod It fOlTiti(' mi1\T1X uf AWl'M Nu. g
Hl'It'ill [;;i.~~o with i\ LitH' etll~!)ifi!' (U(ltH!I.'ion .uid GO,lI'nl'
ffl,olmlCll' (\u'lJidnn on t hu ep din 11011Udl'i,(I(l. 'rIll' pC'dJ II t t.'

~"',1[i Dpllm'i od:lul'd ,md 1.'l1 J'Jy tic'componc'rl.



A2 (il00 mmromoto of: rupt.uxc) showed cmal.l ~Jl:HillOd
fe~ritic matrix Wi~h ~'ohular carbides 011 tho grain
boundzi.as and partly Gpllm:iodi DGld pcarl it e . No ct't:ep
voida wore observod.

·1.3.3. ()'. 7'tllJ(l tuirdneae ()V,1.211<l t ion,

'1'ho V.'Lekornhazdnenn (:10 k~J) of the: t.ubo (rrnuot.o of

rupture) waD found to bo 162 Hv.

4.3.4. Case study number 3: A/B/BlI :1!TU/I·;:1C\
(TIU, IJJ:oj (wt No. 'l','Ci2M~~'1~!I, MgE,l/'l()~;'7 leu)

'1.3. -1. ,1. IlltrodtlL:·tJ~lll:

A fuilnel l:u})(! noct.Lcn of Unit 8, Supfn:hf)Ht,Ol: ;;, ('ubC! Ii
(in tho do ad apace ncar tho out.lot hoador), !'il ement 2G,
from Power Station A, waD allalyood by ESKOM, ~RI .

• 3 • ·1• :!. ~!'l1b(} don i tTll Ci.illlCll'J i ow; :

TIm cubo (looign ,Umolloi.onn .uid ollor,,'! :iller cond i t i.onu of
tho Lubo at tho time of fllilul'O ,U'(; dC; fol1.ow(J:

MalO! ial opceificid Lon
Out'[1ieif' di alll(ltfll" (mm)

nn 3(),[,f)/l;:!O

,~1,B



<1.3. .3 • J. o.pt: i cal mi C'J'()C)cnpicoval tld t ion:

An opti.ca l. mi.croaccpe wac UDC~d. to mcacure the
ponot,l.,'L1.tion dopUUJ of como pito on tho ut:c).:mUJ:idLl of tlu.
t\lbo. pi t, d(~pthD of: up to 1,.1 mm have boon moaourud .

·1. 3 • .3 • ·1. '1'l1bQ wall. tl1i ckuenn medD(Jl't"'JIIL'lJ t ..

A vDrnior enl ipm: wan U[HHI to U\(liwm:o t IIp out ,: i.di \
eli amet.er ami minimum wall t.hi.cknout, 01: Ill" t.ub.: {Li'mut I'

of rupturCl). Thin WilD 'Ji von '[1 (>1,,'1 mm und I), f) mrn

l:OOpct i.vo l.y ,

'1'ho two tU'UaD, 11.1and lI.~l, wm:o ovnl.unt.od wi.tll iUl

optical microocopo:

AY'f)[l Al (nt' 1110 tl1in lip rupt.uru) l:(lVlmlod it

dl'!compo[:c\d microutruct.urn cono i liting of ,I unui l i
undJHJd 101l'itic matrix with GOeU:OC! qlo1l\LLu' 1',n'l>i(l!\~l

on Ll1l' Hl:'aiu bO\Uldl.'iml and Llphm.':iocli[]('d [lfsu'l it o , Nu
cllrid(~llGe of m,)xtc'IlUiLO could bo found itt t'lw 1l'iWt \11('

odgo. '1'1l:U1luciie.ttlHl that t.c1mpOl'<1tUl'()f1 (tid not 1 i~lI'
i.lbClVU .mnt.on.i.ti.ant.Lou tC\m:''llllnrnu. It ill l)f\lj(lvc~d
that. tnmpUl(ltUl'CHl W(!l'O III tho l.'c'qiOll of (dlO°(, t.o '1(l(l{'('

wllc~n) t.lio ylc'ld nr ronn of. t hc' met! t'l'i.d..l in .1ow.

I. l~::
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'1. .3 .2. 6'. Tube }lardlJer:;s evnl. ua t ion:

The Vickers hardness (30kg) of the tube was given as
117 ITv in the locality of: the crack. and 136 Hv on t.he
undan.aqed part of the tube.

4.3.3. Case study number 2: A/3/Nose tube
(TRI, Project No. 7762M272I, MEJ/S066/cn)

'1.3 . .3 .1. In txoauatior: :

ESKC'lM, TIU pOl:formed var Loua anal yneo on n soct Len of a
failed nos€')tube oeletion h'om Unit; 5 I POWOl' Station A.
'1'118 t.ube tc~chniGal data and specificatioml at tho t imp
of failure is a~ follows:

'rubc~ opart.ing time (hours)
Material specification
Outside diamatc!!: (mm)
WaH tl1icknoso (mm)
Opel"ati,ng t;omorFltUl~o (OC)

Operning pre8sur~ (MPa)

'1.3 • .3.2. vieua; G.\':(llltillatic)ll:

+156000
BS 3059/4:40
63,5
f,,89

326
11,7

A 10ngj tudinal burnt , ±2!:iO mm 1011£1and .+.200 mm from d

bend in tho tube wn~3pl:'o(lont :in the; tube unCI ion
(I' 1 ,1t e G) •



Outside diameter (mm)

Wa.l1 thickness (mm;
Operating t.emperaturl~ (OC)

OpCll.'Hting pl' .:JG1.U:O (ME'i).)

5,385
410
13,1

'1.3.;1.3. viou«i exeuiin« ti012:

VifJual examination of the tube section rovoaj od f:i no
cracks in t.hQ LonqLt.udf.naI ciirection, some pcmc:tl'<ltinq
the tube wall. The cracks extenled over a distanco of
appr?ximately 23 em. The cracked side aloo showod thick
ash depoc Lcs .

·1.3.::? ·1. Metallographic: eva; llatioll:

A replica at the cracked areq showed a decomposed

micrOF3t:rt1c::tUl~(:? consisting of a ferrite matrix of AS'I'M
grain size, with a fino carbide dispertion in the
gI'aino8 and globular carbiden on tho grain boundri on .

·1.3.:1.5. Cl.(gep eXl:ltlllDtir'Jll calculatiol1f:J:

Croop oxuauat Lon calculnL ions uhowed 1.:i t t.1 ~~ anti.c i.patod
creep exhauat Lon, whilst tllC' micl:out:l:'tl,r~t.Ul'O 111 thn
C:1 ackod ,U~()(t n:>vonloci oxt.onni.ve Cl'OOp damngo l.'C1lUl t i11'}

from l<:mg tOl'm overheat illg, Pl.'(..I; \bly caUflnci by fh11't inl
blockago of tho tuba,

WI



The coal seam dacB, in con1unction with previous
Qxperi.cmce wi 1:.11coal from the same source I call 1)(')U[JCKt
in efforts to avoid both slagging or fouling problems,
Tho following information is recorded to evaluate t110
coal quality and to identify tho impudtio8 in coal:

OVf2.l:viGW of GoaI seams

l>rox.ima to and u.I t .imCl t:(~ analYBEw of coa 1
M.inE?r~11.()g.ica.1 content of coel.

FormtJ of GU.1p}lUl' .in coal
Calol'.ific Va..1.1W of coal

Trac(;] elementa in COd 1.
Coal P(Hl.·o~Fapllic iUJ(ilY[J,U;

Tho coal information iG impr'l.'dtivc'in buildiun LIp d

coal data baso , e('lpeeially fOl: power DtatiollD wi t h <l

hi s t or'y of slagging and foiling problom~l. Til(' data b':HJU
will aloo assist in the prcdicion of future coal
qualities where trends aro Bvalailabl0.

