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1.2, FIRESIDE CORROSION:

The main categories of fireside corrosion are coal ash
corrosion, oll ash corrosion, waterwall firagide
corvosion, and cold-end corrosion (Southwast Research
Institute 1985: 4-1}.

High temperature £ireside corrosion ig related to the
sulphur, chiorine, sodium, potassium, and agh contcut
of the coal (Crossley 1963: 228). For common coals used
in the United Stateg, the elemants which have boon
found to have the most inf.uence on the high
temporature corropivity of the coal are aluminium,
potagsium, godium, sulphur, iren and ehlorine (Bledtnric
Powar Repearch Institute 1993 3-110), Ac-owding to
Flatley, %etham and Morrioc (1988: B4-89), the corrosion
process 11 relatively glow but gan alpo inergaco
dramatically with changes in eoal guality aund beilor
operating conditione.

1.2,1. High temperature toal ash corrogion:

High temperaturc coal ach eorroclion rosults whon o
molten ash of cemplex alkali-iron-trisuiphateg,

NasFa (804} 3 and K3Fol{80a4) 3, forms on boiles tube
mirfacos. The elements involved In eoal ash corrosion
{pulphur, godium, potascium, and iren) are derived from
the mineral mavtor commonly found in all eoala (Port
and Horpo 1981: 130; Babkeooek & Wileox 1998 1%-20; and
Southwoat Rogoareh Institute 1985 4 16),



CHAPTER 1

FIRESIDE BOILER TUBE FAILURES

i1.l. INTRODUCTION TO BOILER TUBE FAILURES:

According to the Southwest Regearch Institute (1985),
boller tube failures due te fireaide corrogion and
fireside eropsion are the priwe causes of forecd ocutagoes
in foovdil-fired utilitlos.

Boiler tube failured and the oubiogquent Iforesd outages
cont ESKOM millieno of randg por year in tormo of
repaliro and logg of rovouue. A purvaey of bollor tubn
failures on various pow.r otations over a Live yoar
pariod {Botha 1991) revealed thabt £ly ash corgoien,
wallblower creclen and internal piltting corrogieon
during off-load cenditiong wore the mwain causes of
boller tube tallures. Creep cxhauption wap bogoming a
naje  faetor at twe power gtations while salphido
containdng dopooits were frequently obsorvod at
vivtually all utilicien invostigatrod.

Miregido corvonion 1o a phenomonon which hag reepivod
increasgingly intoregt and attontien in BSEOM ovor the
pant fow yoorn., Although thic type af corepgion hag net
boaon ragponoible for wuplanand unit shut-deownp, thore
e some consorn that thio eorrosion bype may coutiibuto
te future tubo faljuros,



The avallable data and investigation results wore eombined
and anAalysed to guggest a8 root cauee analysis techniquo for
goneral fireside boilor tube fuailureo. Becauno ol tho
comploxity of theao failure mechanioms, the reoot ¢ause
analysic technique wag gompiled to ouwir the goeneral nocda of
an investigator and will only provide guidclines tor a
gystomatie approach te the problom.



SUMMARY

Tho extont and cauvses of fireside boliler tube failures/
detorisration were investigated. The approach was hased on
rege..reh at three Bekom power gtations loeatsd in the south
BEaptert Transvaal. The main ceontribubting factors to thoege
failures were identificd ao deposlt-buidup, overheating,
thermal fatigue and tube defecca.

Although ne tube fallures due to firegide corrogien had beun
rocorded to date, thore io o econcern that thiep gorreoion
plicnemancn may cause future probliems in ESKOM, Firegide
gorrapion is eonpiderod ke bo a majoer problem abt thooo unito
burning ecoal that ig rated ap vory aggresaive (mainly high
pulphur, iran and caleium conteont) .,

various analyaes tochnigues were applied to study the feed
coalo and tube struetures while X.-ray diffraction and
combined Seanning Eleetron Microscopic-Bnergy Disparoive
Apoctroceopic teehniques were applicd to analyoco clag
Jupooit gampleu removed from pelected uperhcatopr, waturwall
and oconomiser ‘ube goetlens., A goneral trend in the
diotripution of the main oclomonts pregeut in tho differont
doposit layorn wap oboerved. Various cane studios and
overseas publications were aleo uned to invogtigate the tubn
failures and the dopooit buildup on the firoside gurfago of
Lhe tabnn.,

(xx)



Pulverised fuel ash: Ash from the combustion of pul reriged
fue) and is divided into f£ly ach and bottom ach.

Scanning Blectron Micros.opy (8EM): An eloctron microgeopic
technique which reveals spocimen gur:ace topoygraphy.

dlagging: Phanometion where moltan ced' agh impingement
on the fuknace walla frecies and dgtick Lo the walln.

Straps nupture (creop rupture): Stroao rupture, a form ot
leng term pverheating damage, ig the rupture of wetal due £
pudtaincd lead at high temperaturo, Superheator and vrohoaber
tubon that exhibit sealing and/or thick walled rupturen ato
maopeet .

fuperheaterc: Doviecos which superheat dry oteam and conoict
of a largn numbor of small bore multi-loop btuboo comnegtod
to inlet and outlct headors, lecated in the hot gag path,
jugt aftoer tho combustion chambor.

Xeray Diffraction Spectroscopy (XRD): A technique in which
an X-roy boam ig distracted by the sample and used Lo
identify the phaoes or compoundn propont in a oolid by
elappifylng the pise and type of tholr ecryotal structuro.

X-ray Pluorescence Spectroscopy (XRF)}: A tochnique which

uaes the wavolengtho or onergies ol X-rays amitted by a
gample te idontify vhe olomonts propont in a nolid,

{xix)



Hematite: A magnetic form of iron exide, Foadz. Homatite in
gray to bright red, The reddish formg are non-protoctive,
and their eccurrence indlecates the prepenco of high lowvels
of oxygen,

Induced draught fans: Fano provided to romove the produaty
of combuption from ‘heo beilar and discharge it to the
ahimuoy.

Long-toerm overheating: Condition in which motal temporaturos
exceod degign limitn for days, woeks, monthd, or longor.
Long-torm ovarheating dopends on temporaturo, leagrh of time
at tomporature, ang tube matallurgy.

Mogmetite: A nagunotic form of iron oride, Mog0y. Magnotitoe
lg dark groy to blaclk, and forms o preteetive film on
iren surfaces.

Miacregtructure: The ptructure of & motal ag revealed by
nicroocopie oxamination of the ctched purtace of a poliched

gpocimon,

Overheating: Heating of a motal or alloy te sueth o high
tomporaturo that its proportien are impoadrod.

pleting: The formation of omall, sharp caviticn in a metal
purfaece by eorrogion,

Procipitators: Dovicoy provided to oxtraet {ly ash partielon
from thoe furnaco.

(xwviil)



Boconomiger: A heat-exchange device for increasing feedwater
temperature by recovery of leat from gages leaving the
boiler. An economiper ig usually loeated in the gas path
inmediately after the puperheatoers.

Elactrestatiec precipitators: Located between the alr-heatoer
and indueed-draught fan, they are provided to extract f£ly
ach parvicles from the boiler,

Exfoliation: Corronion that proceedo latorally from the
piteg of initiation aletyy plance parallol to the surfaco,
gonorally ab grain boundaries, forming corrosion products
that force motal away from the body of the material, giving
rige to a layored appearandoe,

Failure: Teim uged to imply that a part in scvviee hay
doteriorated poriously., to the peint that it hag become
unreliable or ungafe for continued uso.

Flug gag: Combuntien gag roleoasod during the combuption
of eoal which is releaged chrough the smoke otack,

Fly ash: Fine powdor which io egarried frem the furnaeso
by the flue gasen and ig mainly eolleerod by the

progipltatory,

Fouling: The buildup of bonded and pinvornd depunits on
tuporhsabvor and roheator tuboes of a bailor,

Furnace: Hoot from tho {uwraace heatn up the wator in the
riger tuban ingide the bedleor furtaeo.,

{(xvii)



Gloggary of terms

....... Ll i S, gy LA S0,

Aixr heater: The air heater in a gteam generating unit
raclaims gome heat (which would etherwisge be lost) from the
flue gas and adds that heat to the aivr regquired for the
combustion of the fuel.

Austendtic stalnless steel: A nonmagnetic gtainless ateel
pospassing a micrestructure of austenite. In additien to
chromium, thepe gtecls commonly contain at least 8% nickel,

Bettom agh: Remaining proportien of pulvorisoed fuel agh
which ig colleeted from the bottom of the furnace combustion
chambar,

Carburizatdon: Carburisation conditions are causcd by
inconplete combustion and too lictle oxygen in the furnace.
thip may involve inguffieient mixing of the flue gas within
the furnace te aspure an oxidizing atmoaphere across tha
unic,

Combustion: The rapid roaetion of the bapie clomente in ooal
(carbon, hydrogen, nitrvogen and gulphur) with oxygen with
the oubfoqueont roleagoe of heat and the formation of
gombustion gagos.

Enerxgy Dispersive X-roy Spoctroscopy (EDS): A microocopie
ehomical analysis tochnigue whiel measures tho
charactoeriotic onergies of X-praye ocmitted by atoms of an
alomout: .

{xvi)
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1.4, LONG- AND SHORT-TERM OVERHEATING:

Overheating ia the heating of a metal or a..oy Lo such
a high temperature that ite properties arce impairved.
RBoiler tube failures can be cauced by lotiy borm
overheating or by short-term overheating, s doscribed
by Port and Herrc (1991: 29 to 55}):

l.4.1. Long term overheating:

Long term overheating predominantly occurs ii
supaerheaterxs, reheaters, and wall tubes when tuba motal
tonperatures cexceed the design limits {or periodo of
daye, weaks, or longer. Overlheating is eaused by
internal deposits, overfiring, ineorrcet f£lame pattorm,
resiricted coolant flow, or inadequate attomperation.
Failed tubea are elther ruptured or bulged and ofton
contzin internal depeaits. Bulging uoually proendes
rupture and caupes deposito to spail at the bulgoe oite,
thus reoduc.ng tho metal temporaturces locally.

i1.4,2. Short term overheating:

Short-tvorm overhoating oceurg wien tube metal
temperatures oxeeod thelr dosign limive for short torm
poriody only. Thege toemperatures ofton oxceed 790°¢ bhut
are abk least 4H54°C, Failures eaused by chort -torm
overhoating are more commonliy tound in high temporaturo
componont i gueh ag guperheatora and rebwat ord,



Thin type of erocslon can be experienced in the primary
guporheater and egonomipor whore non-uniform gas tlow
diptribution may occur. Sirm aph particleg dre moro
abrapive whon particle temperaturces are lower, fly ach
arogion in belioved to be more significant in the
ceenomiser gectiong. As temperaturos inereasa, oroglve
netal lopg decrecases bevause particles become soltor,

Alpo, an tlhe angle of impingoment botwoon gus flow and
the metal ourface increagea, the erogive Jowss tondse t -
ingreage. Partici-wg gontaining high levels of gilicon
and aluminium cowmpounkdo are more abragive bocauso of
thoir large partiele kinetie onorvgy and high particio
havdness (Southwent Rescarch Inotitute 1986: 591 Lo
G-11; and Port and Horyvo 196i: 190-303).

1.3.3. Sootblower erxosilon:

footblowor oresion iv saused by the malfunction of a
gootblowor or pootblowing cyut =, or operation of a
blowing syutem which cneraing a Targe amount of £ly aoh
ak a volocity high onough to couce gignificant woar.

Superhoator tubon and furnace eornors opponits wall
blowors are ugually attaeked, Svothlower orogion
noimally producos f£lar gpotn en che firopide surface on
the tube (Southwoeot Roponveh Ingtivuto 1984: 6016 to
§.00; and bort and Horre 1891 182300 .

13-



{5) Corrosicon of the metal by the acid then takos
place agcording to the following reaction:

Ha80g + Yo - PeBOgq + Hale) (1v)

Carresion failuresn are due to gtress ruptu-e from
lose of load-carvying material on the firveide of
the tube (Southwept Research Inetirute 1985%: 3-6) .

1.3. FIRESIDE EROSION:
L.3.%1, Imbtroduction:

Apart from firemide correnion, bolleor tube failurcs oo
aloo be caused by firesildo oropion prebloms. Two of the
main contributors of fireside crpgion are fly ash
erocion and pootblower cropion.

1.3.2. Fly ash ercglon:

¥ly ash crosion jo related to the impaction by fly ash
particlon at high velogivien againot the boiloyr tuboe
stocl., Thin normally reoulto in omeoth, pelishod, flat
gpots an thie fircoide surfacn, leading to nxeoenpive
regduetdon in wall thickneso and final tube maptrure. In
other gages, greoving and irregulur flow marko arn
cannod by cddios aveund nlag oncruptationd,



1.2.4,2. Covrogion mechanism:

In genoral, corrosion problompg are agoociatod with
tiin combuation of fuolo that gontain sulphur o
fulphur compounds. Sulphur in the fuel is oxidised
to sulplhr trioxide (803)in the following soguonco
(Port and Herrs 1991: 144; Hedley 1962: 4h o Ly
Neodham and Jonen 1984: 36; and Levvy and Morrymian
1968 116 to 133):

(1} 8 4 Oa - 500 (13

(2} A small portvion of the 802 formed in roaction ilry
10 oxidised to 80y by reoaction with ctomic oxygen
in the high temperaturce flameo:

80n + O » 80y (1)

(3) In the prosenca of vanadium pentox.de (VaOg), S0
can alae be converted to §03:

{it)
(#) In tho prevence of wacer, 8¢y wondensos to form
gulphurie acid {(Ha804) at tomporaturas below tha

dow point

BOq + Hal - US04 {1u)

11



The sulphidation mechanism occurs boneath a previously
cxipting oxide layer and attacks the grain boundarics
of the watorwall firecide surface. The corroded grain
boundarics act ag thermal streso concentrators,
repulting in in the formation of the waterwall cracko.

1.2,4. Cold-end corroglon:

Cold ond eorrogion roocults from the formation of
culpharie actd (Ha804) on motal gurfaces. It scoeurs

in the ~goler regiong of the combuition gyotom,

auch ag ceonomicers and air-heators (Svubhwest Resoarch
Institube 1898%: 4-6),

1.2.4.1. Chaugeg:

Condenoation of culphurie aeid on motal gurfaces
geoura undor the following cireumstanees (Singeor
1981 3-39),

{1} Opcoration with heiler tube motal tempeoratures
belew Lthe aecld dow poiat tomporature uo that
condongute will £fuom on the motal,

(1) Opoeration with the gan temperature bolow thoe
aecid dow point tomporature oo that condonsato
will form ot the fly ash particlos and produco
arld omatg,

16



{(ii} Sulfidation corrosion:

Torrosion is congldered to opeur in gevaral stageo
{Fronch 1983: 203):

(1) Sulphur in the fuel is oxidized in the £lame
to sulphur dioxide (SOq}:

8 ¢ 0 = 8§02 {in)
(&) Sulphur dioxide (80n) is eonverted to gulphur
trioxide {(803) by a catalytie proceag
accurring aear tho furnaee wall:

ESOH + 0‘3 LA 3303 {1esd

(3 Carbon ig deposited in the ash citvher from
unburnt coal or carboti monoxide ap:

200 = (0p + € (1p)
(#) Tube wastage oceury by cithor:
BOg + 3 + Fa v Fod + 1C0 {1
Inveptigationg by Smith and Marder (19v2), rovoalod
that eircumforential eracking in watorwall beitor tubog

had two compoitents, namely esvresion and thormal
sLrops.



1.2.3.2. Corrogion mechanigm:

The following corrooion mechanismg are deseribed
(Batolle-Columbus Diviaion 1987: 2-6; and Port ond
Herro 1991: 13%5):

(i) Formation of alkali pyrogulphates:

Patasgium and sodium velatalize from the mincral
mattor in ceal to form K0 and NasQ which react
with 803 in the gas stream to form potasoium
pulphate (K2804) and sodium gulphato (Na,S804)
rogpactively:

{K20 or Naz0) + 8O3 =2 (Ky or Nas804) {11}

Potasgium pyrosulphate (KaBz04} or sodium
pyrogulphate {(Na830+4) is formed by reaction of the
alkali oulphatog with sulphur tyioxilde (804) in the
gao gtroam:

(Ko or NaaS04) + BO3 == Ka or Nas8aOy {1m}

The pyrogulphates thien roact with the ireon oxposoed
to the flue gas ptream or with the lron exidog that
linve formed on the firenide ourfaec. Procipitation
ol tho alkali pyrooulphates takes place botwooen
376°C and 430°C (Cubklar et al., 1978)., The molton
clag fluxng the oxtornal proteetive Foz04 layer on
the tube purface, eauning rapid metal wastage.



The sodium-vanadium complexes are corrosgive whon
molten, Oxidation of the metal reduces wall
thickness which results in an increase in atress
through the thinned region. The combined influence
of increaped ptvess and high metal temperatures
reoult in final failure by creep rupture (Port and
Herro 1991: 124; and Babecock and Wilcox 1978: 15-
23).

1.2.3, Waterwall fireside coxxosion:

Waterwall fireside corropion is found in tle burner
area of the boiloy and is caused oy inpufficient
oxygefl in the burner zsone (Port and Herre 1991 135),

1 2.3.1. Caunag:

Poor combuotion conditions produce 4 fuel-rieh
corrosieon environment (Port and Herro 1991: 136).
Thio fuel-rich eondition in a rodueing atmesphere
containg high lovels of carbon monoxide (CO} and
deliverg unburat corl particles to the *uabe surfaco.

The depooited incempletoe burnt coal particles releoase
hloride eompounds and velatile sulphur in the form
of sodium pyrosulphate (NaxBs04) and potasgium
pyzegulphate (KaSaO7) (Seuthwost Resnarlh Inpstitute
1984%: 1-B),



1.2.2.1. Characteristics of oil agh corrogien::

0il ash corrosion occurs by the fluxing action of
molten sodium-vanadium compounds on the protective
oxide gecale on the tube steel. The corrosion process

is the catalytic oxildatien of the metal by the reactiou
with vanadium pentoxide (Va0g) or complex vanadates
{Southwest Resoarch Ingtitute 1985: 4-23 to 4-24; and
Port and Herro 1991: 134),

1.2.2.2. Corrocion mechanismi

The following ecorropion mechanipmg arce described:

(1) Vanadium compounds in Lhe Ffupl are oxidizsed in
the flame to V905 (Port and Herro 1891: 123).

(2) Scdium, as chloride, vaporipes to Nayd and
reacts with sulphur oxides in the flue gap:

NaaQ + A om Naa804 {11}
(3) The vanadium and sodium copounds then roaet Lo
form complex vanadates having welting points
lowor than thoge of the parcnt compounds:

NapB04 + Valg = 2Navly + 503 {1k}

(Babaoek and Wileox 1H78: 15-21 to 1w-23),

ey



or

2KAL (804) 3+2Fe =» KaS04+Alp03+Fe303+350; (1h)
or
2KAL (804) 9+Crp0q =2 K380 +Al204+2Cx03+3807 (1i)

The reaction produccs shown in reaction (1g) tend
to slow down the corrosion rate. 1f the deposit
gpalls, the reaction begine anow. The spalling
rate, then, contrels the overall rate of corrosion,

Reduction of the tube wall thicknems is cauged by
arcelerated oxidation of the protective oxide
covering the tube. Stress rupture is then caused by
the combination effects of high metal temperatures
and increased stress through the thinned tube wall
{Port and Herro 19%L: 129, 130).

1.2.2, High temperature oll ash corrosion;

High temperature oll agh corrosion results when a
molten glag containing vanadium and godium cpmpeunds
formg on superheater and roheater tube gurfaces. The
sodium vanadate compounds, whose melting peints are
ap low ag %25°C, are mainly responsible for this type
of corrosion (Noedham and Jonea 1984:; 32; and Port
and Horro 1991: 123},



(3) The Nas0 and K0 then react with SO3 either on
the tube or in the gas stream to form sodium or
potassium sulphate, a low-melting material that
depogits on the tube:

{(Nag or Kz)O + 803 == (Nay or Ky)B804 (1d)

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

{4) The alkali sulphates, ilron oxide, and S03 then
react po form the complex sulphate:

3(Nag or K5)804+Fap03+3803 =» 2(Naj or (le)
K3)Fe(8u;) 3

Adame and Raask (1963: 196), showed that the main
constituent of the deposit was a potassium
aluminium sulphate, KAl(SO4)q, rather than the
iron-containing sulphates:

K2804 + Aly03 + 3803 =» 2KAL{(804)p (1£)

{5) The complex sulphates 1n the molten phase then
reacts with the tube mebal:

2 (Nag /K3) Fe (804) - x5 (Mag/Ky) S04+ (1g)
3/gFuS+5/2Fe3O4+
3 /2804+Fea03



1.2.1.1. Generation of corrogive ash deposits:

The deposition rate of alkali-metal sulphates in
coal-firved boilers depends on the amount of volatile
podium chleride in the coal (Raask 1985; 202, 203).
Sodium and potassium sulphates are vapor species “hat
diffuse through a porous matrixz of gilica ash 4 . ¢
and candense on coeled boiler tubes (Halstead &
Raask 19G69: 344).

1.2.1.2. Corroglon mechanigom:

‘e following sequence of cvents is representing the
actions ecourring during the corrosion process (Reid
1971: 106; Borio and Henmel 1872: 142 to 148; Borio,
Plumley and Sylvester 1977: 168 to 1i69; and Simons,
growning and Liebhafsky 1855: 17}:

(1} Sodium and potassium are volatilized in part from
the mineral matter in the high-temperature flame
forming NazC and K»0.

(2} 80p and pome SO03 aro Eormed by the reaction of
pyriteg (FeSs) and organic sulphur with oxygen:

2FeSy + 5% Op = Fes03 + 480, (la)
5 (organic sulphur) + On =» 805 (1b)
802 + 407 =» 503 (le}

e



If QO is formed, the coal is not (completely) burnt
under oxidizing conditious and. in pulverised fuol
burne.ss, some unburnt carkwe v entrained in the acl.

2 3 ‘1‘ L] :'u‘ . 2 [3 Hy’dl’f)gﬂl‘l H

The hydrogen in coal is bumnt to water vapor during the
conbustion procepo (Singer 198L1: 4-14),

2.4.2.3. Nitrogen:

Practically all eeals contain leps than 2% of nitrogen
on an air-dry bagiso (Kirnor 108%),

3-'102.4. Sulp}lul‘:

Sulphur eeceurs in e¢eal ap pyrite or marcaslte (FeSa),
at organic oulphur and combined with ealeium aud ivon
ap malphatus {Perry, Groen and Maloney 198G: 9-4),

in 8euth African coalo, only twacc of caleinm sulphate
{<0,05%) and no iren pulpharoe io found.

Jeda 3B, Uxygou:

Oxygon in caleulaved yr oubtracting frem 100 the vum of
Lho percontages of the hydrogen, nitregen  total carbon

and organie pulpiare contento of ooal {(Singor 1981 o
144} .

o



subjeetod te a gtandardized temporature test. Velatils
matter ingludes the velatile matter of the inerganic
material sucll ag cryatal water Irom clay minerals,
carbon dioxide from earbonato minecralo and sulphur from
pyrite. A high organic velatile eentent io preforrod
for ignition, f£lame stability and ¢oal burnout.

2,1.1.3,. Fixed carbon:

The fixed earbon i the combustible vesiduc Init after
driving off the velatile matter (Singoer 1981 2-10).

It 1a ealeulared by pubtraeting from 100 the sum of the
pereentagqos of inhoront meioture, voelatile matter and
ash eontont (Berry, Groecn and Malowoy 198%: u-d),

2.4,2. Ultimate analyads;

The ultimate annlysin of eoal is exprossed in torms of
ito organie carbon, hydrogen, aitrogon, erganle aulplna
angt axydgon eontents (Siager 1981 23-14; and oy,
Groon and Malonoy 1098%: Y-4) .,

g 201 Total eavbou:

Total carbost includes betlh the coabon in the fixed
garbon and in the velatile matter but oxeludes tho
carbon from thn earbonate minoraln (Singor 1981: 2143,
All thin carbon appears in combuation produata an
arbon wonoxide (00) amnd carbon dioxide (Coad,

2



4.4.1, Proximate analyails:

Tho proximate analysic of coal io expresscd in tormw
of its moisture, aol, velatiie matter, and 1ixod
ecarbon contentp (Andergeon, Didlick, ‘Turnor, Geumili,
godfrey, Jarkpon, Huntington, Kennoedy, Muograve and
Varley 1971: 48 to 51). Values are calealated to thn
neareot 0,1%.

Aud.01.1. Inhareat majoture:

Inhorent moipgture io the meioture retainod In Lhe
pores ef tho ceal whon the aurfaae meioture hi
ovaporatod when in ogquid librium with tho relavive
hamidicy of its surroundimgu {Andervscon et al,, 1971:
48} .

2.‘1.112. ﬂﬂh%

Singor (1881: 2-11) defincd aph ag the velid, non-
combugtible rogidun whieh romaias aftor vho comploto
combustien of coal. Agh o dorivod from rhe minoral
miteer in coal {(Pogry, Grocn and Maleoney 1985: 9 4},

bl 3. Valatilo mattor:
Singor (1983 211} debevibed the volatile mabror an

tho mateyrial, otlior than the the laboront moioturo,
wliiieh ig drivon ofi in vapor torm whion coal in



2I4.

Coal oupplicd to Hendrina powor ptation ig supplied
by Optimum Collicry, of which the coal dopoait is
contained within the Vryheld formation of the keaa
Group of the Kareo Soquence. Only thoe No. 4 Lowor,
No., 2 and Na. 2A goams arc ceoncmically mincable in
tho Optimum Coalfield.

. No. 4 geam: The No. 4 poam containg approximately
26% of tho eoal resourcesn of rhe Witbank Coalfiold.
It containo dull to dull lugtroug coal with numerows
phale and paundotoune partingn,

D. No. 5 ooam: Tho No 6 goom conointn of mixed boudod
coal with shale and mudorone partingo in oomo areas,
This poam eountributes only approximotoly 4% of tho
coal resourcos in the Witbank Coalficld.

2.3.2. The Highveld Coalfield:

The Highveld Coalfiold lieg in the pouth: cactorn
Transvaal, gouth of the Witbhank Coalficld. The Ne. 2
atd 4 oeame largoly contain low grade Rituminous coal.
Mining from tho thicker arcaps of tho No, 1 oeam
ineludop Matla Collieory and amcoal's Kricl Division
(Anhiauconer and Magke 1986: 1A5R0-10903),

COAL ANALYSYS:
Pnrry, Groen and Maleney (1984 Y-1) roported tho

gompanition of eoal in fwe Jditiovent wayy, uamoly
tho proximato analysin ond the altimate analyois,



2.3.

It ig postulated that the suseeptibility te deposit
formation ig a function not only of the phogphorus, bub
aloo of the boren and fluorine content of South African
coals (Dutklewich 1890).

Ropulto obtaincd from Noutron Activation analysis by
Haret, Leahy and Falcon (1981) rovealed average arsenic
levelp of 3,75% in the No. 2 seam of the Witbanlk
Coalfield, Argenic may originate from the pyritoe
mineral, migpickel (FeSq:Pedoy) in coal. The formation
of highly aggroscive arsenic sulphide (AgaSgq) could
dragtically inerease the corrosion rato of beilor
gtoeld,

DESCRIPTION OF COALFIELDS IN THE SCUTH EASTERN
TRANSVAAL:

2.3.1. The Witbank-Middelburg Coelfield:

The Wighank-Middeiburg Cealfield conpicts of Four
mincable coal secame (Anhacugoor and Masko 1986: 1961 .-
L9Hd)

A, Ng. 1 geam: The No. 1 goam congiots of luaostroun to
dull eoal witl ghaly pandoteanc,

B, Ne. 2 poam: The No, O peam containg comn of the bopt
guality aoal and eontributen te approximately 69% of
coal repourees of the Springo-witbank Coalfield,
Powor otatieng reeciving ecoal minod from this poam
inelude Araot, Duvho angd Hondrinag,



The mopt notable differences betweon these coale aro
ke Righ caleium levels in the South African coal and
the higher iron oxide levelg in the German and Euglioh
eoaly. The sodium and potassium lovele are aloo highor
for tho overseas caals. The South African coale eountain
high levelg of kaolinita, a clay mineral composoed of
aluminium silicate, Agcording teo Pollmann (1981}, the
oxecaptionally high ealeite ((aC0gz) levels in tho South
Afpiaun eoal, iu combination with the kaolinito

(Ala0g 28102+ 2H0), produces anorthite (CaAlp8ia0g), a
glog mingral which cryotallilszes te form the main
component of the payoud olag.

3,3,2,8, Trace elemonty in oodl:

Phoophatie bonded depooits in boilers uoing South
African cealp are more previleat than in bheillers uoing
nerthern hemdaphore doals. It would appenr that
phoophatie dopontt problems arae ¢aused by coal
containing wmore rhan 0,01% phoopheruo. Thio moeang that
30% of South Atvican eoale have tho petontial for
plhiogphatic dopooitlion. Hofffmaun and Hotffmain (§1918)
glaim that 3% oi pheophorug in tho apetite mineral
{Caka-3Ca3Pa0g) can be tranaferrod inte the vapor
phare. Tha motal vaper readily oxidicoo 1a the flue gao
whore oxygen ig proosont in oxeopa:

Boo+ 200y o Py (ral

The 0X..dic woponitimg tegniher with aolh can funetion as
i Righ- Cemperatury eomont i bouded dopooito,



TABLE 2.2 Composition of some local and overgeas ¢oals
(Boshoff 1986; Pollmamn 1981; and Hadrill

1979} .
. st . i —_—

Coal agh analysis Countzry

South Africa Germany England
(¥riel) (Ruliy)

Mineral matter: Sidorite
Kaplinite
Quarts
Calcite

Dalom:to

Agh elemental:

%81 (ag 8i09) 44,8 48,8 47,0
YAl (ap Al~Oj) 30,4 31,8 26,3
%Ca {as Cad 11,6 1,4 34,3
Mg {as MgQ) 0,3 0,7 2,2
SNa (as Naad) 0,6 6,7 1,3
YK (as Kp0) 0,6 4,2 3,3
STi (ag Ti0a) 1,5

%8 (ag 803) 4,8

Y {(am PyOg) 1,5

Asht fusion

temperatures (°0)

Doformation 1360 1240 1200
Softoning 1380 1190 1340
Fluid 1450 1510 21400
Rariog:

Bago/acid ratio Q,3d 0,232 1,31
Slagging factox 0,2 0,4 ¢,8

Slagging tondoncy low low high

Cemememm. eamepre cowgnr weleim AT s syt L et enaciem PO ok s SITL Lim Loemn e e



TABLE 2.l Classification of coal by rank
(Singar 1981: 2-2 to 2-6).

o b=

Rank Physical propertiesg

Anthracites Hard, brittle ceals
Bituminious Normally a sticky mand when
heated

Sunbituminiocua Brownioh black or black coalg

Lignitesn Drown coals

--f-uJ._-x.:.-:-.-..-<. kil E A T ke T oA AL L, T LIRS T T TIPS T . L 1 T

2.2.3, Chemical and w.peralegical somposition of some
local and coverseas ccals:

The gqualities of some local and overseay ceals are
compared to covaluote the slagging and foulilng tendoecies
of the different eoal ashes.

2.2.3.,1, Compogition of a typical South African and
pome ovorseas coalg:
The chomical and mineralegicoal compesition of typical

Souch African, German, Bonglich and Amerilcan coals arg
agomparoed in Table 0.2,

1 ﬂ



peat to the various stages of coal ranks (Elliott
1961) .

The Northern Hemigphere coals and the Southern
Hemisphere coals formed under different conditions. In
the Northern Hemisphere, the vegetation accunulated in
great swamps which were surrounded by fairly even and
low lying terrain., The Southern Hemicphere coals were
formad by vegetakion growing in great shallow lakes
which were fed by rivers flowing from the elevated
terrain gurroun:. ng the lakes.

The coal seama from the South African coals are
deposited in a continental depressien, known as tho
Karoo Bagin., Those coal secamg are relatively low and
gaclogically undigtributed.

2.2.2. Qlaggification of eoal:

Snyman, Van Vuuren and Barnard (1984: 1) clagsify coal
inte vhree independent methodo:

= poal grade: elaspification based on the degrea of
purity (quantity of inoyganic material);

coal type: clagpiiication haned on tho macerals
(vitrinite, oxinito and lnertinite); and

veal rank: elagolfiecarion baued on the dogree aof
metamerphisn (Pproportics of the macoral vitrinite
in a coal). Tabloe 2.1 vchows tho elacoification of
conl by rank.

~ L&~



2.1.

2.2,

CHAPTER 2

COAL: ITS PROPERTIES AND CONTRIBUTION TO
FIRESIDE BOILER TUBE FAILURES

INTRODUCTION:

Coal, by its combustion, is the primary fuel used in
flLeam generation. Combustion gases formed during
combugtion (CC and COs; 802 and 8§0y; NOp and NOg;

and water vapor) rarely remain as individual oxidesr,
but interact to form new complexes with fugion
temparatures lower than those of the subgtances from
which they were formed. Accolerated oxidation of the
protective oxide which covers the tube, leads to a
reduction in the tubs wall thickneps. Deterioration

and final failure of the tube is then cauded by the
combination effects of the increased etress through the
thinned wall and high tube metal temperatures (Port and
Herro 3199%1: 121 to 128).

THE FORMATION AND CLASSIFICATION QF COAL:

2.2,1. Formatien of ceal:

Coal originaced from the arrested decay of the
romaing ef troey, bushes, wossed and other forms of
plant life. The precursor of coal was peat, which wag

formed by boctorial and chemical action o the plant
dabnia, Subgogquoni actions of heat meramorphosod the

it



1.6.3. Material defects:
Whenever a metal's thermal stability is excecded by the

environment in which the metal ig used, material defecc
may be evident (Port and Herxo 1991: 254;.