5.2.4. Slagging and f~uling experience and data:

.1) • ;? • ·1 • 1. Coal eon qua.l.~ ty:

'rho f oll.cwd.n1 dat.a in l:eeOl:dod to 1WDt'[JC tIl/) olamri ncr
and f'ou.lLn« PlXlIJO!witim; of coal <Hlll:

l)'B1J oJ. Ql)JOll t:.11 llna.;,j!13.i u
/).[;11 tuti ion u'mpenutl1'oa
F'l't'(11Wl1<.;Y of OGGtU,'l.'f'llCO of a.!.aucr.inq or tt1tli.ill~J.

10()



5.2.2. Tube fe.i..lure l~a.cJ<:9':roundil'1formation:

To determi.ne dIe) CClUUO(0) of: 1)0:i10r t.ubo fed Im'C'G/

cioto:r:i(}" at i.on , tho foUowi.nqr Lnforrnat.Lon l'ocFUdillH t.ho
failod or dogl'adcld tuhe 1.0 l'l~COl.'dud:

Date of tuhe Pailurc
Prc:vimw fai.1w'o;] ,in t;1Lin .'JoCt'.j,Qll

.'ItJct,ion(l,l [liticvicw !Jl,Ull ~!1Dn l.ocat: ion

TtlbO C'PC'l'clt:i1Jq lJ(lUl'[3 !,c;i1Jl'u GOll1In,i::.wlc"lll.j,lhJ ddt 0)

Mator,idl DpGCif,i(\ltioll

[l,inl(JlWioIlcl1 GI)oC'i,f:~C,H ion

TI1}JU mottl1 h'/llI)Cl'dt lIn'

'l'uLJtJ motld stnJu[j

1'llDC lllct'n..1 Uti ckuoo»
TuJJ(, motaJ 1I1 iI'l C'D tl'u('t 111'0

Tul)(l (lea i ~Jn .uid Clpet\H, ing IJ.l'OIJ [;l11.'(_'

M,l,ior modi ficil! i,()jl[l pOl'formed ill tlw dl'C\l COllCl'l'llOd.

~.2.3. Coal oupply and qua.lity:

In t;lliD Dtop rlll' qual.ity of, tho f~onl lmpplitl(l to Ihl'
opm:atiuu unit 'in oVi11ui\tl'li ;'0 detC!t'n::illCl any olilJ'irmn

IH'olllemn iW(JOCittt('c1 t hf'l.ow.itll or any .'hnnHc,(J In Qllal.ity

()vc!t' a connin pC'l'iod. Accllr<iinq t.o Hatt (198C; '1(f to
87), vari.aui.onu ill t Ilc' componf.t.i.on of the: h'od conl c:an
I,!'ild to a v;ld.CJty of }jl)i leu: prolllotnn.



Fnu.lin9 tomicmcLOG an) l1ggrUV(ltc'(j vl11C'l}oporut.mq Itt

full load, 'l'lli[1 in a rouul t of more Lnt.cnuo cotunuuti on
at. h:ighm' f1nrne t.nmp(,l'.'u,tm:c~ (',lUoe<) by fir'inq mOl'f) ('onl.

P,:u'(ltnotl'l'O i'1,'cKIllClZlt1y :iticmUfiud ,H) lJoinq imr1m'hmt ,H'C'

tho fc)Uc)Wing:

Uni t JOdtl tlnd prnomu't'
lk'ln 01' [ltealll fJewl
lkliJ01' ntH.] ut Dt cam pnwmU't'
1101.l01' out.Lcr: orcoi» t {'JlIPC1'tlt m,'t'
1,(''1/(,,10 of carbon It/mlt1xiri(1 (('OJ ill t'Luc: ({.II'

]';X('('O [] OX}'f1t'1l

VinC'llc[Jo ot IHl.l.V('t'i~l\d Ctq,l

I;'u(lJ LiUl 'Ilt' 1 m,ll llt dlJdlJC't)

Vrop(1t' ('(l,d dmi ai,r,' d.i,[lt .t'Ulllt ion ,UIlClWT !llU 11('1'[1

Cmuli Lion umi lJlli! it iou of fuu.I IllH'lJl'l'U

wa.u 1,1ow'Ol' opmut:ill,tJ froqllc'lJf'"

Condit.ioll ami pCVJlt",iolJ of t</anlJZOWl'l'D lind nootlJlt'wt't:J,

'I'lle' follo'1i,111j l}oHcl' pm,\lU1otC1rn iUi) llln\llllH'C~d ll'i' ('thll
proppu i('(1 anti (ill'mld llluo h!' l'Clc(}l'dmi:

Pm nwn ox: t qal] (t)m]l<\l n t!u'('
HC'rH l.'o](\wo POl' JlJj t Eui WW(} 1,1.m ,n\l
b'}J(lC.iWJ of eonvoet .i,em tullno
:Vl.IW <]iW f.low I',H U]lll and 'I/llJcH'.i, ty
1"1 (1(' qclG tf.llllPl'l\lt 11l'l'

NWI111(I] (If t~'1111 .Hld 1l0,1tlltPW('l:l.

10"



!j.;1 • .1.1. Boilm.: d~:1J,igll Pi_U-lIllQil::2G ami Opf'J'dtinq
c(l!ld.i,t;icnw at tIl(;; timo of flli1tll'G diocoVOlY:

Ho:i1or' d(~[J:i9nand £)oi.lor cpOl:at;;i,ng ccndf.t.i.ona m'o
1mpOl.'t[Ult pal'llmntm'[1 for r:ll:·od:i.etintj tIlE? purf'ortuanco of
dHfor'ont coa lo more accurm.o.l.y than eonvcnr.Lonel
f1mlillF] and olagqri.nq 1n(1,,1(:00 lXHWd on coal quality
chlll~act('t'i(lt:i{:G alono. 'l'll()[]o includo:

Nwnbot' of Opol'dt'ill~r lllJ,ihJ

Mmwf.lcturor ilnd type est' l)oilol'

OlJGl.'tlt,i1J51 110lU,£] of l)o.iJ01'

Nlllll/JC)l' of lXl,i.IC!l OhlJ't (11)0.

[3,;L,1.:;. Bo,ilor 0PC}l'iIUng' condit ..lonn at tlllin of t\u.l !H't)

d:i [Jc(wcn 'Y"

Apcu't :[1:0m tho mi.um,'al matt0l7 cout.onu In coat , tho
dar Jitional bohuviour of conl noh 10 aleo influollcod
lw boilol' opol.'lttionaJ pnrnmet.ern . Incomploto eotllbum ion
of: coul l'ooul to in u 1000 of: coal ono't'gy in tho form of
Ull~mrlltc.rrbon mlc1 carbon monoxf.do (CO) in t:ho I'Luo
gao. 'l'lw CO conuont of tho Elu() gao lnel'Ou[)()D l'itVtcUy
whon tho oxceeD oxygon fulln below 3~.

COl\l lml.'l1,i,llH rate can illHuOllCO fou.1.i.nrr wh.i,ell can bo
duo to tho Piu:t.:i.cl0 f1..i~:odietl'i.but.;i,ol1 of tho conl., t.ho
m:COlHJ ai.r and thu fucl"dil' dint.l.'ibutioll. 'l'ho foul ill(}
l)(,lmvi(,ul: of COil] .to lllno lniLuonced hy the, boi.Lur
load.



5.1.6. Tube packaging and transportation:

1~8 uoction of the failed or degraded tube is wrapp~d
in plarltie Jhoot:i,ng wit.h tho tuba tmdo cove red wi I'll
sealing tape. Tho tube is thon transported to tho
cncmi ca; and metal l.urqd.ca 1 labCll'c1tol'iEHJ in Gl1Ch a ":dl'
that the integrity of doponits io prosorved, A covering
It'ttel:7with tuoo :i.nfm:mutic)U 0" 'my ununua l cond itionu
or avents w,',.:cll won) nor.ed pr i.or- to, durinq , or alLm'
tho f;ai Luro , muut accompany t he t'U1K)to tho lalJol at.o ry .