~iG-



l.s-

THERMAL FATIGUE:

Thermal fatigue 1is a process which leads to tube
fracture under repeated or fluctuating thermally
induced stresses having a maximum value lesg than the
vensile strength of the material (Port and Herre 1891,
176, 275-276),

DEFECTX:

Defects regulting from poor guality contrel, human
grroy o poor workmanship can algo cause the failure
of a tube section.

1.6.1. Forming defacta:

Inconplate fugion of the waeldment during the
manufacturing process may lead to deficient welds in
welded tubes (Port and kKerro 1991: 227).

1.6.2. Welding defectsa:

Many weld defects ocour in the superheater and relieator
gections. An accepted weld in one which formo amoothly
flowing surface contours ard is frae of remidual
welding styesses, nonmetallie inclusions and
gignificant porogity (Port and Herro 1991: 247).

~1%-



potagegium, sulphur and manganese. The elome it woro
ported in their highest oxddation ctate, and thoein
concentrations woere caloulated an the ocide,

Approgimately 1,0 g aoh samplo wag acouratoly moacured,
millod, dried and combuoted at 850°C. The gampla was
cooled and mixed with lanthanum oxido and lithium
metaborate, The mixture was fluxed in the LECO FX-j00
fluzer.

Analyeeps woroe perfermed according te an BSROM dr coligaad
procodure No. 121, Rev. 1, uoing the Philips PWo1404d
geguontinl X ray "luorcpeenor Bpectyomobor wich digitai
niere PDP 11723 campntor, sceoendary X-vayo whichh were
producod by the elemento presont in the anh gawgple,
wore moaoured and the data recordod on a gomputor,

3.3.2.2, Mineralogieal analysios ot ~oal ashh (XRD
method)

¥-ray diffraection io o techulaque in which an ¥-vay boam
ig diffracted by o comple to ddontiiy tho plaoog or
compounda precent in a golid by clasoifying thoe plive
and typo of thelr eryotal ot ructurn The diffirwted
X-raye arce dotected by o gonlonetey and recorded. Tl
aryital lattiee gpoeing can boe ealedlatad, g the
phagng oy compoundn propont dn o winoral ldentifiod Ly
elaogifying the olon and type of thieir ceyostal
utrueture,
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The anlorific value of coal wap determined aceording tu
BSKOM procadure No. 105, Rov. 1, using tha Dy Crsod
caLoerimetay . The eoal was ground to a nominal topoize
ol 21s um and prepared according te BABS (0134% methodn.

Lower calorifie values may be duc to the highor sulphur
sonteats which reduce the groos ealovifie value in the
finel ealeulation, During the final ealenlation, when
dotormining the calorifie value, o corrvoction for
pulphur eontont wap madoe (G, 006 MI/kg por 15 owlpha) .,

3.3,2, Conl agh analysip:

Coal ash analyasls and ratio caleulations woere periormed
en the labheratory-preparod coal ash from all throo
powar atabtione, Thio wag deno to determine and evaluato
the difforont coal aoh gqualities and te ageweas tho
plaggineg and fouling proponsition of the eoalg.

3.3, Blomental aualyooes of coal aph (XRF method)

L-ray Fluercoconeo Spoctrometry 1o a tochnigue whieh
unoes the wavalonghto or oneorgion of X-viys omlitod by o
nomple ra adentity the elomont o present in a solid,
Thig motlmd wan unod to doetramine the goneontaovions of
mior olomonto i tho aph, namoly oilieen, aluminium,
fron, titanium, phouphoryi, faleium, maghneoium, pedium,



The detexmination of the ditierent formp of sulphur in
coal wap performed according to an BSKOM moditied
proecdure, uglng the Philips PW 1404 soquontial
wavelonght digporeive X-ray Fluorcgeoneo Spoetremot o,

3.3.1.1.4. Traco clomento:

The determination of frace olemento in conl wan
performed according ke an BSKOM mothod No. 136 Rov, 1,
uping the Philips PW 1414 coguimtial X-ray Fluoroscongo
Spegtrometer,

Tha goal wag ground to leons than 53 sderon in a owing
mill, The doal wag thon mixed with wax and mitiod to
fino powdor and presced with o hydraulie preog dnte a
pellet. The surfaco of the powdor pellot wan radiated
with primary X-rayo. secondary X-rayn wore preduced by
the elomento pregent in tho powder pellot. Sccondary X-
rayo woro dovectod by the gpoegtrometeoy, eopvortoed Lo
cleetronic puloos and gubmitted to the eomputer whore
dat.a reodustien was deno,

3.3,1.10.%. Calerific value (or heating value):

The anlovifie valuo 1o madnly dovormined by ito carben
and hydrogesn eehlonto and te 4 lopger oxtomt by ito
culphur amnd aitregen dontounts. The berkor the coad
quality, tie highor its calorifiec value and the lowor
the aoh contaut (Fonteon, Adane and Rume .y 1962 4Ly,



3.3.1.1.2. Ultimate analygio:

The ultimate analyois of eonl i expressed in terag of
the five main congtitwents, namely eairbon, hydrogen,
nitrogon, aulphur and oxygei.

For tie ultimatoe analyois, rthe ecoal was ground to a
nominal topsize of 212 pm, propared accerding to SARS
0135 methods. Carben, hydrogon and nitregoen wore
detormined aceording to an ESKOM proceduro Ne. 110,
Rov, 1, uging the LRCO-600 annlyooer. The tetal pulphar
wag dotermined acecording to an ESKOM procedure No. 1od,
Rov. 1, woing tho LECO 8C-40 analyoor. The oxyoon
gortont wao ealewlatod by cubtracting from 100 the
garbon, hydrogen, nitvegen and total gulpliar eout onti,

The titrimotrie determinacion of the eaibonato contomt
of econl was carricd eut aevordlug to an BSKOM procedurn
Ne. 100, Rov, 7, unina the Britioh 8tandard 1016
agquidolinca,

3.%.1.1.3. Forme of Sulphur:
The perecntagoes of pyritle, ovgmde and pulphato
malphiur in coeal wore dotcrmined. Thin wao dono to

Invenrigate the prononge of flroglde depooitn whioh aro
gauged by cortain sulphar eoutalning opoeionp,

if.



Moiatures
Moipture io the amount of water phyosically aspotiatod
witli coal and io romovable by leating te 105-110°C for
1,4 hours under peandard conditions, The moioburao
contont ip then caleulated {rom tho leoss 1 magy.

Ashgy

oh wontent 10 detormined by combuoting lg of coal in a
muffle Ffurnace. The eoal ig heatod to 81500 (+ 100
and kopt at thic tomperature until conpkant mass io
attained. The aph eontont iog ecaleulated from che mace
wi the repidue aftor inelnoratien.

Velatiln mattory

vVolatilo mattor in ealeulatod from vhe loos of mags
abtalned by hoating 1g of conl ab 90020 (+ 1020 Lfor 4
minutog,

Fixnd enrzhony
The {ixed carbon coutont in ebtained by pubtraeting the

pum of moigturo, ash and volatile wattor, oxproocood ao
poreentagen, fyom 100,

A



3-3'

Finally, boiler tube samples were cellected from
different operating units from three power stationg
(A, B and ) for wienal ingpection, cnomical and
metallurgical analyses. Slag deposit sampled werc
removed from the tubeg for chemical analysis to
determing the chemical composition of such deposita.

ANALYTICAL METHODS:
3,3.1. Coal analysig:
3.3.1,1. Proximate and ultimate analyses of coal:

The proximate and ultimatoe analyoes were performed te
determine the characteristico of the differont ¢valg
pupplicd to the various power stations to identify
any ohvioup problomg asgociated therewith. This was
alse dane to compare the ceal quallties from the
difforent coal ocams.

3.3,1,1.1. Proximate analyoie:

The proximatce analysis of coal invelves detormining tho
porcentagon of four main constituents, namely moipture,
aph, wvolatile marter and fixed enrbon content.

The proximate analysis of coal wag porformod accoyding
to EBSKOM pracodurcon Neg., 101 tu 203, Rev.l, following
SARS muldelincs. Coal wan ground to a nominal tupsize
of 212 pm and proparved acecording to SABS 013% mathoedo.
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3'1.

3.2.

CHAPTER 3

EXPERIMENTAL AND ANALYTICAL METHODS

INTRODUCTION:

Varicus samples were collecied from three powor
ptations for choemical and motallurgical ovaluationg

to determine the causes and extont of aspocliated beilor
tube failuwer. The data was thoen used to eotabligh a
gyatemat.ic guideline for the avaluation and
investigation of fireside boiler tubo fadlures.

SAMPLE COLLECTION:

Approximately 25 kg of raw conl sample wap collected
from the millp from Power Station A, Unik numbor 4.
Thio wap taken in ineremonto ever a peried ef threc
manthg £o obtain a roprogoutative sample. Va. "oun
analysen wora performed to dotermine tho qualiltics and
propertics of the different cealon,

A 1y agh sample prier to tho alr hoator and o coaryo
agh panplo from the ash heppor were also coellocted from
it 4. Thio wao done to detormine tlw- ash quualitien
and olagging propengitie~ of thoe aoh (possible effoet
ot bollor tube failurcs' and the eombugtlon officioney.



2.5.5. Coal ash depositloning and slagging:

ash depopits on boiler superheater tubes are romoved by
sootblowers whieh are installed in the boiler surface.
A thope deposits grow and become thicker, the reat
exchange potential of the tube is hampered. This could,
in sovere capes, lead to overheating and failurce of thoe
rube. Depending on their hardness, thesa deposits ara
often difficult to remove and geotblewing thus bocomes
legs effective. Bryers {1988: 1-13}) definod slagging as
the formation of fusced or sintercd deoposlts an heat
tranofor curfacen in the boiler furnace. It ig tlie
rapult of reactiong ocecurring wion the minoral mattor
1g hoated above pome eritical tooperature, go that a
liquid phase ig produeed in a portion of tie matoyvial,

Alkali-metal sulphates constitute a liquid phase in ash
depogits. The molten sulphates wet and spread on boilloew
tube surface. Bulphates, in a reducing atmogphere and
whon in eontact with carben, awe reduced to oulphidouw
which wot and opread on any surface (Borteoszi oud
Soldani 1987: 1536},

The significanee of the differencog botween Southorn
and Novtharn hemigphere eeals (reolativoly high aoh,
inortinive and ash fusion tomporaturoes, and low irou,
pulphur, spedium, potacuvium, and chioride centonty) tie
in the eombugtion porformancoe ef the eealo frem tho
different rogions, For maximum esmbustion, the Gondwana
coala, urning wel’ in hoet, strong fiames, roquire
{iney pulvericinyg, higher ceoondary -aiy tomporatuyon
and longes: rvogidonee times it the bodlor fHurnaee, Thooo
meedi £ icarionn contribute to enhonend comimipt ion
pertarmanen (Paleon and Hame 1988),
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2.5.4, Convargion of minerals during ¢oal combustion:

The amount of mineral matter passing through the
milling and boiler plant has an lnverse relationghip
with the heat content of coal, and the increased
amounts of ash can markedly enhance furnace olagging.

The conversion of the mineral matter in coal during the
combustion proceop ig illustrated in Table 2.3 New
crystalline phapes (plag winerals) are formed through
decompogition and reaction.

TABLE 2.3 Conversion of minerals during coal combustion
{Pollmann 1967) .

Mineral Conversion Produat

o e

FoBa Fes Homatito
{(Pyrite) {FeaO3)
FoS+Alay - 281052020 Fayalito
(Foab1i04)
FoB+Ala0q+281092Ha0 Hereyunito
(FoAlnOg)
51090 8lag glaon
(Quarts) (84100)
CacOy Ca0+80q Anhydrito
(Calelie) {Cas0y)
CaO+ALla03 28104 2Ha0 Anorthito
{CahlaSia0g)
AlaQ0q 28104 HAO Mullivo
{Kaolinitoe) (371 203 «8100)

-



2.5.3., Fugibiliity of cecal ash:

ash fuasibility is a meagurement of the performance of
coals related to slaygging and deposit build-up (Barrett
1948: 496 to 571). Ash fusior cemperatures are
performed on the laboratory prepared ash in a reducing
atmeogphera,

Singer (1981: 3-5), Reid (1971i: 106), and Winegartner
(1974) obmerved the following characteristic fusion
temperatures:

1. Deformation Temperature (DT) is the temperature at
which the tip of the ash pyramid begius to show
evidence of deformation,

2. Softening Temperature (&T): The goftening
cemperature is the temperature at which the test
cane under obsorvation has deformed to a gperical
form where the helght is egual te the width.

3. Hemispherical Temper.ture (HT) iz the temperature at
wiiich the agh sample fuses inte a hemispherical
ghapo. Thig temperature ls related to ¢onditions at
which the agh shows a tendency to maps together and
stick in large quantities to heat-ei:changn surfacoes.

4. Fluid Temperature (¥T) io the temperature at which
the tent cone flattens out Lo a pancake shape. This
temperature ig related te the tomperature at which
tha ooal ash flows from furnace walla,
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Phase diagrams show which slag minerals are formed from
the coal ash at certain furuace temperatures and at
what temperatures tlhey telt. The three phase diagram
(8iDa-Al503-Cal) of Kriel bituminious coals sghowed that
the slag mineral formed was anorthite which
crystallizes and imparts great rigidety to the slag
(Albrecht and Pollmann 1980} . The test also revealed
that all South African coals form glags when the
temperature difference betwean the initial deformation
and goftening point is less than 100°C. Such ashes are
particularly pengitive to low temperature differences
bacause in a closely limited range they change their
pgtate from the selid to the liquid phase and vice
versa. The ashes also crystallize rapidly out of the
molten state, a characteriptic feature of Kriel coal
containing high calcium ashes (Pollmann 1981) .

Differential Thermal Analysig (DTA) results {Shigeta,
Hamao, Aokl and Kajigaya: 1987) of a synthetic ash
indicated a Nag8;07+Frp03 sample mixture undergeing the
following reaction:

Nay8s09 w» Nagh0y + 503 (2a)
3Nag804 + 3503 + Foa03 =» 2NazFoi804)3 {2b)

The DTA gurve rovealed endothormic peaks at 380¢C
{decompoaing of Nap8207 by reaction (2a)) and 640°C
{(fugion point of NazFe(804)3 formed by roaction (2b)).
The oteep glope beyond 600°C on the Thermogravimetric
(1G) vurve wag duc to the decomposition of Nag¥a(S04)3.



2.5,

2.4,3, Calorifie value:

The ealeorific value of cvoal ig the amount of heat
releaged during combustion., Heating values as
determined in calorimeterg are termed high or gross
heating values, and include the latent heat of the
water vapor in the products of combustion (Singer 1981:
2=-12) .

COAL ASH:
2.8.1, Introduetion:

Coal ash iE the inorganie non-coal rew.due left atter
complete combustion of eosl. Coal agh consisig mainly
of the oxides of aluminium, iron, silicon, titanium,

caleium, magnesium and alkali metals, These ugormally

aceount for at least 99% of the agh, The remainimg 1%
of coal ash containe other elgments in trace amounty

(Singer 198L: 3-1},

2.5.2, Chemical analysis of agh and three phage
diagramg;

According to Albrecht and Pollmann (1980), the
laboratory-prepared ash door et reascmble either the
£ly ash or the alag in the furnace ag both of them
have been subjcuted to difforent Lemperature, gag and
time conditions. The alkali and sulphur sontents in
superheator dopesito may therefore be peveral times
that of tho laboratory- prapared aph,
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4.2.1. Tube number 1: A/4/Sec S8H In/E45/R33

4.2,1.1. Introduction:

A tube section was removed from the Unit 4 Secondary
Buperheater Inlet, Element 45, Row 33, from Power
Station A,

Although this tube dld not £ail at the time, or showed
no signg of having been affected by fireside corresion,
it was removed bhecause of an extensive deposit puild-up
on the fireside of the tube. This tube was also seun ag
a good example for various analysis and investigatione,

Because of «ha intengive deposit build-up, 1t wasg
decided to perform a comprehensive study af the feed
coal o Power gtation A, the tube metal, and also the
fireside deposits.

4.2.1.2, toal investigations:

4.2.1.2.1L. Proximate and ultimate analyses, and
calorific value ol coal:

The proximate analysis and calorific¢ value were
parrormed to determine the characteristics of the coal
aud the amount of heat releasd during combustion.