5.2. STEP 2: BACICGROUND INFORMATION AND roBE FAILURE HISTORY

'I'h:i.o Gtq) J'nquinw datil of the boilu:r wucrc t he· t\lb'~'
(lo$jraddtionlfni:.,\..u;o occur.Tad an woll an baeIQJ1'oU!\<1

in£ol.'[l1iltion of: tho tube r'omoved . Other i.nt ormat Lon

include tho quali.ty of fuol Duppliod to tho OpUt'llti.lltJ

unit and a hiotory of past hoi.1Q:t' r.ubo failtu:of1,

5.2.1. Boiler data:

Boi.lm' di..H'l\ and upm\tt.:inq eomH t.iouo pl'twicio

i.nf orruat.Lon 011 Pl'OCOf1UC'll and cnva ronmont il to whi cl: t ho
coat and i'l(Jh may nnvo be'('ll c~xpon()d,



5.1.4. J:ntial on"site examination:

Vioual 'J.lmminatioll of t.ho uu rroundl tiC} t ube'fi nut onl y
providoD data em elFl CtlUfjO[~ of d(~(p'd(lat ion (11' f;1i Iu r. I

but dot.ormi.noo wllOl:n rr:lpa:i t,'wOl:l< in to bc: donu . Tili n in

aI DO done to dCH (Jlm:iw' whot.hur dIll" tubC·f; 'Hlj ,(Cput to

th,] faU,(xl tubu wm'c' dmnaql~d ilD il. l'UUU.I \ I)f c\ ll,·CUlHi.l1',/

fa:Llul'O mechaui.nm. A ctU'[)iul oxnminat ion 01 ddj,lCf'Ht

tubcw 1[1 w;u:n!lll, 1 to l\(llJU1'C: t.hat nl(1;ml t~ilt ( i.llq lliW not

OCGul'l'(:d and that tlllDI!lf:l' t.ub» idihl}.'!! i(~ Utlt imI\\U1l!~llt

DO\(lUrl of failul'C: ilIlIH1,U"iHH'(' Ott the t ubn i.uo l.udo .

iippt)dlrUW(' ('1' fl\lctll1l' IIu1'1,1<'(1

llPl)t'dl',llJCt' ,md tc~xt'n'(' 01 tin'Hi.it' dl'Pp::i.1n.

HopotitilVl"> f:ailul'(,u Ln tho fl,l.TI1D loc,,1 ;\1:[:,\ w.ur.mt
f'ur:t hen' f'al.h,l'(\ invent lCj<ll:.ioll, aIld fid] I'd t ubo
UVI'(!j,ll'lOl1U nI'(' l:UQU1.l'Pel [m: lnbm."1LOlY t :xaml.nat iOIH\.

5.1.S. Removal of failed or degraded tube:

AppnlKim,ltcly ono m"tn! of tuhinq Ln nml0VI·d I rum thH
ho.i.ll'l:, \winq oloetl'jc: qdllclC'l'lJ 01' onwu . 'I'll\) tub,'
::lw\lld }jtl Pl.ot pct I'd ,tWlillUt 11V\'lJ11'iil inl] Oller> t hi

(l,UUlllu 11<1,[1llf't'll :1I1':I'C\('d, i.t nhoul d b\~ llml(ilHi with

Cill'(' to pn'l\I\l'VI' \Hl mucn i.nt rurn.u.Lon ,11lOltt t h.: 1'(11111"
muchauLnn, ,Hl poun l hl.r-:

} 1),1



5.1.2. Location of failed or degraded tube:

'rho lo(~aticm ot 111e' tuin! i.n idnntif:icd and loqqHd in! 0
a con.purnr data ullut't 01, bo Lt.or tubu l nq ElhC'l)\ •

POWQl' .'ita t.i,Oll

U12.i t WJmLJo'z'

Bo:i1.Ul ckct,ir.Hl

EJ.OVdt it)l]

5.1.3. Labolling and codification of fuilad or dograaed
t.ube:

'1'110tubn in el.ou: ly mnr'ked by placi nq ,111 I don: i ti (:111 i011

t:llg OU t.ho rube , Idont.Lf i.catLon GOd'::lD characr o ri.ari r: to

thllt upc'cific powrn. ntnt,ioll unit iD unot.ul, (!CJ.:

'l'hn Dampl0 er i.nnt at ion Ln mnl'J<f'd en tho 11.1)(' pri.or. t o

romov« 1:

PIHltO~F\\phH of till' ['11ti 1'1' 1ubn h,ml\ m: del i,tCi'll! I Ill)1![1

1:,\11 p rov i.do unofu] infm:m,\\ iem l.'p(J,tn'i:i 1H) t 11(1 (1PC,(: i fie

lin i 1 (:1' [l(lC! ion.

1O'~
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CHAPTER 5

ROOT CAUSE FOR FIRESIO:C BOIIIER TUBE FAIIJURES

In order to identify the poas i.bt e causes of fi.rc~f;idc: 1 .oiLor
tube failures I a compruhensi.ve set of: reruul ts and
obaarvat.Lone muat; be ava iLahl.o to the il1VeEotigator f(ll,'

meallingfu.L conc l ue ions and roconmendat ions, Thl;: l)oilc)l: t.ube
failure r'oot; cauao v(;df:i.catiol1 mot hod Lncl ude tlH,~ qathorinC)'
of pnyad ca.l Qvidonee or data by determination of critical
ptll'atnetero or the studying 0.' th(~ ava 1.1ab10 factLl t hzouqh a
8yetE?matiG pronl om mlH1Y~1:i(;, By combf.nin.j tho Lnf orrnat.Lon
from tho l:tt:oratUl:o ;:~t,udi(w, t.ho tube :illV()Dti~Jalj,oll l:'(l.ml t n
and the ~aoe otudieo, tho following steps and guid~lilH'U for
f irm]:j,de b():i lCll' r.ube mvesr ini1.t: Lens at'O pre~lClntod:

B.t;grL".L:, R0~m()val (if tho failed or degraded tubo and t.ho
documentation of available data and obsorvat.Lons

noeumonceef.on of' bacleground information and tho
current statum of tho plant

!'4\.:(2l?<~; cnomi.ca; and motallUl:giGCll eval.uat Lon of t.ho tubo
cocri.onn removed

J t; is :Lmpm,'trmt to nolo t.hat; tho abovemcntLcnod st <"P8 aro
basod on nome of: tho SJcmcJJ:al, mont fl(~quFmt f:Ln:t;ldfl t.ubo
J:.:d.lurClfJ lltuci:tod, and will t.liun not lll'lC(WGiU:.i.ly nui r: t.ho

IH~lxl of all Lnvont: igat Lonu ,
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4.5. FINAL CONCLUS~ON:

It is claar from the tube investigations, case studies
and overseas publications that a thorough investigation
is required to identity the failure mechanisms of
fireside boiler tubE:.failures. The investigation needs
to be structured and a systematic approach m~Gt be
followed to gather the relevant data and to prevont
duplication of analyses.

Different tube failvre mechanisms occuze., on the powez

stat i.ona rr-: .earched . These varied from cor ros i ou/
erosion to overheating, tube defects and thermal
fatigue. In most cases, e~ch tube failure requi~ed its
own individual investigation.

Modern analyses t.echniques are recommended for: studying
ash deposits and slags on the fi....eside surface of
boiler tubes. S~M is regarded as a useful tool for
viewing fracture sur~aces and for determining the modo
ot fracture. EDS is used to id~ntify the elements
present 1n fireside deposits through analysis of the
bulk deposit. This is done by performing EDS directly
on a large area of the tube surface or a crosB-section
through the deposit. X-ray anal ysee are used for
elemental and mineralogical analyses of deposits while
8EM/EMPA are effecti.vely applied to analyse complex ash
fou1.i.ngpxoduct s ,
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SEM/EMPA has outstanding potential for analysing
complex ash-fouling rnat.erLal.s in the dCpOiJi ti.oning
stage. The products of ash-fouling processes are easily
identifiec;'l,quantitatively descdbed and tracr=:d
through combustion systems.

Karner et. al. have suggested f out steps to solve the
problems of deposit formation on boiler tubes:

(i) ~-'u The critical boiler zones where ash
deposition 0ccurs, is identified.

(ii) Step::1: Micro"am"lysis is used to determinE',)the
fouling mechanisms by ident.ifying key inorganic
coal components that. interact in thp combustion
environment to form ash deposits.

(iii) Ste.n_d.;_Operational pa ramet.ez s are optimised
through the mechanistic insights gained through
micro-analysis. Th0 causes of potential and,
actual fouling when combined with combustion
experience, is effectively highlighted wit.h
SEM/EMPA.

(iv) ,$..t..§p__4_;. computer models are used to aol.ve comp l.ex
boiler fouling mechand srus as well as in cases
whe re depos i t buildup is severe. This t echrd.que
is used to integrate relevant: information which
is then used to select the appropiate coal and
changes in operating conditions.



Lnddcat es t118 presenco of: corrcs iva complex sul.phat.cn .

'rhe thin middle 1ayE1r, whito to yrC1110wich in co l our ,
contains complex nlkal i," iron sulphateo ouch as
Na3I<'e(S04)3 and I<3FO(SO{:I,)3, idontifiod by x-rny
una l.ys Le . This Layar of t.en cont.a.Lns l1ighm~ lcvc'ln of
sod.l.um, poraas ium and Dulphm: than dO(HJ t ho pa ront. cOdl

aDh.

'rl~~}tight.ly bonded b l ack , ,imwr 111yer in (~OmpClDod

primari.ly of: cor roai.on product,a , I .«, oxi dnr , uulfidf'u

and (;l'u1.t)hatoG of Lron, twd er.nor alloyill:J (11emC'lllll in
the bailor tube GCcel.

'rho rr(JSC,mCt1 of aul.pnur ill tho ann dopouit u i~ldi(~dh'(l

cna . the propensity fox;' (mal ash e02'l'(Hlion oxf.nt u ,
!~iquid anh corrosion involving nJlwl:i Lron
tl'iGulphates would bo expected of coru nob eonot.i t.unnt n
having melting pointo between 552°C a~d G21DC. An
8ndothoI'm:i.c= peak at 0'10°(, on a DTA ourvo imlic~iltou thu
fuoicm point of Ndl,L<'O(SO'll3 :!;Ol:mo(i by 1'1),\('( :iun (rill).

A lJtoOP nlopo beyond GOODe on a 'I'G en'vu i.J1cii(,lltt'f1 I h(1

dccomponi.t i.cn of Na3Fo (SO'l) 3 .

ccr rosi.en rut 00 i1l:G hi.gh on cmpol:lwutol, and rnho.it (11

tubOD w110l'(; tho tompm',ltUl'C) ranqen belt It.·m~n ()C)V't'and
70·1°('. Upon rcmovat of thf'> fi..co[)'ido doponH f the:
COITOdod 1.·o.~jiOlWwill havo II p.lt loci curT(I(lion Ihlt t (n'll

.1;; 1



MotallographiG exami.nari cnu of: tho faLl,ml tube; may aIuo

reveai tllat~ imp:illHOn1ont: of tho hiccTllvo lce iuy fly auh
part i.c.lou han cmHJmi mi.croncepd o plaut ie dofortnat:i em ou

thirlllod tubo surfacoD.

,r; • '1 . 3 . 2 . :1. Soothlowor orcs i ' 'll:

,"'ud mu:t.wC'fl an:' normatl.y olllc)I)tll and only II thin
ox i.do lClyt01' (if any) ncrmaLl y occuru if .u.t.ack it,

£x'C)[Jl1. Dl'pCJoi If] i111t1Dxicien \'J111 cover til innud [lUl'Lwn~;

if attack Lo old 01' intunni,t;tcmt. rrh:innodmu'f;lCf~:~

OfU)l1 chow Dlmllow wiw(\lilw ut l'ill! LOllD, illhlll(}(i

VUl:'pomliculiU7jl to ('~Chlm flow dfTO[1f] Ill(> f.il:uu,1 tiu
:1Ul'fuco. Bulqill!:J iEl UOULtlly ,liJUC!llt' wuLl.o l'uptun,l (~(itJ\'l\

are norma],ly thin and ragged.

". -Z.3.3. I"iJ'('[Jido corrooioru

!i.'l,j.'~.l. Coal iwh eOl'.t:oo.i.on:

OV()11hcnt illl] may lPdd I o \H~ec'lm:atod md<ia\ Lou ill I lit,
tube' fi1'f~f1jdf\ to rn'fl{i\l('(~ tllielwlH'd, l~,ll'd uealun.

('Ol'l'UDioAl 10 non;K:L\tuei wil'h dtlvooiLO t.nni .u:o (Jt nmqly

llOll<iO<l to the' m!!t,ll Iltll'hwC'. r;u('ll tlepclf1i to (~Ulllli nt.n

ui tlu'C1fl tUut.i.net lilyt1ll1:

'l'l1(' llint.f"'I'd (lilt "1 ,Ll} (11' .in it 1m]!;\, lil¥C1l' t"itll
t')I\U1('llttll t!Ompofli.t inn uimiLu' to tll'.it. ut fly null. !I.

IllC~\H)\n'f'dpH 01 t.ni n lilYl'l ,(l'(Hlwi '~,I) popit iVf)l~'

1 ;~ n



~). ,1.3.1.2. Short tOl'm ovurhaat ing:

Motallog:t'apllic i,;)xamiuat tom) iU,'U norma lIy ,\pplil'd to
:1dm1t if'y the prC'oc'llcc: ()1: (11101'1', t.arm ()v!Il'lloat i.nq ,
Sot:ti(l1ling of: tho t.uoo io l'nqu.inxi i'm' miCl'()[H~()l).iC'

exnmi.natLon , The? iollowin':J factnru ,Ut) oftC'll lll'('(l('llt

in fai 1uroo ctHwod by short, t;r)l'm ovnl'hc'<lt iWJ:

hulq:iJlf]
unHOl:m tub!' oxpann i.on
violnnl l'upt 1ll,'O: A tld c};, wnllpd 10m,) t ud i.nnl rupt \11'1"

!i1i1Y be (~il\Hlc:(llJy VOl'}' l:'lIpid oVl'rliL!,it".illq. Vit'ttLllly

idfmti.cill t.ubo cjY(mmh'I'I'llCen cau be: prournt .it t hr-
l'UVt,ll'C! and d.N,lY 1Tom till' llUUI\, flucll hd 1 tll'f'U

(H)llIutimC'o oceur ~1holl It~mp(\l\\tul'C~U c'}ce('l!(i 'HW'\'. ~nl(JLt

t,(~rm ()vc'l:11()lltlU'! in whielllmlqil1H CWC\UT'cc! l)1'jo1'('

rupt uio mil}' .i l.no prnduGc II 1olltJi \.mlin,tl fi uh month

l:UptUl'('

ill1ni'l1en of t ui.ek w.Jtl1l:'Didc' (ll'P(ll1itf1 and l\\iH11lC'\ it"

vl,l\Ul' chc\miotl'Y uhoul.d not play ,I qiqn.ificimt rol r: ill

thlll Lypo of t ulic' ta.i J Ul'O.

lw;p, -t Lou \11 t.no lUP! \l1'l' [lit I' ()f t he' (ubi' pvc',tirl no

(lvI'llll',lI i11q 01 ('tllTI):1iOll wlll]!' fL11\llidll (it)IHHlil ldY'!It1

.n.i: Ill:, -n much \ 11inn. '1 i III \1,w!\'d n 'iT ionn ,

lilt



5.4.3.1.1. Long ,,01:'111 ovcn:heating:

'rile occur-rence of lon~l r.orm ()Vur'hch1ting can bC1Dt
co a8(~0l:'t.uin by motullor;y:t'uph:i,c exanunati.on of tho
faUed tube whHo vf.eua; il1opection '18 l:lJquil'f)d to
identify bulging, oxidation, or opnllillg.