The results of the proximate analyple and calorific
valug are given in Tible 4.2,

G0



4.2,

(14i) Studios reported in the licerature of othor
researchers applying various analytical
techniques to investigatn the depoeit layers m
the fireside of beiler tubes,

RANDOM REMOVAL OF SELRCTED YTUBES FOR CHEMICAL AND
HETALLURGICAL INVESTIGATIONH:

Threo tubes were removad from difforeont oporating units
from three powor shations. The identification and
location of the tubes arce listoed in Tabie 4.1,

TABLE 4.1 Particulars of boiler tuboo inveatioguatod,

= ST TR WELLL e ST

Tdentificakion

Stabtion Losation

Tubo
#
1 A Buperhnater | A/d/8ce S8H/E4N/R3:
3 B Eoonomiser B/1Ben/BE/R1LY
3 ¢ 3ide Wall ¢/2/LH 8W/26m
I‘jl'.". LT T LR T W Rt eI Tl - Sia s e AT AT e e Ak ad O AT L TR T AT LA R e e B e

bower Station A 19 2 200 MW ptation rocedviug oponvapt
20al while Power Stablon € 19 a 600 MW atition alpo
rogeiving coal fzom an eponcast mine. Peowor Station B
i a 600 MW soration recolving both epeoucaust and
underground doal.
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CHAPTER 4

BOTILER TUEBE INVESTIGATIONS

4..1 INTRODUCTION:

In prdor to praopopg a root cause for bhoiler tube
failures, the gauses and meg¢hatiom of sueh failures
mot bBo egtablished. This gan boe achived by a therough
invoptigation of the failed/degraded tube soction and
knowlodge of the boilor operating cenditiong at the
time of failure.

Fer tho purposc of thio orudy, firopide boiler tubo
invaptigatieng wore based on:

(1) Tubep selected abt random from differont ESKOM
pperat.ing unitgs, Theoe tubep did not £ail at the
timg of invastigation but wern colocted becausoe of
aoh/doeposit build-up or vigquo of extoernal
goryaiion.,

(ii) ¢noo studics of fLaileod/degraded tuboo removed for
chomical and motallurgical analyoen porformed by
EBROM Technology, Repoarebh and Inveatigations. To
1l1luptrate the complexity of the diffovent fallure
mochaniomg, theoe easo atudicn wor wged to
illugirate a framowork fov tube failluroe
inventigations. Bach eape gtudy io dloeupowd
goparatoly.



to a prescribod temperature programme, of two sampled
of equal masg under identical conditions, eg. heating
rata, Tfurnace atmogpherc, compogition, shape and wize.
The rewwrence sample ig an inert material which heatn
up in response Lo the furnace.

Two depesit sampleos frem Tube number 1, the white layer
and the red layer, were analysed uging the Perkin Eluer
Sericn 7 DTA (BSKOM, TRI, Reoport numbar R/0C00L) . The
furnace wap connectod to a Porkin Elmer TAC 7 control
medule whieh controls the heating of the furnace and
tha cample environmont., A controlled dyunamic ndtroagon
atmopphare of 50 cecamin”l and a hoating race of L0010
wag usod during the investigation.

Tho deponit pamples were subjecred to a standard DTA
test procedera in order to "tingerprint", on DTA
curved, bho thormal oventp undergone by each aamplr
under the givon set of eenditions. The esnditions of
cach run wore as followa

Inicial tomperature (o) : a5

Final temperature (o) : 1600
Sean roke (hoating rato) {“C.min”l)= 0
gagoenud onvironment : Nitregon

The DTA togto wore pertoomed uiing aluming as o di luont
and iloo wbhiout aluming ag diluent. The thormal
propartion heforo and awfter grinding of the wliita layin
garple wore compared and finally the DTA eurvey of tho
whito layer and the rod laysr wore ovaluatod,



3.5.4. Carbon analyasis:

The determination of the total c¢arbomn in the depogit
layors wasg porformed according to an ESKOM procedure
No, 119, Rov. 1, following the LEJO €5 125 method.

The deposit samples were heated in an induction furnace
in an oxygen atmoaphers. The carbon in the pamplos
oxidiged bte carbon dlo. .ao, which wan detoected by
infrared detectorsg., The final rosults were displayed ag
a rorcentage carbon,

3.5.5. Thermal analysds (Ta):
3.5.6.1, Introduetion:

Thermal Analysis covers a pories of technigues which
study the chemical and phynlcenal propertica of a mixturc
or gubptaneo ag a funetlon of tomporature or time, Tho
pample io oubjocted te a contrelled tewporaturc
programmo.

2,8.5,8, Differential Thermal Analypis (DTA):
Tho diffororce in tomperature betwoen thoe gample and
a referonee material io reeorded while both arc

pubjested te the same heating programme. The toclinigue
invelven the pimultabcoun heating or gooling, according

i



3.5.,3.2,2. EDS analysig:

Enevgy Dispersive X-ray Spectroscopy ig a microscopit
chemlcal analysis technlqgue whieh measures the
characteristic energies of X-rays emitted by the atoms
of an element. The peparated sample layers were
individually analysed with ghe EDS techidlque, usine Lhe
Phillips PV9100 Energy Dispergive X-.pay Analyser. Thig
wag done to identify the elemente prosont in each
panple layer and to compare these teo the major and
minor mineralogical phases.

3.5,3.3, Combined Scanning Elcetron Microscopy and
Energy Dippersive X-ray Spectroscopy (SBM-
BDS) :

The mounted, polished and gold plated gpeciveun were
ptudied at high magnification with a scanning eleotyon
migropeope (Phillips SEM b18), High magnification
photographs were taken, showing the differont layeors
formed on the tube vurfaces. While mounted in the

SEM, EDS (uping a Phillips PVH100 Ynorgy Diecperoive
Analyser) wap woed to determing the concontrations of
cervbtaln clements ab peints on the sample.

Three areag of the sample were analysed, namely the
inside edge where the dopopitr was attached to the
purface of the tuboe, an area from the middle of the
doposlt, and the outaside edge which represents most
recontly depesited matorlal.



3.5.3. Elemental Analyses:
3.5.3.1. X-ray Fluorescencg Spectrogcopy (XRF):

XRF analysis of the deposit samples was performed
uginrg a Philips BW1404 Xe-ray Spectrometer. This waas
done to identify the elements present in the different
dapogit layers wiich wera removed from the tubes. Theaa
elemente were matched with the mineralogical analypis
results to ldentify the mechanism for depogit formation
on the filreside of boiler tubes.

i.5.3.2. Energy Dispersive X-ray Spectropcepy (BEDS):
3.5,3.2.1, Iatroduction:

The tubes were cut carefully in cross-section te
prevent the deposit from dilslodging at the edges. The
panples were then mounted in ¢l¢ar asrylic
metallographic resin and the mounted samplos wore thon
ground to expose the deposits.

The gamples were tbhen coverad with a low viscoolty
collulose acetate solution which was allowed to
penctrate and bind the loose deporits before final
grinding and polishing te a 1px surface finish. Finally,
thoe samples were gold sputter coated for use in the
peanning alsetron microscopa.
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{ii} Tube number 2

The deporit camples were removed for wnineralogical
analysis (XRD) and elg¢maental analysis (XRF). For
SEM-EDS analysis, the layers were not rewmoved or
geparatoed from the tube.

{(ii1i) Tube number 3:

The deposit samples were removed for elemental
analysis (XRF) and mineralogical aaulvees (XRivj.

3.5.2, Nineralegical Anglysilg (XRD Mathod):

Mechanical separation of tube depopits were garricd oub
by scalpel. In each case the deposits were divided in
portions in an attempt to geparate the deposits in the
regpective layera. The finely ground sanples were mixed
with an internal standard and pressed in the form of a
pellet, The oamples were individually mounted oun doublo
gided adhesive tape for X-ray diffraction analysin,

The determination of major and wminor phases of ash
deposit layers wag performed asccording to an BSKOM
Progedure No. 116 Rav. 1. Analyels was performed by
uging the Philips Automated X-ray Power Diffraction
System (AP PW 1700) backed up by the Phillps
analytical software (Version 3.5).
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3.5.

3.4.4. Determination of alloying elementsg in solid
gteel (XRF method):

The alloying elements in the bholler tube samplea were
determined according to an ESKOM procedure No. 1086,
Rev, 1, using the Philips PW 1404 sequi:tial XRF
spsctometer,

The polished surface of the steel specimen was radiated
with primsry X-raye. Secondary ¥-rays were produced by
the elemente present in the s.eel sample and the data
recorded on the digital micre PDP 11/23 computer.

BEOILER TUBE DEPOSIT ANALYSIS:

3.5.1, Introduction:

8lag Geposit samples were removed by manually
geparating the layers from the tub &, The following
approach was following to analyse the tube deposit

samples:

{1} Tube number 1.

Portiona of each drled, ground and homogeneous
deposit sampls wezs used for mineralogical analysis
(XRD method} and elemental analyasis (EDS method) .
Sample portions were also used for carhon analvsie,
trace elemental analysis, differential thermal
analysig (DTA) and pH determination.



2.4.1, Material identification:

Material identification ig an important step Lo verify
that the tube macerial conforms to the manufacturer's
gpecificat’on, A section was cut from each tube and
analysged by X-ray fluorescence. The analyses resulls
were then watched with standard boiler tube material
specifications. This wag done to determine the
elemental compogition of each tube.

3.4,2. Tube hardnesz evaluation:

Sanples from each tube were ground and polighed to a

1 pm f£inish. The ground and polisghed samples were then
gubjected to the Vickersg hardness measurement. A test
load of 20 kg was used to determine the hardness of
each tube. The tube hardnegs is inherently related to
the material' . resistance to deformation,

3.4,.3. Microastructure evaluation:

The microstructure of a falled/degraded tube provides
information about the thermal condltion the tube was
exposed to. The tube surface was prepared and polishad
to a 1u finish. After etching with an appropiate
etchant, (eg. 3% solution of nitric acid a:d aleohol,
Nital), the samples were inspected with an optical
micregcope at magnifications of 50-400 timas,
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3.4.

3.3.2.4, Ash fusion temperatures:

Coal wag 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 fueian
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 aystem to obtain the
initial deformation, softening, hemispherical and flow
temperatures of cuzl ash, f£ly ash and ash deposita.

The method consists of the controlled raising of the
temperature of an agh specimen, moulded in a gtandard
pyramid shape. The tests were performed in a mildly
reducing atmogphere which should always result in
glightly lower {(approximately 20 ro 50°C) results.

BOILER TUBE INVESTIGATIONS:

Various tube samples were removed from dlfferent
locations in the operating unite., The nain purpose of
the tube investigation was to determine whether the
rube complied to the manufacturer's specification at
the time of failure/ingpection.

The tube samples removed were sulrjected to material

ldentification, hardness evalua: .- n, midrestructural
examination and X-ray analysis.
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The determination of the mineral phases of coal ash waa
pertormed according to an RSEOM procedure No. 116 Rev,
1, using the Philips Automated X-yay Powder Diffraction
system (APD PW 1700) backed up by the Philips
analytical software. (Version 3.5).

3.,3.2.3. Blagging and foullng parameters:

Gray and Moore (1974), have proposed a slagging index
which originates from the Nicholls and Selvig ratio
where the so-called slagging index is given by the
acid/base ratio (R):

8103 + Alq.03 + TiCs
R e (1}
Fas03 + Ca0 + Mg0D + Naz0 + Kg0

The index is given by %S!R in coal, which explaine the
influence of sulphur on slagging.

Incadently, the fouling index is given hy:

% NagO in ash

R

It mugt be stressed that these ratios are gtandards
for overseas ceals and only serves an a guldeline to
galeulate or to predict the slagging and fouling
propenrities of the South Afuvlcan coal investigated,
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4.2.1.4.7%, Tubr migrostructure:
(ESKOM, TRI, OT 940 KLR/cn)

The micrestructure of the tube wag found to be fervite
ASTM grain size No. 8 with spheroidised pearvlite and
carbide digpertion. Digcontinuous carblide diopertion at
the grain boundaries was present.

4.2,1.4.3. Determination of the alleying olemonts in
golid gteel (X-ray Fluoropcoence method) :

A pection of tho cuperhodatey tubo motal wap analysoed to
datarmine the oleomento preme  in thoe stoeel, The
rgsules of the most prominent alloying vlomentg in the
tubae material are reflected in Table 4,12,

Although the clements detected in the coal ash (Tabhle
4.6) are expocted in o coeal ash, tho presonen of carbom
(Table 4.14) in thoe tube deposit suggostn incompleto
combustion of the coal,

Upon removal of the anh depooit, sparface filingn woro
taken from tho outer 5 mm for carbon analyoi, Thre
varbon content of thooe filing: wan found ra he 0,005,
Thin in a markod inereanre from tho maximum speoeif ied
garbon centont of Q0,180 (B8 30%9 HFS &22). Thia ig an
adication that eavbon ao diff{uscd into the tubn
mprerial during sorvioe,
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TABLE 4,11 Trace elemoutal analysis.

Trace olements ppm
Vanadium (ap V) 85,3
Niobium {(an Nb) 26,9
Chromium {ag €r) 186G, 3%
Manganaeo (as Mn) 163, 4
Iohalt {(ap o) 10,4
Niekaol (ao ¥i) &9,
Coppor {(an Cu) 59,4
Zzina (ag &) B2 3
Jallium (ao @Ga) 5,3
Gormanium {(ag Go) 14,4
Araonle (ao Ag) 66,8
Sellonium (oo Su) 7.9
Rubidium (o~ Rb) an,a
Frrontivm {(ag 8x) 710,11
Yecrium (ao ¥ 12,5
sivcidium (ag Ar) 263,5
Barium {(as Ba) B8B,0
Tungston (oo W) 6,7
Load {ag Bh) 18,6
Biomuth {an Bi) 13,9
Thorium (ao Th) G, 0
Uearaum {(ap U} 6,4

Whoen the trace olomoental ropulto of coal ash and fly
agh are compared, a high lowvel of chromium, aroonic,
arrontium, civeondun, bhavium and boad ourielbment in

fly aoh iy owident,
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4.2 1.4.2. Agh fuploen tomporaturdd:
The ashl fucion romporatursp ot fly aosh are listed in

Tahic 4,10,

TABLE 4.10 Ash fugion tompoeraturog of £y aoh,

Paramatoer Ash fupion Lemporaturo
{°C)
Imitial deformation 1500
Softoning 15935
Homiophorieal 1440
Fluid L6000

Ther aph fugion of the fly anh were gonorally bighoy
than thoe fupion temporatures of tlw ¢oal aol.

d4,.0.10.4.3, Teace olomantn:

According to Kiroel ot al. (1968), and Raaock ot al.
{1970}, the arponie and lead ventont in aoh io woually
botwoon L4 and 360 ppm, whoroag in bollor dopooitd he
ploments miy bo progont in omeon rationg of 1-6%, Lood
hao boon fowsd in boilor depocity in edneont rat iong
over 100 timon higher than the average vicluae inoaal,
The traae olemeattal analynio remilts of fly noh are
Tistod i 'talle 3,10,
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4.2.1.4.1. Blementnal analysin:

The vioneontal analyedig of fly ash was performed to
determing tlhie major clemente prosent in fiy ash aud to
compare the £ly ash goalitvy te the ceal ash guality.
The oclemental couapegis ou of £ly ash is listed in Tablo
4.9,

TANLE 4.% Blomvwoad arilyaio of £ly aoh,

Paramatera {%)
Silicon {ag 8404) 17, &
Aluminium (as ATa03) 29,8
Iron {ag Foaly) 6,8
Titanium (ap T1Qa) 1,5
bPhrioupharuwa (g qusi 0.9
Caleium {ag €Cad) 6.0
Magnoolum (ag Mgo) L, 58
Bodium {(as NanQ) Q,
Potanolium {Gn KaQ) 0,4
Bulphur {(ao 803) 0,1

The compooition of asnhoed aonl (ag analyoed in the
laboratory) daelffors from tho compooition of {1y aoch
producad whon tho pams ecoal is busat in tho boiley.
Thift 40 dug vo the differonas in comperature aned
phynieal conditions of burning, and fractionation of
tlie minerat magtnyr. Whon comparing the FoaOy lovelp in
tho coal aph and the fly ash, o high degroe of dvon
oneiehment io ovidone,



4,2.1.3.3. Ash fusion temperatures:

Agh fugion tegtp are empirical methods performed in a
redueing atmosphere to dotermine the difforent melting
tonmperatures of a coal ash. Ash fupion temporatured ave
listed in Toble 4.8.

TABLE 4.8 Ash fusion temperaturog of coal aoh,

[ Parametar Paugion t srabure
(bh_
fnitial deform 1484
Softening 1537
Hemisphorieal 1546
Fluld L5658

Ap tho difforence betwoen the deformation and aoftoning
romporatures ig ioop than 100°C, the possibility of
alagging oxdpko for the ecal teooted,

d.2.2.4. Fly aoh:
The fly aph wap analycoed to compie ito quality with

tho eoal aoh cquality. Fly ash resulvp ave rofleeted iu
Tablos .11 te 4.13,

K.



The results from the ash elementoal composition indicata
no obvioug problems in terme of ESKOM standarde. The
leveln of the abrasive elements in thoe ash is also
ragarded ap normal for ESKOM coals,

4,3.1.3,2. Slagging and fouling parametora:
Repults from eoal anaiyvaip and coal acsh analyoig ato
appliecd to ealeculate the alagaing and fouling

paramcterg of coal. Tho caleoulatoed clagging and
fouling parametors are ligred in Table 4.7.