Tul)()u Dul):jectetl. to lClll£l to:rm ()vnrllnntinn ,U,'O o:i tllOl'
rupturod 01,' lJu1uod. 'rho rupt.u ro io al.mout ulwnyo

LOllqitudinnl with d 1.1.011meut h D11<11)o.Bulginq anti \l

t.h:tl1, 1 ip rupt.uro :i 11dLcar.c UOVC'l'D ovm'hollt ill~J. 'I'hc~

nbOOllC!Cl of: mart" (l!loi t 8 at t.no (ld'i]t' of t 11e' thin 1 ill
il'ltctm:e incH eateu tlmt tho t'(lmpl'at\u'ofJ did not 1'1(;, \

a.l)tlV(, t:lUDttmi t'izc\U on t.omporat.ur'c . l'1fJt 1\1 t empC:l'ilt 11l'f)U

dl:Xl gonol:nl1y ll:j.~Jlw:t: at bulquo t.hnn in the uurroundi WI
motetl m~oa.

A thick, br:Lttlo IT1U9110tHo layor' neat' tho fa:ilm'o
indiclltoll t har depoo:i.I"D havo inuuln.tocl \110 tUl")0 vm.ll

1:1'(1n1 eooll.llC] offeetu of tho wat.or , IntUt'll(ll <lC'IlO[li t 11

ill'!) o~ t.on 11,11'<1lmd (\tl'L1tHind and tend, to Dhuw mult iVlc\
L1yelu of dHfol,'ont colma' nnd r.oxt.uro . 'rho Innnr laYI')'

itU(I(!hrJ<i tel tlw tuh(' nurf.aco 1U Imnlm' iUlti mor»

I C:WLG ioun .

Cr,\(:l:.i.llH of tho fin:u:i do Deale imd dl'i.ormat ion of t hI'
r11."\\.\'') on tho filr'n'i(it' :i.lldieatn tile' dtdorm;H ion of tlll'
fil'CHddf' 01 r no tuim. Bpallill(j 01 t.he' oxicio laym' itt

r.ho imlqe' l'ntlUl.\[i in tulle' ,....tlll t.hlnn.i.nq ill tll(' Llil.'(i

.lIH



tho main component of t.he porouc ol"\H. QUiU'\::'Z I und en:
very high ton 1) H:,ul"O condi t Lone I 1JfC!comoD part of' t 110
alumiJ'loGi, .. LG,I"', SJlafJo.

PhoophOl'UG in the apoLito ndnaX'ul (~uV2·3CalP20B) cun
volut:al:i,ze under ,mit:alle cc."UtiOllD to form P:~OB' a
high tomp01~atUl:o ccmoni in ['lag dopoo.it,[J. nopooi.t
!~ormat',:i,on iB arao a f'UlH~1 Lou of cno boron and fluorine
eontOl1to in the; coal.

5.4.3. Tuba ~ailura mcehaniom:

Tho Inl10wing mont h:C}qucHlt fa:Um:o muehanlomo
oxporLoneod in Em<OM lmi.lo:t:D wore tlol:i,ved f rom tho
l:i.tm:atu:nJ, chomieul (utd motallUl:~Jieal i,llvootiHat'lOlw,
cane DtudioG and OVOl"Of'~W publicae ions (80utl1woot,
Roooarch Inotituto 19R5: 5-1 to 5nl1; Port and Horro
1(J91: 29 to Sf), 1,92 to 202; [\11(i ESKOM, 'roelmology,
Rooo.::u:eh [1m]. Invont.i.gat.i.mw) :

1<',\1.1\11'(\ duo to croop C'xlwuut" Jon j(1 n:voaJod bl' tllc~
mier'out.ruet.Ul'o of 'c,LlO t uno , Cl'C:CJp '.~uptUt'O uuun lIy
pn)d'lH~('n l\ thick"UpPl'ti rupr.uro lit the iJ.POX of: ,\ 1)\11qo,
'I'he "UIH uro w.iJ 1 bo lm'f]o wi, ell Cl Li Dll -mout.h [JhallO 0)' a
umall lOll\'j'i..rudil1ill t i.(1U\u:n at t'liP (1POX 01' a oxi.di ~~od

bu:l'l(' w'il1 bn p,'o(1ont. 'l'lw m:iel'mJtl:ur~t.Ul'n am} 1\l(HTlHlt ill)

Llynr' Itt, the) 1)\11\,jo indi,c'[\l (i tll'lt. flxt'l'omn1.y lli.qll
t ('mpl'.l! uron WI.,'\' o:..l'rHll:'ic:lli~t'd iII t 11in iD'llil.

11 'I



5 .4. STEP 4: IDENTIFICATION Or!' FAILURE MECHANISMS

5.4.1. Introduction:

Tho inv(}rJt:i~1ution into boller tubo fuilurcw heu; tho
potont:1.ul to dotol:mino tho root cauac of ulamriuq
pl"oblomo 01' opool,i:ic tubo f:ailun'Jn/dot01:iol'lttion.
lo'u:etormor'o, tho roor GHllOO can J oad to the
LmpLomcnt.ac ion of eot'n1C!tiv(} m(~,unU:YJlj wIdell cou.l.d
eli.minato or l:'('(l\lCC) tho pouoibil i.r y of (l n'CmTUllt~C~.

5 .4.2. Slo.g :fo:rmo,Uon:

Whol.'O dopes i to axo In:o[Jout on tho f iroD ide of ,l r.ubo ,
diot:illctiem munt DO mado botwo(}n al.ag dopouitu (moltun
dopooito) und fouling doponito (dopooito bondod by
Dulpllate onl tn) .

Slag formatioll Clln normally bo o.xpeetod when tlw
tompC!l:atUl'C' (tiJft-'I~OnGU ootweoll t:ho i.nitiiJl tiN ormat.Jon
tcmpo:t'(_'ltm:o and the f1Of:t.Qn:inH point of the' (!Oid iUll! ! (l

llX1D than lOOoe. l\ h:iHh ,leid/].xwn ruri.o , clllc:uLlI C'd
from t.ho anh f'inmnntlll eomponi.t.i.on , 1.n\l,icilteu C\ hi.qll
lJltl~millH Lndox for' th,) camo c]Otll dr:l1.

The lloooneo 01' qu,u'tz (S:i.O~~)and tl1u f)l'(3(1()llCe uf
,U10l'tllLte ((ahl;}fU:l0(ll ill UlilfJ dnpoDit[l in(iie[ll(' tlwL
tho ('(hll iwll p,u·t j c] Of] havo bOOll oxponud to ['XI Tl'InC'] Y
h:iHh t emrH'l'iH'\U'(I(1. l\IlOl'til'j t C' :i,f! only fOl'lllC!d undor Vt'ly

hi\Jll tumpC)l\\t\l1'(' ('omi'itimw and (,1'ynl.nlli;~t'1 t.o trntn



5.3.9.2. cneieice; analysis of ao il ex: dopos.itB:

Diff:oront anal.ynca l'oelmlquGo f:0l: tube (ic~pooitf1 a ro
listod in Tablo 5.2.

TABLE 5.2 Analy£wD ttJc1m.l'1lw[J fen' f.it'c'lJ:idu l)(JijQl'

depooit'D.

Peto:rmination

X t'ny Diih'l4ct.ioll (XIU1)

Sc:,mning Klo(~tron Mim:oGcoPY
(SF.M)

SEM comb;inoc.i with Enm:~JYDioporoivo X-ray Spoct.roscopo
(Cnmbinod 8EM"BDS)

Spoet l'oehomiclll anm.yn Ln

Atomic Abo(}l..btLon

Thm'mo~Jl':tlIll1:ie AniJlynio ('fOAl
itnd D.if!'lll:ent:inl Tho17nhl1
AnnlYL1iD (DTA)

InCGt:t~(lll P1,'(1)0 miel'o,UlalYD:1 D
(El'fvlA)

W,W(·lOll\1Ll1 nlopC'l:L1iv()
fllHH'troncopy (NI1l~)

Minoral or GryoLa1
(mJnm'/nnjOll phllCH'U

E1.Ull\lmL.ll cont-ent

Spoeimnn mu'faen
topography
Elomc11ltGl cont.ont: of
n1.omolltD wtth <It<.mi c
llumi:.K!t'o above: t (Ill

Maj ()l,' I minm~ lIud
tTiWU ulcm1['lltu

Ae:i.d 01' wat.cr [)\)lullln
eC)11Dt :it'ufmt n

Mt'l t; :iWJ templ'l ',lI uroo ,
pnauo idontific"t .iull
of ('neli lilYc!l'

DUlmu:it COI\\P(~(1;it inn

Dr'pODit pl(~mont dl
d i.nt l':ilmt Lon



In olago, bonding 10 produced by molt ing or tUG i.on of
tho Rsh particles. In fouling deposits the Rsh
fJiHt:ic:los o,re bound togothcn;' by 8ulfate salUJ (Babcoc],
and Willc~ox 1978 i and Hat.t and IHmmm.' 1989· ,10 to '*·1) .

(Hatt and Rimmo:t.' 1989: ,n).

Depol3it Category Properties

Molton
elfJpos:i.t:s

MQtallic

Vooicular
Sint:ol"od

Foul:f.ng
dopoD:i.t:a

Very otronq

WOl1k

Commonly (tol'iv(xl from
pYl~Hou dut'in9 comnunri 1111
\1U<101:l:odue :i.n~J eond i.r iom,

Found in 1LiUh tom,[xH',H u: t'
ZOllC!(1 of: tho boile r amI
with low [;\1010n coal
AmOl:phoun ol(1U

Pm'tinIly fuood part.inll'iJ
commonly 1:o\111(iill bo i.l.ur'
convect ion ZOllOU

Cannot be brokon wi tll t.ho
lwu<io, only wi t:II it l Dol

Can be! nroknn wi t.li h.mdn
but dC'Ofl not crurub.l.r

Def!oL1itn crumb.l n whl.mhandlod
Ul)cmnonl1<in.to(1 nunr. accumulutLon



5.3.7. Removal of the fireside deposits and separation
of the different layers for analysis:

The o'jective of sampling and analysis of boilor
depcs ~ts is to determine their formation mechan i sm.
Where a spesific deposit is constituted of various
layers, special care must h(;1 taken to aeparut e tho£10
layers as accurate ao possible.

5.3.8. S\~rface morphology of the tube fireside surfaoe:

Tho morpl101os;ry of tho firG13ido dcpcad ts prov i.dce key
information .\bout: tho mochanf.sms roopolloiblo fOt'

erosl~n and corro~ion.

5.3.9. Cha:ructeri~ation and chemical a:nalysis of
deposits:

It in ndvi.ouble t.e oht.aa,n moro Lnf'ozmat.Lcn about the
pllyoical nat.urc of a dEolPOO:i.t boi~oro tho vari oua
imalynos of" 1:.110 dopcs i.t s aro pel.'forrnod.

V1.l.ma1 oxurni.nat; on of t.ho :[:i.l;os ide depend t Pl'ovi.(ien
t he dXlJ t eJ.ucn of tho cauee H~ld ext ent of t~ho dopoe it,
Table S.l clanoifioB dnpooit8 i1U oit~~r olag dopooitG
or fouling dopooito.
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5.3.4. Removal of a tube section for material
identification:

'rube mat~el'ial Ldenc Lf Lcat.Lon is an dmpor t ant st.ep in
order to V81::ify that the cub-: ruat er ia l conforms to the
manufacter's specification. 1~iB also determines
whet.her the dL'JsJ.gnedtube matel.'ial was installed during
boiler ccnat rucc Lon , and whet.har the designt1d material
io appropia~e for tho boiler operating conditions. The
X-Fay Fluorescence Spectrometry (XRF) technique is
normally applied fox: tube mat er iu.l Ldent.LfLcati.ou .

5.:;,5. Metallograph:!.c evaluation of tube sccticll1s:

The following tube data is required for metallographic
evaluation:

Mi croa t,rtwttu:al degl'ada cion
P,i.tt.uJq (pi t olwpe and pi t: d.epth)
cracs or cdvi ty lIlolpholC)gy
Tube wall tililll'l,i.tlg

PX'l~[J(mcc of weJ,dr.: and bemifl
'l'(IXt:t1l'1i? dnd t]J.iI::Jment.J of fire[j,id(l depo[],j to.

5.3.6. 'I'ubehardness evaluation:

Tube hardnuan evn l.uat ion prov ideu illf'm~mati()nl'ogal:(linq
tho cllango[) ill tho tube mntOl::ia1.f5trul~turo. The 'd.clwn~
h,tl~'dnm1G tc~ntnt' can btl uncd for Llli.o meanuremout.



5.3. ST~V 3: CHEMICAL AND METALLURGICAL EVALUATION OF TUBES
SECTIONS

This section describes the features of the tube and its
fireside deposits which uniquely identify the dominant
damage modes which were active.

5.3.1. Tube log-in:

Oll its arrival at the chemical laboratory, the boi.Ler
tube sGction is provided with a tag containing Lts
serial numbar and other uSl~ful Lnf orrnati.cn ,

5.3.2. Chenical and metallu~gical examination ~oute:

A systematic boiler evaluation plan is developed to
ensure that all required analyses are accurately
performed by following a logic route t:hrough t.he
laboratory and also to prevent duplication of analysis.

5.3.3. Visual examination and photo documentation
of the as-received tube:

Visual examination of the failed tube can give the
investigator (1 1.'ou£;)'hidea of the meat likely CilUSQ.fJ of:

the failure. This can then be verified by further
i.nvear igat ions. coi our photographs are taken to
highlight a spacifjc area of interest, ego bulging,
rupt.ure, ash build-up or pittil1Sj.



15.2.4.2. Calculation of slaggil1g and foul.ing indices:

8lagging and fouling problems that occur in coal
boilers are complex because the mechanimns by which the
depos:i.tsare formed are complex. Depo ..::i 1: problems CClY,

aico originate from the coal, the boiler design, o~
boiler o.lieratingconditions. The following ratios can
predict 8lagging and fouling tendencies:

Base/acid ratio

SlaggilJg index
Fouling il1dex.

5.2.5. Boiler tube failure bistQry:

A record of previous tube fail~res for each unit sho~ld
be kept and updated for each power station, eg.:

-----TO>.~..~-.~..-..- ..
Area of Cause O~±Date offailure Failure tailure

--I----..-,~-------,~"-..-.~_."-"
~------...-,,---= .."'=~.-_", ~"

By legging this information, a tube failure trepd can
be established for each unit as well as the total
failure per annum per power station.
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N(JX'ma1.location .i.n hoi 101,': A:i.l.' hOlltGl'%conominm'[l
Moot common primal}' f(wt;ure[J: Pl:unmlGO of finHlicin
clopmJi t 0/ e:orrooion p:roduct:o
Cemullcm eXHlll.illation teelm:iqll(1[J: xrm
POOG ..iblo Ci.WGEW/coIlt:r.iiJur.ll1g' [',lGt01'D: Ad.d att iwl< dun
to ccndonnat.I OIl of H2S04
Lhma1. remedial dot: iona: cour ro; (}XCCJll[l ,: r, control
metal tomjl(}l'atul'cw ami fluo \JiH'l t.ompm~t1tun)lj.