TABLE 4.7 Slagging and foullyg paramotors.

Farametaex Percentage
Agid/base vatio 4,09
Siagging indox 0,091
Fouling indox 0,011

The olagging and fouling lodicea indicato a low
glagglng potontlial of the ewal peated. Tt is howovor
lmportant to noto that Kheose ralios oo ealeulatod
for northern hoemicphore eeals and only porve oo
quidol inon for Sourll Afvioan coala,

-y



1.2,1.3. Coal agh:

Analyses of ash wore performed to determing the guality
and proporties of the ashed coal and the fly ash, i.o.
the differences in major elewmental composition, ash
fusion temperatures and trace elemental composition.

4.2,1.3.1, Blomental analyoces of coal asch (XRF method) :
Ash elomental compasition provides infoimation on the

abrasive propertics and glageging propensicy of the agh,
The clemental cempopltion of tho esal aoh ig lioted In

Table 4.6,

TADLE 4.8 Agh elemental compopition,

Elemantal compoaltion

Element {%)
i {ap 8i0p) 58,9
Al (as AlaUa) 27,8
Fo (ag Fes0y) 3,8
Ti (ay Ti0q) 1.5
P {as PaQy) 0,4
o (ng o) 4,0
Mg (ao Mgd) L3
Na {ag Naad) 0,1
K {ag Ka0) 0,5
5 (an 80y) a4
M {ap Mnd) 4,03
Conbugtible mattor 3,97




4.2.1,2.4. Forms of Sulphur:

The different forms of sulphuxr were performed to
determine the percentages of pyritic sulphur, organic
sulphur and sulphate sulphur in the ¢oal. The results
of the different Forms of sulphur are listed in Table
4.5,

TABLE 4.5 Different forms of pulphur in coal,

Sulphur form Percentage

{(aly-ciry Basie) {%)
Pyritie pulphur (as 8) 0,54
Organic sulphur {(ag §) 0,06
Sulphate sulphur (ag 8) 0,23
Total sulphur (as 8) 0,83

The total sulphur content in the ceal (0,83%) in low
according teo ESKOM standards. Although alse vagarded
ag low, the pyritic pulplur and volatile organic
sulphur are eaptured in the gaseous form and contributuo
to fireolde depesilts. Gonerally, the propenaity of
sulphur to ferm doponits 1o aggrevated by high

caleium, potassium and podium levels,
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TABLE 4.4 Trace elements in coal.

Elementg Regults
{(bpm)
Vanadiu. {as V) 24,9
Nichium {ag Nb) B,0
Clhiromium {(as Cyx) 35,0
Manganese (as Mn) iz, 8
Cobalt (at Co} 45,8
Nickel (ag Ni) 38,0
Copper {(as Cu) 30,1
Zinc {as 2Zn) 18,3
Gallium (as Ga) g,3
Germanium (asg Ge) 3,8
Arvepenic (as As) 18,3
Selenium (ag Se) 5,7
Rubidium (ag Ru) 7,2
Strontium (ag Sr) 168,2
Yetrium {(ag Y) 17,9
Z2irconium {as 21) 55,9
Barium (as Ba) 227,17
Tunggten (as W) B,1
Lead (ap Ph) 14,5
Blsmuth (ag Bi) N/D
Thorium (as ‘Th} 4,6
Uranium (ag U) 5,7

According to Kirech et al, (1968), and Raask et al.
(1970), arsenic and lead have been found occasionally
to bhe pregent in high concentrations in boller
deposits, Other elements, such as lithium, may play a
role in the formation of aggressive deposits, but there
im a lack of publighed data for an appraisgal.
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TABLE 4.3 Ultimate Analysis of coal,

Ultimate Analigis Results
(Aly-dry basig) (%)

Inherent Moisture 2,9
Ash 29,1
Cacsbon 59,45
Hydrogan 3,61
Nitrogen 1,37
Total Sulphur 0,83
Carbonate (as COp} 0,79
Oxygen {(by difference) 6,95

Regults from ultimate analysis proved to be within the
ESKOM limiteg. The presence of oxygen in ceal can be
taken ag an indication of the degree of partial
oxidation of the fuel, thus reducing the amount of heat
releasad on combustion,.

4.2,1.2.3. Trace clements in coal:

In addition to the major constituent elemsnts that make
up the minaral impurities in coal, there are alge a
number of trace elements present in the £, 1, Trace
elemental analysis were performed to determine the
levels of these elements in coal and the enriclhment of
aartain trace elements in superheater deposits. Resultg
from trace elemental analysis are listed in Table 4.4.



TABLE 4.2 Proximate analysis and calorific value of
coal,

Parameters Regultyg
(Alr-dried-basls}

Proximate analysis:

% Inherent Moisture 2,9
%Ash 29,

%Volatile Matter 24,4
“Fixed Carbon (by difference) 468,96
Calorific Valus (MJT/kg}: 23,32

Proximate analysis results show no abnormaltiee,
although the agh content {29,1%) can be regarded ar
relatively high in terms of Eskom staudards. The coal
alse has a medium calorific value (23,32 MJ/kg).

4.2.1,2,2, Ultimate analyais:

The ultimate analygis of coal wam performed to
determine the percentages of the basic elementg in the
coal, namely the sulphur, carbon, hydrogen, oxygen, and
nitrogen content. The ultimate analysis results are
given in Table 4.3,
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XRD resulte showed that aluminium and s*licw in the
depoglit layers were present as non-cryptalline phases
in the form of aluminogilicates oxr in the cryptalliwne:
form ag mullite. Molten aluminesilicato £ly ash
particles scrike and react witlt the stieky layors ou
the superheater tube. Depepit layers are thereforo
often comprised of aluminesilicato glasg. Caleium wag
present in the form of anhydrite which plays a vital
role in the formation of the initial deposit layer.
Iron wag precent ag hematite.

EDS results revealed high levelo of iron, pocpibly from
hematite, while caleium and culphur in the layoers could
be from gypsum, Chromium in tho base of the motal wan
likely to originate from the tube motarial. Chuiomium
diffuses slowly through iron ozides and thercforoe
remalng in the inner layer.

TEA results (Appendix A) phowed that the poak at
appraximately 1358°C reprecents the melting of homative
in both sampleop, Hmatite has o melting point of 1350°C
to 13&60°C. o-Quarts undergoce o roversible dnvorsion av
573 o which could not be obcoved bocoauwoe this
tranpition in kuown to produce a weak prak ovon Tor the
pure mingral, Anhydrite iavertn to »-Cn80y at laoowe
and molts at 1450°C, This meann thar the firgt poak
obsurvad on bhoth gurvas night corveppond to the
Inversion of anhydiodte. Tho thdrd poak might correogpond
to the melting polnt of mullite or the unidentifiod
eryatallinge phase delectnd with XRD,
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1.2.1.8. Conelugion:

J1).Conl and coal ash ovaluation:

Although the coal reooults and the eeul anh clommmtal
rapulls wore normnl, the ash fugion tomporatures and
the olagging index indicate the popsibility of siag
formation,

() Tuhn motal o~valuarion:

The carbeon content in iron fillinge frem the fiveside
purfage of thoe tubo wan woll above the design earbon
ppeeifleation.Thio indicakeo thav diffupion ef carbon
into the tube material took placo during sorviee, Thiy
carburization plhienomenon io slgnifieant in that the
carbon combincs with chromium pregent in the tubo
matorind, thoroby roducing the corrosion resiotance of
tho tube atonl. Tho propomee of garhon in tho doponit
Layors rvopsultod from inconploete combuation of coal.

{3). Tube_dopoasit avaluation:

Rooults of tube dopooit analyoon ghowod that tlie ash
partieleg woere not oxpoged to oxtromely high
tomporatures. Aloo, vhe pH valuen of all the layors
woro above 1,8 which indieaton che abgonce of eorrogivo
complox nulpbates guel an NaakFe(804) 3 and RiFo(8y) 5.

VA



The pamples chowed a diptinct colour change when they
wore ground iu o morgar. Howevelr, ne change in the
thorm.l propertinp of the sampleg before and aftor
grinding eeuld be oboperved. A pegsible ocxplonation tor
this phonomonen could be that mullive, normally whitno
in ecelour, encapoulates the hematite so that the red
aalour Locomes invisible. When the sawple 1o ground, it
actually breakes the mullito encapsulation ptructures
and the red eolour of hematitoe becemen vigible.

When comparing the reogulto of the red layer and tho
white layor it wag alear that three thermal ovonte
occurred abovo 1200°%C in bothh samples. Thern appoared
to be o dofinite relatienghip botween the temporaturop
whoern tho firet and occeond peako wore oboorved in botlh
gamples while the third poak wap oboorved at ulightly
difforont tomporatures in both samples (Table 4.18)

TABLE 4.18 Foule omtet temperatures of the rod and wiitoe

Jayers,
Poalk Poak temperatures
(o)
Whito layer Red layer
1 1347 1213
3 1357 L3068
3 1387 1305




d.2,1.5.5, Detorminabion of pi:

The pH determinationg of tho ganple layorg wore
performad to dobormine the acid or water solubloe
conptituensg within sach diptinet layoer. Reoults of the
pH determinations ave refledted in Table 4.17.

TABLE 4.17 pH Values of deposit layers,

it e e e o
Dopoeslt layer pH valua
(25°¢)
Black tep 8,67
Whito hottom 8. 50
Black erust .12
White layor 7499
Rod layoy 7,70
Bagc 7,08
U S P

Tha meapured pH levele of the ouker layero are all in
the alkaline rogien, thuo indicating tlhe abgonee of
carrvoalve conplox oulphaten.

4.0.1.6.6. Thormal analysio:
(K&ROM, TRI, Roport number R/000013

DTA wae used to dotoymine the melring remporatures of
tho white and the red layern from tubo number 1. Tho
rosulty proved to be mocoe mieconnfrul without aning
aluminag an diluent,



TABLE 4,16 EDS ragults of depocit layeirs.

Elemont Depeaidt layer
(%)

Blaclk Whita Black White Red Bage
top bottom erust layer layer

Al {ap Als03} 18,9 25,5 Qi,6 24,0 26,8 20,06
Can (ag Cao) 5,0 2,7 3,9 2:0 LA
Cr (ap €rpla) N/ N/D N/D N/D N/D 0,7
Fo {ap Fogpoy) 40,¢ 16,1 i4,% 26,8 14,3 40,9

Mg {ao Mgl 1,3 0,6 1,1 Q,7 0,% N/D
K (ap En(l} a,3 0,8 0,5 0,4 1,0 0,8
81 (0o §i0x) 31,3 49,8 34,6 41,9 a4, 20,6
8 (ag 80q) 1,4 2,0 3,0 1,7 a4 06
Ti {ag TiGa) 1,7 2,0 1,9 ) 2,9 1,9

Blemontal vepulto show a typieal ly aph struweture for
all the layers. Relativoly high ealzium, magnesium and
potapgium lovele wore found eecapilonal’y in somn of tho
layoers.

Excoptionally high 'von concentratiomny: wore found in
all the laycro, copeelally in thoe black top layor

(20,05} and in tho bage arca (40,2% aof che tube,

The ehromium dn Lo base avea (0, %) eould havo
originatoed fyrom tho tubo metal,



The digtribution of the mineral matter in the deposit
layers 18 congistent throughout the entire ash deposit.
Tha pragence of ga-quartz {8i0z) and the absence of
anorthite (CaAla8ia0g) in all the samples indicatoes
that the ash particlep ware not oxposed to extremoly
high somperatures. At very high tomperaturos, o-quarts
ig converted ro cristobolite while oo, ium oxide (Cad)
combines with kaolinite (AlaO3+2810:-2H2) to form
anorthite. Kaolinite can alse be tranoformed into
mullite (3Ala0s5+8i0n), which io regardod an a olag
mineral.

Calejium in tho pamplon wag procsent mainly in tho fowm
of pulphateo (ao anhydrite, CaSo4). The Ca80y plays a
vital rele in the formatien of the indtial doposit
layer on superheator tubeg,

Iron in the gamples wap found wmalnly ao hemad.lto,
Foala,

4.3.1 S.4 Hlemontal analysio (EDS method)

Encxgy Digporslve X-ray Speetroseopy was alue applicd
to dotermine the olomontal compooition of tho diffcron
dopooit layorn., It in alpo uwpoful ko compare tho
regulto with the XRD reoults dn Table 4.1%, EDS reopulte
of Lhoe depesiti layort are showa in Tablo 3,106,
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TABLE 4.15 XRD rasultg of depasit layers.
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The agh fusion temperatures of the depogit layors wore
much lower than those of the coal ash and {1y ash.
4.2.1.9.2, Carbon analyoig:

The carbon analyeio was performed to determine the

carbon lovels in cortain deponit layern. Rasulte of tho
earbon analynig are reflegred in Table 4,14,

TABLE 4,14 Carben content of depeuit layors.

Doposit layer Carbon conkent
(%)

Blaek top N, 751

Whito layor 0,078

Rod layer 0,12

Bapo 0,043

Thoe progonaee of carbon in all the layows indicaton that
incomplete combuntion of coal toek place,

4.2.1.5.3, Minervadogical analyain (XRD)

Tho mincralogicnl analynia wan performed to detorming
the major and minor phagoc preosent in tho dapostit
layors, The wminoralogical resulto of the tube dopopit
Tayers arn illustrated in Table .16,
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4.2.1.5. Chemical analysig of boiler deposits:

The fireside deposits were chemically analysed Lo
identify the major elementg present in such deposits.
Thips was done to derlve compounds or complexes which
are formed during the slegging/corroslon procsss,

4,2.1.5.1. Agh fugion tewperatures:

The melting temperatures of the depoesit layers from the
tube were performed to determine at whidh temporatures
the layers melted, and also to compare these to the
melting temperatures of the coal ash and the fly ash,
The melting temperaturcs of the depeslt layers are
given in Table 4,13.

TABLE 4.13 Ash fusion temperatures of deposit layurg.

Payometbor Ahg Susion temperature
{ec)

R R

Blaak  White Blasck White Rod  Bage

top bottom aruat layer layos
Doformation 1100 1144 1054 1093 1138 1l19e¢
Softoning 1120 1148 1088 1132 1141 19y
Homlopherea 1360 1151 1134 1154 1344 1199

l Fluld 1188 1313 1179 1200 1161 1220

N U U
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TABLE 4.12 Allcoying elements in tube gsample.

Elament (%)
arbon 0,12
Chyamium 2,18
Nickel ¢, 04
Manganesgea 0,45
Malybdenum 0,94
Vanadium 0,01
gilicon 0,32
Copper 0,02
Tungsten «0,01
Tiganium <0, 01
Tin <0,01

The results of the alloying elements in the tube ste:l
were matched with the material gpecification to
determine the atructure of the tube. This was Iound to
be BS 3059 HFS 622, which ie accepted as a very good
quality stee. in superheaters.

4.32.1,4.4. Tube microscopic evaluakion:
(ESKOM, TRI, OT 940 KLR/cn)

The microscopic gvaluation of the Firegide zurface
revealed an oxide layer of S50-200 um. No gigng of tube
matal degradation {rube cracking or oxide penetrabion)
or matal logs were prest - . Howaver, some pitting with
pit depthg of approximately 100 um was obeorved.



Tale 4.25 Cage gtudieng of fav'lza boller tuboo.