Norma ,1 Lccarion ill iJclil(!l': Boilm: t.ube [1Uctlo11n
MOD! common IJI'imt1JY fOIJtu:n'[J: rnr.urnat voidu/tTlIClw,
p~n ho10 burno , mntori111 dcf ici(m,\~y (tubo rupt uro)
(\')mmoJ:l ox,ulI,illll t iOlJ tnc~}lIl.i qUCE): Nomiol1t.ruct.L vo
eon t ;iJl~'1t.oelm:i.quC\G, vi Dual ('::,lminll t ion
p(W[J ih1~) (~tllWOIJ/('ontT,ilm t ,ing factCtn;: Ded uc t Ivo /wnmcJ
cube mntol':ial, poor w01'I(mnnohip, t.ubo cont rucuion 01'
oxpanoion
Uaua2 :l'l;Inodia:i, elct.imw: Gt)()(l wOl.'kmi111011:i.p,tul)o
nmt.Ol':i.al comply to (loo.tgl1ed npOGH.I.Gilt ion, pl'OpC~l'
quality control/qui1li ty aonurunee ,

J .~{1



NOJ;'lnd.1 loc:at" ion ill bo ..L1.ElJ;': supcrneatorn and l'C'huLttm'u
"'10nt~ C'(1mmOll foa t uroo s 'ryp:i.r:al f ll"orddo dopoo it, t uhf'
m(~tt11 WCtOt,lHC!, pitted eon:onioll pattr'l'llO, tube'
mf.cront ruct.urat (i(mradatioll (t~uh(]ruptm G)
Co.l1mon QXillllina e.i on tfJclm i ({two: XRD, XR.F, DT)\, HEM gDS
PC')G{J,ilJ1.o (yltW(WICOlJtl',ilmt.illrl t'acroru : H1Uh .1C'vnln of
Ni.4, IC 8, 11l1d 1<'0 ill c\.ldl [Na 3 or K ~i"n U)(),1) ~ ('~omploxl ,
hi~Jh tulm mot.n L tempOl'iltul'(W
rTnuaJ n'ltlodial ,l('tlPWJ: Fun1 t.roat.mont adcUtivnn, Iht<i
\<lc)ldinn or tllul.'nllI1 Opt'Ll}' eoat inqn ,

NUJllleU l oea: it\ll ,ill lJ(l11(,I': f)upcn:lll,hltill.Ti ,UHi 1:\'11(\\\ ''''1\
Mf'ut C't11llltlPtJ ]JJ'illhU}, fC'dtUl'('{I: Jir'ellOllGU (Ii (!Ol'l'or;i.vn
u ),an
~'OllUnOll QXlUniwH inn h't'11nicll.Wu: Mnilf'Ul'Omcmt' of mul t. iWJ
poilltn of fircuido eonat.Lt uont.u
l'(1£JuiJ)lc' e~HwGG/c~i\1H2.',ilmtinrj t,Wttll'D: High l.evo l u of
Nei, V and B i.n oi.l, cxcccc amount.u of QXCnOD ail.' tOl'
V:,(l[J t<;)l7m,'lt ion, high tuba mntLtl tomp0l711t1.11'(W
U[Jl1,11 romodi a; d,~t i(llW: Fuel t.reilt'mcmt: ,1<1<11t ivon, low
C':lW()()[J ,'l'll' to rot.cll'd V lOr, format ion, cont 1,'01 t.ubo
mc~tdl t(HllPt.'l:,H'Ul'I.'lJ llolc.)w lJ'l'oC.

Npl'llU/ 10('dt1(111 iu 11oi1.nj': But'l1l'1.'/wi,mil)()x i\}'" (

MeIDl (x~mm()]lt'ndttll'un: C'in:umfl'l:t'l1tial m,'ac]til J,

c,u:bon p,u'ti(~l(' illlpill~jC'mC'll or direct f1ilml'
.imp.in\Jumont
('Oll1l111~n exam ill.! t.i()U t (l('lm i ({IWO: xsn, ~),1')\, Jo:m;, Il)M,
~UJMll, WDS
l'tinDilll(' (\WIWU/('t'1lI1 ilHlt iw'J idCt.lllD: IIiqh ('0 lovulu
i.11 flm' Hew, 11i\111 ('iu'lmtl cont.unt i.n twIl, and 111(111
clllo.'idc' l.ovol n .ill elkt:!
(TLlIldl l't'llH'tJi.lI dCtillllG: ImprllVll burni nq F~ffif:iC1llCY.



No:t1l1dl Lcc« C,iOll ill bo,i 101:: Supc~rhc:atcn,'n and l,'(·llC,ltCll'fl
MaG t commonpdmary fca t ll1 'eo: Uni.f orm t UDO oxpanu ion,
J:mlHing I vi.ol.ent; lUPt.Ul'U
Ccnllmon exam,illatioll t(ldllliquOG: 'i'ubo mC)\tll1elgl'uphic
and miercmc()pic exammae Lonc
PODD .ibJo GdlltJl1fJ/ccmtl',.i.lllJt:j,llq facuna: H.iqh ttl mot ell
t cmpcrat.ures (emH)[)d by Gleam nt a rvat.Lon)
UDlld], 1()1ll0d,id,1 aariimu : Optimal boiler OPC'1'iHion.

Ncn'ItI,.l lncatioJJ ,ill IlP,UtH: EconomiDf\r'n, nupnrno.u (\l'U
ami 1nllntH~Ol~(l
MO[Jt (,('1!Ullc)npr,illltll}, i;'(\lttU'C'O: Poliohml tl at: upotll,
roduct.Lon ill ruL)(' w,lH thielmnnn
COllUll('lll eXilmimH:itm toclmilJlloG: Tube mot,allo(Jl'UVh i(~
oxami.nat ion and vim1ll1 Lnnpcct.i.on
.;(')[J[J,iLJlo C[WGflG/cOlltrilJUtillg factlJ·nJ: HiiJh vol.ocit.y
fly aoll patti c leu DtdJd.ng tho tuba
U[Jtw..I n.'ll1oli.ia2, acr iontu Pad wo1.dinu or l1!H\1Y coat: 11lQ,
inot.allaticn of baffleD or oc~oono,

No:nlltlJ 10(;dtiOll ill bci.Ler» 'I'ubtif1 ncar wall flllt l',UWP
01' 1.>1,11.1 blowm'fl
Mou t (,()lll111nn p1'.i llId .2T t (" i t !ln 'G: 'I'll in I l\l(JC]nd 1'IlP tun'
c\d~1C'(1, amoot.li motal uu:rfur:CIfl iflilt UllOI'('), ,11Hl(\lH'(\ ul.
ImlHfHl
C\)1l1Jl;(mexam iUdti {)ll itl("llllill!Wn: V:i nunl oxnru i.nut i011 and
ultl'iul{m:ic tul)() ';'mll tl1.ielmmw moaouromunr.n
FOD[]ihlu CiWGOO/CClllt l',ihut' iW7 fdCtt"lTl: MdlfuIWt i011 flf
ucot.hl ow:i11\1nyO\()U1 .
[JDlI,].1 romeauu tlctiC'llW: ]\lif1nmnllt of. (1ootbloWl'l'(l,
npt',,}! COli \ inq (11' 11.1<1 WP ld:i llq ,



5.4.4. Conolusion:

By c()mbining all t 110 conct uai.onu, caou otUtiiC)(l,
pub) icationo, and lit:orat:ltl'C! Int.ormat Lou l'oLon:Qd to i.n
chapt.nru 1 to s. nome impOl.'tnnt information Inquil'ud

fen:' fil:'OI:Li.do boi.1m' tubG invontiqat'i.ol1[J an" Gummal'ioud
in Table t,.3:

TABLE 5.3: Summary of fil.'lwic1C: 1>05.101' tubo Informat i.on

Norm,U ,10C''.ltioll ill bo.ilt'Y: flllperlw,ltol'O und n,lHmt(~l'l1
Moot (~l)lm1JOllpl':ima:ty fc~llttn'u: lIiqll [Jl1.1~J~lin~1Indox
Commc'll OXdlll,illdtioll todmiCjuQn: XIUJ, XHF, D'l'A, mm,
SEM, 8EM"EMt1A
PC1[JIJ,iblQ ("llWQa/C('1Jtl. il)lltillg fact ('in): Builtiul) of
molton Goal aoll (lqpoD:i,t;D on f'it~o(1ido boilor mu'fac'(w
(laud,! l.'omctii til <lct ,iOIl/]: Bf'f ['(1t ive oocltblowillfJ dud
D(Jot hl mil.i llfl Pl'()cJl:imm\('![J.