. [ S T T A YL

IOV s i e
Tube Identification Raferonce

1 A/S/Prim SH/TR24/528 TTEAM2TETI TN/ G008/ 0n

2 A/3/Neoe tube TTG2M2I2T MES/%066/¢n

3 AJ8/SHA/TH/RDG VIEIMITAT MRI/S 027

4.3.2. Cagpe study number L: A/4%/Prim 8F/I0I/K08
(TRI, Project No. T763Ma72T, IN/H0MM/on)

BEKOM, TRI parformed various analyoos on a sostion .
failed primary cuperhoator tubo from Power Station A
unit %, Tube 24, Elemont 28,

3. 4.2.2, Tube technical gpocificationg:

Tho vorhnical daca and apoeificationy of the tube o
tho time of failure Lo ag follows:

Tube oporatimg time (meurd) @ c1R3000
Material spoeification : RE 3004 HEH 140

CHO




4.3.3.5, Conclugion:

The firepide of vhe tuhe wap oxtengively corroded and
the oxidation of the metal has in some arcas coused a
reduction of up to 50% in tube wall thickoess. Thig
obacivation may wnll indlcate the relativoly low
repgigtance to eorresion of thin tube gtrueture. Thio ie
cupported by XRE rosulto whioch showed high iron lovelp
in all thireo layers whieh could hoe from the tulw motal,

4.3, CASE BTUDIRS!
4.3,1. Introduction:

Bocaura of the wide varicty of pongible tube loake and
o cgubinatien of faetorp whiclh wmight contribute to thue
failure mechaniom, it i virtually imposaille to cover
the ontilee topie of boilor tubo fadilurcs and thedr
meehaniome in thio ostudy. The otwdy will howoevor
attompt tO eovor gome of the wmeot commonl failuie typen
ng L urring an ESROM power prationg,

To gupplomont. tho invootigakaon of tubvs ramdomly
remevod and analyoed an deaervibod in Svetion o€,0,
various eave prudiov of failed tubon ave digeusgod in
thig spoction (Table 4.234%), Thooe tubng weroe romoved] axd
analyood by ESKOM, Teaclmology, Rencarol and
Inveptigavionog,
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2.2,3.4. Blamental analyoio of tube duposity (XRF
moetluond) ;

The olemental aualyeids wags porformed to devermine the

clomonto progent in the tulbv deposito, Reoults ol the
olomontal analyosio are reflesred in Table 4,04,

TABLE 4.24 Klomental results of tubo dopogito,

Elements Dapooit layar
cutoxr Middle Innor
Hodium (ag Niag0) N/ N/ N/L
Magnooium (o Mgo) 1,1 0, n,v
Aluminium (g AlaQsy) 18, 17,4 43,0
S$ilicon (ag Bi0q) 24,5 a1, 4,8
Phocpliotus (uy 190g) 0,6 G, 6 1,0
Sulphur {20 304) 1,13 2,8 1,7
Chlorinc (ap Cla) N/D N/D N/D
Patagoium (an KqOI 0,4 .32 0,0
Catoium (ap an‘ 3,3 2,7 3,80
Titanjium (ag Ti09) 0,9 6,4 1,3
Chromlum (Qo v:wnnﬁ N/L 0,6 N/
Manganoegoe (ao Miie) 0,1 N/D N/
Iren {ao PoaOy! A9, 5 3, 0 13,1
Arvponie (ag Aq\o;) N/D N/D N/D

LRF rooulty sahowed that all three layore hoad o typicad
fly apli compaoit ion while the hidah diron lovelp eould be
trom the tubxe metal,
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d.2.3.3., Mineralogical analygis of tube dopooits (XRD
method) »

Analygis of the deposit layern wan perfommed Lo
detormine the major and miner phases presant in the
dopogite. The reoulkc of the mineralogical analyuio
are listed in Table 4.33.

TABLE 4,23 Minoralegical analyois of tube doposita,

Dopedilt Phase identified
layer
Major ¥inez
Top Magunetivo Mulliite
Non-erygealline Homatite
Alpha quartes
Gypoun
Middlo Magnotitoe Multiro
Non-eryotalline Hematito
Alpha quarts
Typoum
Innor Magnotite Mullito
Nen-eryatalline Hematite
Alpha quarta
tfypoum

XRD resulta showed thatr magnotite and non- eryotallino
phagos wore the mejor phaseon detaeted while mallite,
homatite, alpha quuarte and gypoum wery thn minor phausen
doteetad 1n all throo laysn
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4,3.,3.2. Alloying clements and tube microgstructure:
The rube section was aunalysed to determine the chemical

conpogition of the tube gtoeel. The results of the
alloying oclements are reflected in Table 4.22.

TABLE 4,22 Alloyiung elements in tube sample.

Element (%)
Carhon G,14
Chromium ¢, 01
Nickel 0,03
Manganenso 0,60
Molybdonum 0,28
Sulphur 0,018
Phogphorus 0,021
Silicon 0,27
Copper g,01
Cobalt g,01
Tunguten 0,01

T ATV U] YRty PR SRPIE N

The tube matorial wao identified ao 1,5415 A5Mod. The
microptructure wao a ferritic watyix with ASTM No., 8
grain pize and nlightly opleriedizad poarlite with
gtringo of carbiden along the grain boundarioo,

B



L A L T E LT S T

AR B 1okt bosid e wabd tabee, Z6m lev(l,

i P, i h Pk [ { crt g ead ey
[P R i (ST . Pooan U it
0B ' vl iy [ 1il h Ly Yo
' IR S TR ; [ R ' INTER TS B R Y I I .



4.2,8,.4. Conglusions:

The ppacoes between the hoat fing of the economiser
ploment wore covered with an adherent whitc deposit.
Upor. romoval of the depogit, corregion of the tube
fireside ourface was cvident while elight pitting
gorroglon wap alco oboarved,

XRD rocults of the dopogit layers showad that aluminium
and gilicon were pregent ap non-erystalline phages in
the form of aluminium gilicares while ealeium in the
inner layer wap prooont as gypsum (QaB0g) . Iron was
presont in the form of homatite (Fe304) and magnotito
{Foa0a) while metallie iren (Fo) in the inner layer wag
moot probably part of tho tube wmetal. This ig supportod
by the visu. ' obpervationg that corropien and alight
pitcting did wicod oecur.

The: XRD repultc of the dopopil layers are c¢onpliwmentoed
by theo EDS reoulto which indicated that sorregion was
likely te bo cauned by sulphuric acid attagk of the
cube surface aceording to the fellowing reaction:

M0y + Fo ov oS04 + Hp () (4a)

This type of corrosion occury in tho enelor rogiain of
thao combuption gyatom nuch ao ceouomisors and io cauoed
whon the tube motal temporaturen or gag temporaturan in
the furnaco are controalled bholew rho acid dow point
tempovature. The proscade of corroglion o alno
guppartad by a high ebromium conecontration in the ianer
layer, poapibly from the tube metal,

- 80~



EDS regults of the depogit layers are listed in Table
4,21,

TABLE 4.21 EDS regults of degnsit layers.

Hlement Depogit layer
[

-]

L T - MM T A -

Top Middla Inner

Aluminium (ag Alsdg) 8,5 7,2 N/D
Silicon (ag Si03) 13,1 10,2 1,8
Phoophorun (ag Palgl 9,0 4,4 N/D
Sulphur {(as 803} 4,3 7,2 G,2
Pagtasgium (ag Ks0) 6.2 0,1 N/D
Calelum {as Cad) 3,4 3,8 N/D
Titanium {ap ™0} 1,0 0,9 N/D
Chiromium {(ap ra0g) N/ 1,3 5,8
Manganepe (ao MO} N/D 0,8 0,5
Iren {(ag Fey03) 61,86 84,8 85,9

Sreza mFm

The high iron concentrations in all throe layora could
be from homatite (FeaOz) and magnetite (Foiy4) . The
high gulphur eentent {6,2%) and iron contont (8%4,9%) in
the inner layer may indieave that iren sulphate (Fo80,)
might have orig.sated from raaction of oulphurie aeid
{Ha®04) with iron (Fo) from the tube motol,

The ehroemium in ¢ ho inner layer (5,6%) could aleo bo

from the tube notal due to corrogion of thoe firegide
tube ourface,
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402,232, Dlowental anatysils (combinaed SEM- 1BDS

mat hod) .

While mounted in the geaming olectroon wicroseopoe,

Bnergy Dimpcroive ¥-wvay Spectrogeopy wat usced Ue
detormine the olemental composition of the deposit
layorg, A high magnificalion photograph wag taken of
tho outor layevs on thoe tube (Plate 1),

PLATE 4: Scanning Bleetron Micrescopo imagas-
Heonomdpor, EBlemoat B, Row 117.

A rhick, whike fly ash deposiit (Yeoft hoad gide) ig
b ved on Lie firedide of tho tude,
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4.2.2.3, Chemical analysis of tube depogits:
4.2,2.3.1. Minaralogical analysig (XRD method):
The mineralogical analysis was performed to determine

the major and minor phases present in the deposit
layers as shown in Table 4.20.

TABLE 4.20 XRD regulte of deposit layers.

Depogt layer Phase ildentified
Major Minor
Taop Magnetite  Non-crystalline
Hematite Alpha quartsz
Middle Magmetite Non-crystalline
Hematite Alpha Quartes
Inner Magnetite Metallic iron
Hematite Gypsum
Non-crystalline

XRD raosults she. that the major phagses in all tlhree
layero wore identified as wagnetite (Fea03) and
homatite (FojzU4) . The minor phases in the top and
middle layers were identificd as alpha quarts and non
cryotalline phases while the inner layer centained
gypoum (Ca804) and motallie iron (Fe).
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4,2.2.,2, Allcying elements and tube microstructurae:

The determination of tne alloying elemente in the tube
steel was performed to ldentify the chemical
gomposition of the tube, The results of alloying
glements in the tube are listed in Table 4.19,

TABLE 4.19 Alloying elements in tube pample.

BElemental composition
Blement (%)
Carbon 8,16
Chromium 0,02
Nickel 0,03
Manganesge 1,07
Molybdanum <Q,01
Vanadium <0, 01
Sulphur Q0,018
Phogphorus 0,024
8ilicon 0,26
Copper 0,01
Cobalt 0,01
Tungsten w0, 03

The tube materlal wag identified ao B$360Z HFLI10, The
tube mierostructure was a ferricic matrix with ASTM
No, 7 grain size and partly sppheriodiczed peatlitc with
carbide digpertion a'ong the grain boundaries.
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Tha severe intergranular corrosion attack on tho
firaside surface of the waterwall tubo wao cauced
by the sulphur-bearing combugtion gagod in the
burner furnage atmogphare. The gulplmr-laden wag
alse rosponcible for the multtlayer seale on thoe
purface and within the aracks. The composition of
the peale wag dotermined by the partial pregsoures
of oxygen amd ouiphur gaeos. A phane ptability
diagram cxplained that iron oxido wai the finm
deponit. to form. Becaugs of the Livgh oxygon pattial
pregourt coquired for eoqal eombuption, a satable
pride formed in tho eombunt fon chambor, rogult g
in cthe formation of Foa0y. The decreage in
oxygon/sulphur partial proudiure ratie and the
subseguont gulphide seale formation roiultod from
pulphur transportation through ceale dofeota
{oulphidation® .

4.4,3, Publication numbar 2:

Kavnor, dygarlicke and Beokke (1094 have wivd geauniug
clogrron migropcopy and oleotron sicroprobo analyaia
{(SEM/EMPA)} te oxpase tha pige, cshine and ehemiolbry ol
the individual ash partielos formed whm coal burng,
The datd wasg thon used ¢ predict ecombustion bhohavinur
and jvg impact on ach doporition and tubo depoaits.
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PLATE 9: Croug-poation of o circumforecntially
croekod waterwnll tube,

(et el vsed Moardlor s T3, o Mot donal doooelation
uf Coreodon Brerltieere)
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4.4, OVERSEAS PUBLICATIONS:
4,4.1, Inftroduction:
The invoetigation inte boileor tubo failures wau furtlor
extonded to regpeareh findings by overseag rogearchorns,
Publications in thio rogard is uped to psupploment and
cuppeort repearch within ESKOM.
4.4.2. Publicatlion number 1.
Invaarigationo inte the eontribution of corresion to

glroumforontial cracking in watorwall beileor tubuoo
(Smith and Marder: 1993) revealed the fellowlieg:

A acircumferentially eracked beiler tubw wis romoved
from the watorwall and tho fivegide purfaen goalwe
romovad. Tho oracking wan oricntod around thn
outoido eirveumforence and originatod at the
firopido purfaeo.

{1i) Ciremmfprontinl microntructurn:
A grego-auctional wiow of tho eireumforentially
arionted ovacko and the corropion products on the
gurface and within the cracks o phiew in Plato v,
A white layeyr in the oechioed microntruaetere and
gouond, dnked in aslony Jayer are ubiorved,
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4.3.4.6. Hardnesg evaluatian:
Tho vickers harduwss (30 kg) of tho tubu wao fouad Lo
be 127 Hvy,
4.3.5. Concluaiony:
Thoe tubon inveptigated were all oxpoond to overhoat ey
for gomoe time. The following eonelusions are madoe for
cagh tubo:
{2}, Tube numhor 3
Tube number @ failed due to eroop damige roeoulting
fram leng torm overhoating, proballdy coused by
parcial bleeakago of cho tube.

£2),, Tubo supbor, 2

Tubo number 2 fadled due bto sovore ovorhoeat g,
aaudcd by ptoam ptarvarlon or oxtormnil foebors,

L3 Tubn numbor 3

Carvbon-melybdopum {L5M03) otools, an opposod Lo
chromium containing otoolo (B80HY/620), are
guoeoptibleo to graphitizavion, Tho tubx wop Al
killed (9,35% Al) inutead of BSADLYSBEI0 proseribaod.
Tho 1G5Me2 wan pudseoptiblo te graphivisation.
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Wall thickness (mm} v 3,6
Pasigl tomperature (°C) ; 479
Dendign prespura (MPa) : 13,3
Opurating hourg i 140 000

d.3.4.30 Vipual oxamination:

The failure repombled threo paratlel wall cvaeks about
30 mm to 50 om from o batt welg, The eracks aloo
repombleod brittle failure and no evidonce of orouion
damage was eboorvod. Aloo, no pltting was oboorved on
the ingide or outpidoe of tho tubuo.

4, 3044, Chemical amalyeio:

Chremdeal analypio of rhe tube indiecated that vho tube
mitorial compliod to 15Mod ingtoad of BS 3097620,
d0d.04,5, Metallography:

Fxaminatien of the parcnt metal with an opticat
wmicrepcopt rovealodg a Iorritie matrix of ASTM No. 4
gyrain gize with a fdae earnidn digperien and coaraoe

glabular earbides on the grain boundrien, The poarlito
wac gplioriodised and fairly doeompound,

g



A2 (400 mm remote of rupture) showed small grained
forritic wakrix with ~Yohular cvarbides on the grain
boundrigs and partly spheriodised pearlire, No cveep
vaids wero observed.

4.3.3.6, Pube hardness evaluation:
The Vickers hardness (20 kg) of the tube (ronoto of
rupture) wag found to be 162 Hv.
4.3.4, Cage gtudy vumbexr 3: A/8/8H J/TH/E2G
(TRT, Projoct Na, 7762M2721, MERJ/7027/on)

J4,3.4,.1, Introducticn:

A failed tube pection of Unit B, Superheator 2, tube R
(in the dead gpace near the outlet header), Blement 24,

from Power Stabtion A; wap analyped by ESROM, "RI,

ded 20 Tube design dimonoions:

The tube deoign dimengiens and operoting conditions of
the vubo at the time of failure are «an follown:

Matorial opeeificarion @ BB A0L8/G20
(urgide diametor (mm) S

i



4.3,3,3, Optical microgeopic evaluation:

An optical microscope was uged to meagure the
penetration depthe of geme pits on the steampide of thu
tube, Pit depths of up to 1,1 nm have boean weasuraod.

1.3.3.4. Tubo wall thickness neqasurommt :

A vernier ¢aliper wap upad Lo meaoure tho onteide
diameter and mindmum wall thicknoos of the tube {(romot o
of rupture). Thio wan given " 46,7 mm and %,5 mm
rogpatively.,

4.3.3.8, Metallegraphic ovaluation:

The two areapn, AL and A2, woroe ovaluatod with an
optiesal micraccope:

Arca Al (at vho thin lip rupturel rovealed o
docomponcd miorontrueturs consioting of a smalj
grained forrivie matrix with eoargo globlar earbidoea
on the grain bouwndrios and sphordodiped poarlite. No
ovidenoe of martonslte could be found ab rhe fracturo
cdgo, Thio indicates that tomporaruren uwld not rvipe
abova auptondtdsatien temeowvaturng, Tt i belioved
that, tomperaturcs wore in the vegion of 6apeC (o 700e¢
whore tho yicld stvesn ef the matorial io low,

M
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4,3.2.6. Tube hardnese evaluation:

The vickers hardness (30kg) of the tube was given as
117 f'v in the locality of the crack, and 136 Hv on the
undamaged part of the tube,

4.3.3. Case study number 2: A/3/Nose tube
{TRI, Pruvject No. 7762M272I, MBJI/H5066/cn)

4.,3,3.1, Intreoduction:

ESROM, TRI performad various analyses on a gection of a
failed nose tube section from Unit 5, Power Station A.

The tube technical data and gpecifications at the time

of fallure is au follows:

Tubae operting time (hours} : +156000
Material specification + BS 3059/440
Outaide diameter (mwm) ; 63,8

Wall thicknesg {(mm) : 5,89
Oparating temerature (°C) : 326
Operalng pressure (MPa) : 11,7

4.3.3,2., Visual examination:
A lengitudinal bural, x250 om long and +200 mm from a

bend in tho tube was pregent in Ehie tube sootion
(pi ate G) .
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Quteide diameter {mm) : 57,18

Wall thickness (mny : 5,385
Operating temperature 9C) : 4140
Operating pr soure (MPa) i 13,1

4.3.2.3. Vipual examination:

Visual examination of the tube section revealed fine
cracks in the longirudinal direction, some venetrating
the tube wall. The cracke extented over a distance of
approximately 23 oem. The cracked alde alsoe phowed thick
aph deposics,

4,3.2.4. Merallographic evaluation:

A replica at the cracked area showed a decomposed
microstructure consleting of a ferrite matrix of ASTM
graln size, with a fine carblde dispertion in the
graines and globular carbides on the grain boundries.