No 1'l1l(1,Z luc<Hifm ill lK,non MODl;ly WitH t.ubou,
l:()hUiH ern, ami [lUpCl"l1ellt onJ
Nnut GOl11nIQIl Pl'.iWdl'Y rcarure, '1'u1)o rupture in
nOl.'mally proeeOdl'(i l)y oil1U1(' or multiple lmlqt1t\
Ctmllllon o.'i.amiw.lt i011 I.('clm,i(111Oo: ViUUdl innpc'('! ion iUlt1
mntallogrllpll.i C l')mminnt Lon
flOUD ill i (I (\W(IOO/CtllH 1 i tnu. .~1J!.r fact m.'D" [1\', 11"}10,1I ,inq
cnunod l)y (lOpoflit o i.nnu l at lug tho tU1.1U
uuua; l'oHit'di,U actioutu Good w.Hnr cllom:i.utJ'}' to
pn~vont i.ntcrnn l ciopou:itl1, {lptimdl 110,UOl' 0IHll ..tt LOll.

L!'l



5.4.3.1.1. Welding defo~to:

Shi'u:p OdgOD at tho wold- tube j nt.crf'aceu , which renta i.nod
after the welding ploceDs, act ao GtL~S8 raisors which
could initiato crnel"lwj. A failod r.ubo may al.uo Dhow 11

pin ho l.o burnt" t hrouqh lho t.ube w'l1.1 from tho out.oi.do
to t ho Lnu ide', cauncd du ri.nq WO} d i.nq 01 (1(1 j acont t ubon .

Wold fallU1~nD in a hoat afb'et oct :~OIlC) may be' CilUDUd by

coneract.Lon and cxpanrn on of tho t.uno

Seam or lap do1;octn in (1oamlono t\.lbin~J may nccm: ill

unwol.dod tubml LHl a 1,'00u1 t of' intol,'llal vo i.dn or (~liwlw,
or ao n rODult of fau1t'ymc't'lwdn 01' uroo l rolliu(] in

tho ntoo1 mil'] .

'fIle llcnlinq t,ompc'l:i'ltl11'(\ ,m<:t llin nuncopri.br lIt.y to en'op
,Ire tho two critical factors in materials deficioncy.
'1'hio typically involvu(1 tho lWO of' unalloyed edl'lloll

0(001 in uuporuont.oru and rOhcM( m~u whm'o 1eM (\1]OJ'
0\ ooln woul.d be l'oqu:i.nHl (1'Ol:t and IIcn.'l'(l 1 (1(11: ~~[i'l).



WDS eloment x-zay mapping ahowed the I ron and nul.plnu

elfJmontal d:i st:t:':Lbuticm in the two layer£]. Tho l'C}gioll of
the cxack possoood a 11i911 aul.pnur ccnccnt rarton whilel
tho centre region aloo contained iron but not. t.o tho
degree of tho our rounding scale.

sns :n:;oult.o of both laYGrCl roveal ed that iron and
oulplmr dominated tho cor rouf.on product with rui.ni.mal
contribution from othar olemOnlG, og. chromium and
aluminium.

XRD :t;'ooults of dopofJit. aampt es indicated that tho onto!'
ocala cont aaned mullita, A12()3' 28i02' :nI2o and hematit.u,
Fe203' No Gulphur was detected, probably duo to t.ho
large background intone i loy t rooul tod from conc.uni.nant u
in Lho ouucr Laycr , og. unnurnt; Gonl pa:t'ticloll.

5.4.3.3.4. Cold-~nd corrooion:

By uo:i,n9 Xlm, (!')ld ,and (!Ol'l'Oo;icm may be: roveal.ed by tll(!

preoenco of firooida dopooito a.nd corrosion products
no hydrated iron oulph~te (Port nnd Horro 1091: 14Q).

Tho til,'OfJitio of tho t.une will 1>0 p i.t t cd where ccr-rouLou
hnn oc(:m,Tod.

1 '1 r.
.il-' ..)



5.4.3.3.3.2. Circumferential cracking:

Circumferential craki:rl.g with dE'ep, fingm:>like
penetrations may occur if corrosive ash and cyclic
thermal st.rf~S8e8 are both present. The cl:Fl.cki.n~J if:)
or Lent.ed around the outside cd.r cumf exence of the rube
and originates on the firesi.de aur f ace (Elect.ri.c P')W81.'

Research Institute 1993: 3 - 156, TR· 10243]-VI; and
Smith and Marder: 1992) .

.sm:ith and Marker (1992) used the fol1owing analytical
tochviques to study the fireside of a o,ser-O, SMa and
2,25Cr-1Mo low alloy waterwall tube:

A croGo-o8ction view of the circumferontial1y
oriented cracks showed that the crack in tho centro of
tho microHraph had a secondary crack branch pl'opagal.inSJ
pcn:polldiculal" to tho original crack. Two layork1 worn
idcmtifit](l em the fit'EiDido surf acee , Tho one lnytH.'
appea red whito in tho ctened mdcr'cst.ruct.ure , \.,hilo tho
othol' layCl: WHO flignificantly dn:r:kor in col (}Ul7 •

Secondary electroll image (SEl) of a circumferential
crnck tip, ae recOl:ded f:rom the KPMA, OhOWCldtlHlt the
compoc i t i.on of: thiC\ dunl productn on tho tub(~ surt aco
and wit.hin th(} ceackn worn (iintinctly dHfcn'ont.



(Na20) to vanadium oxide (V20S) ratio is about 1:5
(French 1983: 203).

5.4.3.3.3. Waterwall fireside corrosion:

Two sub-uect.Lons of waterwall. fireside cor roa ' on are
described, viz:

5.4.3.3.3.1. Reducing atmosphere corrosion:

The signs of potential l:educing atmosphere fireside
corrosion problems are listed as follows (Southwest
Research Institute 1985: 4-10):

(i) Carbon monoxide levels greater than ),0 ppm in
flve gas,

(ii) Carbon concenc greater them 3!& in the coal ash,
and

(iii) Chloride levels greater than 0,6% in the coal.

Carbon pat'tie.le impingement cr di reet flame impingemt'lrlt:
may be :t'evealed during vi::mal .inspection of Lhasa
watp.rwallo exper.l.enc:i.ng firesid~1 corros ion , The
presence of sulphur, carhl
be detected by :m)S ana.1J,~,j.1

ldium .rnd potassium can
l1et:allo91i.tphic tube

C.J:'Cf:1S seeri.ons . The melt:in!:; l'cints of compounds pI'eSE'nt.
in th(~ slag depos i t s can be dt:.l:ermined by D'I'A.

123



while wastage flats will be located at the 2 o'clock
and 10 o'clo~k s~utorB when viewed in cross-section.
(Babcock i'll.:1 Wilcox 1978: 15-19 to 15 ..201 Battelle
Columbus D:i.vi~don 1987: :::~11; SoutrH'l8St Resoarcll
Institute 1985: 4-16; Port and Hero 1991: 130-131;
Cain and Nelson 1961: 468; Electric Power Researc.
Inst:J.t.ute TR-102433··Vli and Pollmann 1994:

Unpubl i.shed) .

5.4.3.3.2. Oil ash corrosion:

A cor roa i.va olag may dev(~lQP U11dGr the f;ollow':'nSl
circumstanc88 (Port and Herro 1£91: 124):

(i) The use of fuel oil that cont.ains high levels
of sodium, vanadium or sulphur, or cornb.i.nat.Lona

of these eler.lI:mts,

(ii) Aval1il.bility of excess amounts of excess air fen"
the formation of V20S, and

(iii) oparat i.on that produces tube metal t emperut.u res
above 593°C.

'r11e pze aence of a liquid ash c: • be conf Lr'emd by
measuring the melting poines at fireside constituents.
Sevore oil [18h corrca i.on :i.o liJ{ely when tho vanadium/
8{)d:tum l:atio is neal' 2: 1 (Needham and Jones 1984: 32).
'1'ho ql'oator;t;. wastage occur s when th0. sodium oxide
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