4.3,2.5. Cregp exhanstion saleulations:

Crenp exhaustion calculations showed little anticipated
ereep exhauption, whilst the mierostrunture ab tho
elacked area rovealod axtmgive creep damage rosulting
from leng term avorheating, prod Wly cauped by partial
blogkage of the tube.



The coal seam daca, in conjunction with previous
experience with coal from the game source, can be usad
in efforts to avold bhoth slagging or feuling problems.
The following information is recorded to evaluate the
coal quality and teo identify the impurities in coal:

Overview of coal sceams

Proximate and uitimate analyses of cval
Mineralogical content of coal

Forms of sulphur in coal

Calorific value of coal

Trace elements in coal

Coal petrographic analysic

The coal informotion ig imperative in bullding ap a
coal data baso, especially for power otations with a
history of slagging and foiling preblems, The data bage
will aloo agsidt in the predicion of future coal
qualities where trends are avalaidlable,

5.,2.4. Slagging and fouling experience and data:

§.2.4.1. Coal agll guality:

The followin: data is recorded rto asgese tho plagging
and fouling propencitice of conl asgh:

Ash elomental analysisg

Agh fugion temporaturad
Froguency of oocurrence of slagging or fouding.
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E.2,2. Tube fallure hackground information:

To determine tbe cause(s) of bedilor tubo failureoon/
dotorio-ation, the fallowing information regarding the
failed or degraded tube io recorded:

Date of tube failure

bDrovieus failures in thisc soction

Soctional sidoviow with tube location

Tube eporating hourg (sineoe gommissioning datol
Material gpecification

Dimangional apecifieation

Tube metal temporature

Tubic metal strogg

Tube metal thickuegs

Tube metal mivrontrueturo

Tubg design and eperating prossure

Miajer medilications perfermed in tho area congeriod,

R.2,3. C¢onl pupply and quality:

In thips step the quality of tho aooal supplied to the
oporating unit io evaluated to detopmine any ebvloun
probleme agsoclated thorowith or auay changes in guality
over a eortain poriod. According te Hatt (198¢: 79 to
87), variationg in tho composition of the feod conl can
Joad to a variety of bnilor prablamg.



Fouling tendeoncies aroe aggrovated whon eporakiling at
full lead. Thie ip o rooult of more intonce combastion
at highor flome tomporature cauned by fiving moero coal.
Paramctors froguently identified ap boing smportant are
the follewing:

Unit lead and progouro

Boiler gtoam flow

Boilor ontlot gtoam proasuro

Bailer outlet gteam tomporature

Iwvelg ef carben mentoxide (00 in fluo gas
Exeoo8 oxyqou

Finonesg of pulvericed ecoal

Fuol burnoer maiatuaneo

Propor eoul and adr distribution ameny buruors
Condition and pogition of fuol burners

wall blewer eporating Frogquousy

Condition and pogition of wallblowors and sootblowers,

The follewing boller parametors aro influcnced by coil
propoerticp and showld aloo be roeorvded:

Mnnace exit gag temporaruro

Hoatr releaae por it furnaeo plan adoa
Spacing of econvoction tubog

Flue gag flow pattorn aand volooity
Plue gas tomporatury

Number of wall  and gootblowend,
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§.2.1.1, Beoiler design parameters and operating
conditiong at the time of failur¢ digcovory:

Beilor deosign and boiler operating cenditiens arve
important parametere for predieting the performance of
different coalg more accuratoely than conventionsl
feouling and plagging indieceo based on coal guality
characteristics aleno. Those inglude:

Numbor of oporating wito
Manuracturor and typoe of boilor
Oparating howrs of hoiloy
Numbor of bailor atart-ups.

5,2.1,2, Boiler operating conditiens at tihne of failuro
discovery:

Apart from tho minoral matbter centent in ceal, the

dor aitienal hehavieur of coal ash io algo influcnceod
by boiler wporatlenal poramevoers. Incemplotoe combustian
aff eoul regults dn a loss of coal encrgy in the form of
unburnt carben and carbon meonexide (C0) in the flue
gas. Thoe CO content of tho flue gas ineroanes rapidly
whon the oxeean oxygon falls below 3%,

Canl burning rake ¢an influence feuling whieh can bo
dupr to the partiacle size distributlion of tho eoal, tho
preons aly and the fuecl-air disuribution. Thoe fouliug
hohavieur of coal is also influeneed by the boiller
load.
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5.2'

E.1.6. Tube packaging and trangportation:

The gection of the failed or degraded tube is wrappad
in plastice shooting with the tube ends coverod with
gealing tape. The tube is then txansported to the
chemical and metallurgical laberatories in mch a way
that the integrity of deponits is pregerved. A covering
lettor with tube infermation o any unusual conditiona
or avonts wiieh were noted prior to, during, or aftoey
the failure, must accompany the tube to the laboratory.

STEP 2: BACKOROUND INFORMATION AND TUBE FAILURE HISTORY

Thig step requires data of the holler whore the tulw
degradation/failiure occurred as well as background
information of the tube reomoved., Other information
inelude the quality of fuel supplicd to the operating
unit and a hiptury eof past boiler rube failuren.

5.2.1. Boller data:
Boilor data and operating conditions provide

information on preconses and environmontas te whiceh thoe
coal and agh may have boonl axposed.,
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5,1..4, Intial on-site examination:

Visual axamination of the purrounding ruboo not only
provides data on the cauvses of degradation or failure,
but doterminoes whore ropaivywork ig ko be dong. Thig ic
aloo datte to determine whether any tubes adjacent to
tha failed tube wore damaged ag a rogult of a secondary
failure mechaniom. A carcoful oxamination of adjacest
tubog s warrentr:? o agoura that sroam ontt iy hag ot
agoeunryed and that anotber tube fallure io not inmeswent
Dotaila of failure appearance en the tube duclude:

Appoaranee of fracture gurfonee
Appmddraney and textare of fireailde Jdoposien,

Ropotitave failures in the same locdl arca warpant
furtlier fallure inveatigacion, and failed tube
ppecimons are roquirved for laboratory examinat ioas.

E.1.5. Remeval of failed or degraded tubae:

Approximarely ono morro of tubing is removed from the
boiler, uping clectrie grindera or oawe. The il
ahould be protected againgt ovorheating  Onees thr
gampla Hap been tnleetod, it oshould bo bamdied wilh
eare 1o proporve as omeell information about the faituve
neehaninm oo pounible,
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5.1.2, Location of falled or degraded tube:

The location of the tube io identifiod aud Loggedd into
a eonpuber data cheet on bhoiler tube logg shewt,

Powar Station
it musbor
Boilet gectinu
Elowat ion
Apgomb iy

Row numbas,

5.1.3. Labelling and codification of failad or deogradad
tube:

The tubo ig cleurly marked by placing an idomt itfication

tag on the tube. Idontification codes characterigtic to

that gpoeifie power station unit ig uselul, og.:

Power Stationsimit #/8cction Aosembly/Row #,

Tho sample eriontation io mavked on the tube priov to
romoval :

Gas Flow direerion
Watoy flow divectiod,

Mintographa of the eatire tube bank or adjaennt tubsen

ean provide useful information vegarding the sppeoific
hailor geolion,
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CHAPTER 5

ROOT CAUSE FOR FIRESIDL BOILER TUBE FAILURES

In order to ldentify the possible causes of fireside 'wilar
tube fallures, a comprehengive set of results and
observarions must be available to the investigator for
meaningfus conglusiong and recommendations. The boiler tube
failure root caupe verification method include the gathering
of paysical evidenes or data by determination of critical
parvaneters or the studying o' the available facta through a
gyetematic problom analyois. By combining the information
from the literature studiea, the tube investigacion results
and the cage gtudies, the following steps and guidelineg {ov
firaenide boiler tube invegtigations are presentod:

Sten.l: Removal of the failed or degraded tube and the
decumentation of available data and ebservations

Step.2: Documentation of background information and the
current gtatus of the plant

Step i Chomical and wotallurgical evaluation of the tube
gect lonn removed

Step_d: Identification of the failure mechaniom,
It is lmpertant to note that the abovemantioned atops are
kased on some of the goneral, moot frequent firepide Lube

failures studied, and will thup not necesgarily sult the
nend of all investigationg,
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4.5, FINAL CONCLUSTON:

It is clear from the tube investigations, case studies
and overseas publications that a thorough investigation
i required to identify the failure mechanisme of
fireaide boiler tube fallures. The investigation needs
to be structured and a systematic approach must be
followad to gather the relevant data and to prevent
duplication of analyses,

Different tube failvre mechanismg occure.. on the power
statlons reosaarched. These varied from corrosion/
ercgion to overheating, tube defects and thermal
fatigue. In wmost causes, erch tube failure required its
own individual investigation.

Modern analyses tachnigques are recommended for studying
ash deposite and slags on the fi-eside surface of
boiler tubes. SLM is regarded ag a useful tool for
viewing fracture surfaces and for determining the mode
ot fracture. EDS ig used to identify the elements
present in fireside deposits thrcugh analysis of the
bulk deposit, This is done by performing EDS directly
on a large area of the tube gurfacs or a ¢rogg-gection
through the deposit. X-ray analyses are used for
alemental and mineralogical analyses of deposilts while
SEM/EMPA are effectively applied to analyse complex ash
fouling products.
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SEM/EMPA has outstanding potential for analysing
complax ash-fouling materials in the depositioning
stage. The products of ash-fouling processes are easily
identified, gquantitatively described and traced

through combustion systems.

Karner et. al. have suggested four steps to solve the
prablemg of depogit formation on boiler tubes:

(i) Step 3i: The critical boiler zones where ash
deposition cocurs, is identified,

(11) Step 2: Micro-anglysis ig used to demtermine the
fouling mechanisms by identifying key inorganic
coal components that interact in the combustion
environment to form ash deposits,

(iii) Step 3: Operational parameters are optimised
through the mechanistic insights gained through
migro-analysis, The causes of potential and,
actual fouling when combined with combustion
experience, is effectively highlighted with
SEM/EMFA.,

(iv) S8tep 4; Computer models are used to solve complex
boiler fouling mechanisnig as well as Iin cases
where deposit buildup is severe. This techrigue
ig upad to integrate relevant informaticn which
is then used to select the appropiate coal and
changes in operating conditicns.
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indicates the presence of corrogive complex sulphates.

The thin middle layer, white to yellewish in c¢olour,
containg complex alkali-iron sulphates such as

NaqFe {804} 3 and KiFe(804)3, identified by X-ray
analysia, This layer often containg higher lovels of
godium, potamsium and gulphur than deen the pavont goal
ash.

Tha tightly bouded black, inner layar io compogod
primarily of corrosion preduets, i.e. oxider, culfidoo
and sulphateg of irom, and othor alleying cloments in
the boller tube steal.

The presence of spulphur in the ash depooito indicaton
tha : the propensity for ceoal ash corresion oxiotp.
Liquid ash corrosion invelving alkali-iren

trisulphates would be expocted of conl agh conotituwomts
having melting pointp betwean 552°C and 421°C. An
eundothermic peak at 640°C on a DTA curve indicatog the
fusion point of Nu,Fe(804)4 formed by reactlon (5a),

3NagB04 + 3803 + FeaOy =v 2NazFe(804) 3 t5a)

A asteep slepe boyond 600°C on o TG ouve indicateon e
docomposition of NasFo(804)3.

Corresien rateg are high on cuperhoator and rolicator
tubes where the tomperature rangen bhetwoeen 593°¢ and
a0, Upon rvomoval of the ficegide doposit, Lho

corvoded rogiong will have a pltted corrosion patitorn
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Metallographic examinations of the failed tubo way alao
reveal that impingement of the high velocity fly ach
particles has caused micropcopic plastie deformacion an
thiimmed tube surfaces.

5.4.3.2.2. Boatbhlawer oroai mn;

Votal surtaces aro nosmally omootl and eonly a thin
ox.de layer (if ouy) normally oveurs If attack i
frool. Dopesito and oxiden will cover tbhinned oavfaeos
if attaeck io old ar intermittont. Thinncd puriocon
ofton ahow oballow wavelike ptriations, aligned
puorpoendiculary te recam flew asroop the fircside
surfoce. Bulging o uoually aboent wiilo rupturo odaen
aro normally thin and ragged.

n.d. 3.3, Pivegide corropion:
5.4.3.3.1. Coal agh eorrenlon:

tworhoating may lead to acenloratod exidation of the
vube fivnide to produeo thickonoed, hard ooalon.
Corrogica ig anoogiaved wirh doposito that aro obvongly
honded to the metal gurface. Such doponito consintas

ui throe digtiner loayoro:

The pintorad outor tayoer io a bulkby layey with

olomontal eomponition oimilar ro chal of {1y aoh., A
neaoured pH oof thio layer around 3,5 popitivaly

ok



5.-1.3.2.2. Short term ovorheating:

Metallographie axaminationg are normally applicd ta
ideptr ify the presence of short term ovorheating.
Seutioning of the tube io roquired oy microsoopic
examination. The following factors are oftoen progont
in failurco caused by short torm overhoat big:

- bulgineg

- uniteorm tubn oxpansion
violont rupture: A thiek walled longitudinal ruptare
miy be caudod by vory rapid ovorheating, virtwally
idontdeal tube ciroamforoneons o boe proogont at e
rpbure and away frem the burgt, Such fallures
gomct ines oceur whon tomporaturon oxcood TR0, Hlo
torm overhicating in whiel buldging oceurred belfore
rupture may aloo produee a longitudinal fioh-mouth
rapture
aboouen of thiek watorgide depocitp ol moaemetite
Layoig
vater ehemiotry bhould unet play o sigmifieant role iy
thiu cype of tube faihwo.

hododod, Brogion
Haotod.0, 1, Ply awoh erooion:
Tadygn tbion of the rapture pite of the tubt yevoals uo

avorhoat ing or corronion while firoeido dopouit layors
arve ofvem mueh thinmer on wastod eesgiong,
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5,4,.3.1.,1. Long uerm overheating:

The occurrence of long term evcrheating can boot
bo ascarcain by metallographlc examination of tha
failed tube while vipual ingpectlon is required to
identify bulging, oxidation, or spalling.

Tuben gubjocted to long tarm overheating are either
ruptured or bulged. The rupturs ig almogt alwayo
longitudinal with « figh-mouth ghape., Bulging and a
thin-lip rupture indicate govove overboating. The
absenge of martenoitn at the odge of the thin lip
fracsture indieatos that the tompratures did oot ripe
abesre auotenitisatien tomperaturo. Metol tomporatures
arc generally highor at bulgeo than in the surroundimg
motal arod.

A thiek, brittle wmagnetite layor near the failuve
indicatoe rhae deopopitp have ingsulaced oo subo wall
from gooling offocte of tho wator., Interual dopooitu
are ofton hard and orratificd and tend to ghow multiplo
layern of differont colour and toxture, The imuor layor
attaehod to the tube purface io havdor ang moro
tenaaioun,

Cravcking of the fircpide peale and deformation of the
grairs on the firegide indicato cho doformat ion of the
{ivanide of the tube, Spalling of the oxide layer at
the mlge reowleon in tube wall thimndng ia the {ailed
Lk,
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the main component of the porous siag. Quartu, undern
very high tonype cature condicions, becomes part of the
aluminoeisicats glasa.

bPhogphoius in the apotitc minaral (Jals 3CayPa0g) can
volatalize under suitakle eocdicions bo form PaOg, a
high bemperaturée comeni in vlag depesits. Depopit
formation ip alao a funelou of the boron and fluorine
gontonko in ehe coal,

§.4.3. Tube failuroe mechandnom:

Tho following moct. frogquont fallure mechaniomp
oxperleneod in BSKOM boilers wore Jogived from the
literature, chomical and mctallurglical investigarions,
gage gtudien and overseas publications {(Southwont
Regearch Inptitute 1985: 5-1 to §-14: Port and Horro
i991: 29 te 85, 182 to 202; and ESKOM, Technology,
Ropoareh and Inveotlgations) :

5.4.3.1., Croop rupsure {(Strego rupturol:

Failure duc to eroop oxhauwstion ig ruevealed by the
micragtrugture of Lo tubo. Croop rupturoe upually
produecs o thick-lipped rupruro at the apex of o bulgo.
The rupture will bo large with a fich-mouth ohapoe or a
omall lengitudinal tigoure at the apox or a oxldizod
bulge will bo pregont, The micrvestrunturo and magnot {to
laynr at the bulge indicata thar extromely hiegh

tomprat uren wore odporioneed u vhis area,
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5.4, BTE?P 4: IDENTIFICATION OF FAILURE MECHANISMS
5.4.1, Introductlon:

The invoestigation inte boiler tube failurcs has tho
potential to determine the root cause of glagging
problema ov gpegific tube failures/detorioration.
Purtormore, tho root eause van lead to the
implomentatcion of corroctive meacurcy which could
climinate or reduct the ponglbility of a recurronce.

5.4.2. 8lag formation:

Whore depesits arc preoeut on tho firesido of a tube,
digtinctien must be made between glag dopecito {melton
depopitg) and fouling dopogits (dopegits bonded by
pulphate poles).

Slag fermation rcan normally bo oxpectod whon tho
tomporature difforonee botween the initial detormation
tomporature and thoe coftening peaint of the veal ash 1o
lepe than 100°C. A high aeid/bape ratio, caleulatod
from the ash elomontal eowpegition, indicates o high
glagging indox for the pame seal anh,

The abponee of quarts (8i0y) and the preeconce of
anerthite (CahladlaOg) in plag deopoolto indicace that
tho coal ach partielon have boon oxposod to oxtromely
high temperaturen, Anorthite ig only formod under vory
high tomporature eonditions and eryniallise to form
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5.3,2.2.

Chemical analygis of boller deposits:

Different analysen techniques for tube depesoitp are

liptod ian Table 5.2.

TABLE 5.2 Analysen technigques for firveside beiler

deposits.

MR ok s LK LD ISR AL S L Ll T

Analyole Technique

ar =,

X-yvay Diffraction (XRD)

X-ray Fluorosoontge (XRF)

Seanning Eleoetron Micropoopy
{SEM)

BEM combincd with Enorgy
bipporvoilve X-ray SpocLreoscopoe
{Combinod SEM-EDS)

Bpeetrochomical analyoio
Atoemic Abporbtion

Thormegraphie Analyoio (TOA)
and Difforeatial Thormal
Analyoin (DTA)

Bloetron prebe miereanalyoic
{EPMA)

wavelongth Dioporoivo
apocrroneapy (WNHH)

AhE

R
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Debarminakion
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Mincral o arystol
(minor/major} phagen

Elomontal conteut

Spociman purfaco
topography

Elemontal contont: of
olemonts with atomic
nunbors abovoe tou

Major, minoer and
traco olomont.s

Acid or wator goluble
cotint ibuontn

Melting temporaturon,
phace identificatium
of eaeh layor

Doposit compocition

Doponit olemont ol
diotribution
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In slags, bonding is produced by melting or fusion of
the agh particles. In fouling deposits the ash

particles are bound tegether by sulfate palts (Baboock
and Willecox 1973; and Hatt aund Rimwmer 1889 40 to 44).

TABLE 5.1 Megascopic depogit claggification system
(Hatt and Rimmer 1989%: 41).

Categoxy

b akar e e

»ropertiaes

i W e 3T R e i

A T L P e R R T e T T LI D aden A e e pe

Commonly derived from
pyritos dutring combuot i
under reducing conditiong

Found in high tompetabture
zonos of the hoiler and
with low funlon coal

Anorphoust plog

Partially fuced partieles
eommonly found in bailer
conveation zouen

Cannot be brokon with tho
handg, only with a teol

Can bo brokon witlh hoandsn
but. decs net orumblno

Dopooite erunblea whon
handled

Uueonnaiidated Dunt acounmulution

«131.1-

Depoalt
Molten Metallic
dopoad ta
Amorphous
Vosicular
Sintored
Fouling Very otrong
daposita
strongy
Woalk
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5.3.7. Removal of the fireside deposits and geparation
of the different layers for analyasis:

The o:jective of sampling and analysis of boiler
depos.ts ig to determine their formation mechanism.
Where a spesific deposit is congtituted of various
layers, gpecial care mugt he taken to separate thege
layers as accurate as pogeible.

5.3.8. Surface morphology of the tube firesilde surface:

The morpholegy of the fireside deposits provides key
information «about the mechanigms responsible for
grosion and coryvoeion,

5.3.8%. Chaructexrination and chemical analysis of
deponits;

It ig advisable teo ebtain more information absut tho
phyoical nature of a depeosit before the various
analyases of the deposits are performed.

5.3.8.1. Deposit clagssificatien systom:
vipual oxamination of the firepide deposit providen
the firot cluag of the ecaupe and extont of rhe deposit.

Tabkle 5.1 c¢lasgifics doposits ag either slag deposits
or fouling doposnits.
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5.3.4., Removal of a tube pectlon for material
identification:

Tubg materilal ldemtificaticn is an important step in
prder to verify that the tubr material conforma to the
manufacter's specification, Thip also determines
whether the degigned tube material was installed during
boiler construction, and whether the designed material
is appropiate for the boiler operating conditions. The
X-Ray Fluorescence Spectrometry (XRF) technique is
normally applied for tube material identification.

5,3,5, HMetallographic evaluation of tube sectlonsg:

The following tube data is required for metallographie
evaluation:

Mierootructural degradation

Bitting (pit shape and pit depth)

Crack or cavity morphology

Tube wall thinning

Pregenve of wealds and bends

Texturo and thickness ef fireside depogits.

5.3.6, Tube hardness evaluablon:
Tube hardness evaluation provides information regardineg

the changes in the tube matorial structure. The vickors
hardneoas testor can be uged for this measurement.



5.3. ST4P 3t CHEMICAL AND METALLURGICAL EVALUATION OF TUBES
SECTIONS

This section describas the features of the tube and its
fireside deposits which uniguely identify the dominant
damage modes which were active,

5.3.1, fube log-in:

On ite arrival at the chemical laboratory, the boiler
tube gection ils provided with a tag containing its
serial number and other useful information.

5.3.2. Chemical and metallurglcal exemination route:

A systematic beiler evaluation plan is developed to
engure that all required analyses are accurately
performed by following a logic route through the
laboratory and algo to prevent duplication of analysis.

5.3.3. Visual examinastion and photo documentation
of the as-received tube:

Visual examination of the failed tube can give the
investigator a rough idea of the most likely causes of
the fallure. This c¢an then be verified by further
investigations. Colour phetographe are taken to
highlight a specific area of interest, eg. bhulging,
rupture, ash bulld-up or pitting.
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5.2.4,2. Calculation of glagging and fouling indices:

Slagging and fouling problems that occur in coal
boilers are complex because the mechanisms by which the
dapogite are formed are complex, Depoaif: problems can
aloo originate from the cosl, the boiler design, o
boiler operating conditiong. The following ratios can
predict slagging and fouling tendencies:

Rase/acid ratio
Slagging index
Fouling index.

5.2.5. Boilaer tube Eallure higtory:

A record of previous tube failures for each unit should
ba kept and updated for each power statiomn, eg.:

Power Tnit Area of Cause of Date of
station # fadllure Fallure fallure

By logging thig information, a tube failure trerd can
be emtablighed for each unit as well as the total
failure per annum per powar gstation.
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Cold-~end gcoxxrosion:
Normal location in boller: Alr heatcors/ocdonomicers
Most common primary featureg: Presence of fircaide
deposite/corrosion products

Common examination techniguos: XRD

Possilble causes/contributing factors: Auvid attack dun
ke condonpation of Hu80,

Doual remedial ackiong: Control exeeos +'p, control
motal temporatures and £luo gas temparatures.
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Dafacts,

Narmal locationn in boller: Bellor tube goctdong

Mopt common primary foatureg: Intornal voids/oracko,
pin hele burng, matorial deficiongy (tubo ruptura)
Commen examination techniquos: Nendepurugtivo
topting teohnigquog, wisual cxamination

Poggible eauseg/contributing faeters: befoot ivoswrong
tube matoerial, poeor workmanghip, tube contraction or
oxpansion

Uoual romedial actions; Good workmanship, tubn
matorial comply te dosigned speaification, prepor
quality contrel/quality agsuranee.
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Conl anh cowronion:

Normal locarien in bailer: Superheaters and roheatorg
Magt common foatures: Typical fironide deponit, tube
motral wagtage, pitted cerrogien patterns, tubo
microstructural degradation (tube rupture)

Commett oxanination technigues: XRD, XRF, IMTA, 8EM EDS
Pogoible cauges/eoutribuating factors: High lavela ol
Na, X, 8, and Fo in coal [Nag or K3Fo(804) 3 complex],
high tubo motal temperaturos

frewad romedial actiono: Mol treatment additives, pagd
wolding or theimal opray coatings.

011 _anh corrasion:

Normal Tocatien in beilov: Superhoaters and rcheaters
Mege common pramey foarured: Proponce of cerrvosive
0.4

;'@nﬁ%@n cxaminat ion techniques: Moaruroment of welting
painto of firegido constituonty

Pongiblo eauses/eoneributing factorg: High lovele ol
Na, Vv and 8 in oil, oxacoo amounto of oxeoco alr forn
Pa0q formation, high tube motal tomporaturoc

Usual romeodial actions: Fuol treatment additives, low
oxeceso aillr te rotard VolOg formation, control tube
motal tomporacurog holow HWice,
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Wate wall coxrosion:
Noymad location in boilor: Burner/wingbox area

Moar commen foatursd: Cirveuamforearial oraekir ),
garhon partiele impingemen. or direet flamn
impingoment

Comment examination toehniqueg: XRD, DTA, BEDS, LOM,
WPMA, WDS§

Magiblo caugosseontribot ing faetors: High ©0 lovola
in flue gas, high cavbon content in ash, and high
chiacidge lovela in eaal

Uaunad romodial actiond: Improve buvning aefficioncy,
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Short term overheating:

Normal logation in bodler: Superhoaters and relieatoers
Most common primary featureg: Uniform tube oxpangion,
bulging, violent rupture

Common examindtion tochnigques: Tube metallographic
and microgeopic examinations

Posgible eaugeg/ecoutributing factorg: High vty - metal
temperatures (caused by steam starvation)

oual remedial actions: Optimal bollor operation,
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Normal location in bailor: Beonomioors, ouporhioators
and rolleatary

Mogt common primary Featurog: Poliched flat opotu,
roduetion in tubo wall thicknopgs

Commoen examination teechnigques: Tube metallographic
gramination and vipual inppeetion

Jogoible causes/contributing factorg: Righ velooity
fly ash particles striking the tubo

Usual remodial actions: Pad wolding or gpray coatiig,
inptallation of bhafflep or oeveons.

Twrm LN

foutblower oreopion:

Normal leeation in boiler: Tubos fioar wall mat rangen
or wall blewors

Most common primqry fedturos: Thin, raggod rupture
cdges, oot metal vurfacon (flat apotg), abooenen of
bulegen

Common examination technigques: Vigual oxamina ion and
ultraneniec tubo wall thieknogs meaouronento

Poggible eausesseontyributing factorg: Malfunetion of
pootblowing ayetom

Uoual remedial actions: Alignmont of doothlowers,
apray coating or pad welding.
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5.4,4. Conclusion:

By combining all the concluglons, ease studion,
publicationg, and literaturc information reforred to in
chapters 1 to 5, gome important information required
for fireside boiler tube invostiguations are summarisoed
in Table 5.3:

TABLE 5.3: Summary of [irepido boiler rube informat lom

glag formation:

Normal leeation in beilor: Superheators and roheaters
Most eommen primary foaturoer High olagging indox
Commen exagmitnation tochndiguen: XRLD, XRF, DTA, BbS,
SEM, SiIM-EMPA

Poppible cauaag/eontributing faetors: Buildup of
moiton ceoal ash Aopagite on £iropide holler surtaeces
Usual romedial aetiong: Effcative poutblowing and
soot blowing programmng,

Long . term overhoating:

Normal leocation in boilor: Mostly wall tubes,
rohealorsg, and puporhoatoen

Mogt commen primary Feature: Tube »upture io
normally procccded by ginglo or multiple hulgen
Common oxamination teehniqueg: Visal inopoet ion and
motallegraphic cxamlnation

Pogoibic cauvges/coutributing facterg: overheat ing
cauoed by dnponito insulating thoe tube

Ueual remedial actiong: Geod warcer eliomlotyy to
provont intornal depogita, sprimad bollen oporation.
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5,4,3,.4. Defects (Port and Herro 1991: 2237-284):
5.4.3.4.1, Wolding defeeto:

Sharp edges at the weld-tube interfacen, which remained
after the welding process, act ag stoesg raisers which
could indtiate cracking. A f£ailed tubo may also slhiow o
pin hole burnt through the tube wall from the outside
to the ingide, caused during welding of adjacont tubesg.
Weld fallures in a heat affected sone may be causod by
contraction and coxpangion of the tubo,

5.4.3.4.2. Forming defecto:

Scam or lap defocts in ceamleps tublng may oceur in
unwelded tuboo as a repult saf intornal voidae or cracks,
er ag a rosult of faulty methods or otecl volling in
the oreel mill,

5.4.3.4.3, Material defoetn:

The vealing tomporature and the puscoptribilily to ercop
are the two oritical faetors in matcerinls deficicney.
Thig typieally invelvan tho uoe of unalloyed earhon
gteel in suporhoators and rehoatorn whore low-adloy
otrealp would be roquired (Port and Herroe 19%1: 241),
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{iii) Wavelenght Disperaive Shectroscony [(WDRG) @

WDS element X-ray mapping showed the iron and culplur
elemental distribution in the two layers. The region of
the craclk possesed a high sulphur concentration while
the centre region algo contained iron but not to the
degree of the surreunding scale.

{iv) Energy Dispersgive X.ray sapactrascoby. EDS):

ENS repults of both layers rovealed that iron aud
gulphur dominated the corrosion proeduet with minimal
contributien from othor elementg, og. chromium and
aluminium.

dvi _Xeray Niffraction (XRD) s

XRD resultp of deposit samples indicated that the outer
gcale contained mullite, Ala0q-28103:2H30 and hematite,
Fealy. No sulphur was detected, probably dun to the
large background intensity, resulted from eonbaminanto
in the outer layer, og. unburnt coal partiecloes.

5.4,3.3,4, Cold-end corrosion:

By uping XRD, eold-end gerrosion may be rovealed by tho
pregencoe of tfireolde deponits and corrogion products

ag hydrated irem sulphats (Port and Herro 1381: 144},
The flreside of the tube will be pitted whore corrogiot
hag oceurred,



5,4.3.3.3.2. Circumferential cracking:

Cireumferential craking with deep, finger-like
penetrations wmay ocour if corrosive ash and gyclice
thermal stresses are both present. The cracking is
oriented around the outside circumference of the tube
and originates on the fireside surface (Electric Power
Rosearch Institute 1983: 3 - LB4, TR- 102433-VI; and
Smith and Marder: 1992).

Smith and Marker (1992) used the following analytical
techrniques Lo study the fireside of a 0,5Cr-0, %Mo and

2,250r-1M0 low alley watcrwall tube:

1) Dight optical micronecopy (1L.0M):

A crogp-gection view of the clrcumferentially

oriented cracks showed that the crack in the ¢entre of
the micrograph had a secondary crack branch propagating
perpendicular te the original crack, Two layers were
identified on the fireside surfaces. The ono layor
appeared white in the etched microstructure, while the
otiler layer wag significantly darker in colour.

Lii) Rleeryon prolw micreanclynia (WEMA) :

Secondary electron image (SEI) of a gircumferential
crack tip, ag rocoxded from the EPMA, nhowaed thar the
compogition of the dual products on the tube surface
and within the cracks were distinctly different.,
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{Nap0) to vanadium oxide {Vy05) ratic is about 1:5
{(French 19B83: 203}.

£.4.3.3.3. Waterwall firemide corrosion:

Two sub-gectlonsg of waterwall fireside corros’on are
described, wvisa:

5.4.3.3.3.1. Raducing atmosphere corrosion:

The sigung of potentlal reducing atmosphere firsside
corrogion problems are listed ag follows (Southwest
Regearch Ingtitute 1985: 4-10):

(i) Carbon monoxide levels greater than 10 ppm in
flue gasz,

{ii} Carbon content greater than 3% in the coal agh,
and

{ili) Chloride levels greater than 0,8% in the coal,

Carbon particle ilmpingement cr direct flame impingement
may be revealed during visual inspection of those
waterwalls experiencing firesild: corrosion. The
pregence of sulphur, carl: diun .md potassium can
be detected by EDS analywi: . metallographic tube
¢rogg sectiong. The melting peints of compounds present
in the slag deposits can be dehgrmined by DTA,



while wastage flats will be located at the 2 o'clock
and 10 o'cleck assvbors when viewed in cross-section,
{Rabcock and Wilcox 1978: 15-19 to 1l5-20; Battelle
Columbug Diviasion 1887:; 2-11; Southwest Regearch
Ingtitute 1985: 4-16; Port and Hero 1951: 130-131;
Cain and Nelson 1961: 468; BElectyic Power Researct
Institute TR-102432-VI; and Pollmann 1994
Unpublished) ,

5.4,3.3.2. 0il agh ecorrcgion:

A corroplve olag may develop under the following
circumgtances {Port and Herro 1591: 124):

(i) The upe of Fuel oil that containg high levels
of gediun, vanadium or sulphur, or combinations
of these eclements,

(i1) Availability of excess amounts of excess air for
the formation of Vy0g, and

(iii) Operation that produces tube metal temparatures
above 593°C,

The preseuce of a ligquid ash ¢ . be confiremd by
meapuring the melting poincs of fireside constiltuents.
Sevaere 0il ash corresion ig likely when the vanadium/
godium ratio is near 2:1 (Needham and Jones 1984: 32).
The greatest wastage occurs when the sodium oxide
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