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ABSTRAeT 

This paper discusses several important types of 
turbine blading failure. A revíew of the basíc cau
ses of blading 	faílures, e.g. fatigue, corrosíon, 
stress corrosion cracking, erosion, etc •• is given. 
Procedures tor 	 calculating stresses associated with 
such failures and the number of cycles to failure 
are 	reviewed. The familiar Gaodman diagram proce
dUTe Eor cycles to rack initation in included, 
plus a fracture mechauics approach to give the num
ber 	of propagation cycles . Four case histories oi 
turbine blade failure are described in detail , in 
cluding operating conditions, diagnostic procedures 
uSed, determination of failure cause , and remedies 
chosen to avoid further blading f ailures , in each 
case. 13 re[erences to the subject literature are 
given. 

RESUMEN 

En este trabajo se discuten varios tipos im
portantes de fallas de álabes de turbinas. Se revi
san las causas fundamentales de dichas fallas , ta
les como fatiga, corrosión , ruptura por ~sfuerzos 
de corrosión, erosión, etc. También se ~evisan l os 
procedimientos para el cálculo de los esfue~zos a
sociados a tales fallas y para el número de cí~los 
antes de la ralla. Se incluye el conocido procedi
mient o del diagrama de Goodman par3 ~l cálculo del 
número le ciclos antes del comienzo de Id ruptura, 
as] como también una interpretación del mecanismo 
de ruptura que permite calcul ar el número de c iclos 
de propagación. Se describen o detalle CUBrro ca
sos de fallas de álabes dio turbinas, incll\yendo 
condiciones de operación. el procedimiento usado 
para e l diagnóstico, la determinación de la causa 
.le la [,üla y los remedios escog' dos para impedir 
nuevas fallas en cada caso . Se dan 13 referencias 
bib liográficas . 

INTRODUCTtON 

Service failures o[ Lur bine blades are infr e 
'luen t but cosrly events. Electrical utility records 
sbow nearly JO percent of aL! steam turbine forced 
outages ar e attr ibutable to blacie problems such a · 
'racking, erosion, component fracture, etc. Blade 
related turbine outages may range from several days 
ior a simple blade replacemenr in a small unit, to 
several montha r10wntime for a siUn.lfi,·ant blading 
fal.lure .ln a large unir Wl.th consequential damage . 
Outage dura tion i.s obvü'usly in[luclI ed by t he 

SOME SERVICE PROBLEMS OF TURBINE BLAOES : 


FACTORS AFFECTlNG DIAGNOSIS ANO CORRECTION 


avaílabíli ty of replacement parts, as ~ell as re
pair time. Similar círcumstances appl y to process 
dríve turb ines and to marine propulsion turbínes. 

This paper discusses several causes of steam 
turbine blading faílures, ~íth importaat factors 
relatiag to these failur.e auses . Corrective mea
sures which have been used succesfully in the 
past to overcome suchproblems ar!!. indicated. Know
ledge of potential problem areas "nd of ~orrective 
measures is of value to designers and turbine oper
ators wishing 	to avoid similar problems .ln the fu
ture. Procedures for the analysis of stress-related 
bladiag failures involving both high-cycle and low
cycle fatigue are descríbed. These procedures per
mi t quantl.tative assessments ro be made of cases 
in olving major stress-related f.1ilure mechanisms 
such as fatigue, corrosion fatigue, and stress cor
rrosion. Several case histories of blacie failures 
are described, Lo¡;ether wit'1 l, rn:t iNl T~"edies 
which were used to overcome these [nilures . 

Host blading problems prese.nt snd unclear vari 
ety of evidence when the turbine is tirst opened . 
The [irse task is to carefully record and eva luate 
the failure data :md opecatl.ng concliti<111s whi,h 
the blading has experienced, when looking for che 
cause of a given problem. 1.Jentir i c·;itüm ')[ the 
failure cause is the first major step tO\Jard pre 
scrl.bing an effective ,;ulULion . How~v~r , pl:oblem 
diagnosis may be secondary obj ec tive l..O lhe pe
r ioe! i rnnedia te following the failure. "'he turbine 
operator usunlly wants to 'get running'~~3Ln, using 
sorne interim arrangemen t such as r'uLading with 
available replarements or removal of Lhe lamaged 
row. Proper ly u tilized • this fiÍ~ua t ion uf f ers a 
valuable time-opportunity for thnrough l.nvestiga
tion and diagnosi~ of t he problem as basis or a 
or~ permanent 	fL~ to be inslalled at d futu r aut 

age. 

BLADE LOADING CONDITIONS 

The ability of a blade tO support Lts applied 
loads depends on ; 

a . 	 Strengt h of blade materi 1 i n its env i roument 

b . 	 Magnitude 3n,I d i slribulion uf st'!ady meiJ.n 
stresses 

c. 	 Magni t ude and distribution oi aJ terning s t ress
,"'s 
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d. 	 Loaning his tor y, incl uding power and overspeed 
co nditions 

Strength oE t he bl ade material is in:luenced by 
pnssiblc corrosive effects i n thp- enviro~~ent , by 
mean and alternating stress l ~J~ ' s ) by transient 
peak overload condicions, and by the number of ap 
plied load cycles . Turbine blades may be subject to 
complex three - dimcnsí.onal st r ess contlil i ons a t 
their attachments to adjacent blades in the group. 
and a t their at t achments co the Tim of t he dl~k. 

80th the mean stresses and the alternalLnll strc5ses 
hav~ localized maximum values at such l ocations , ie 
at the c.over-tenon junction , a t rhe ti,,-\o/ire at 
tachments ar cc r tain l ocations i n the airfoil sec 
tion, at the airfolpla t form j unction , and in the 
blad e root/disk attachmen t region. The mean stress 
value depends on centrifugal and steam loading con
ditions . A~ternating stn,ssps resulr [ r (Jm stuan' 
(snd o rher) dynamic stimuli, fr'/m the modal re
sponse properties of the blade gro..p, from the de 
gree of modal damping i nvolved, and from the ~xtent 
of 	 che dynamic coupling whích occurs between 
the 	stimulus aud the bl ade group m¡';d.~s. Loadinr, 
history involves such [ac cors as overspeed events, 
base load operaríon vs. peaking oper ation, snd ma 
chine MWe load profile. It also may involve more 
subtle J ynnrnic fa ·ctors su ' h as eln.:umfe1·ential 
pressure distribution resulting from exháust hood 
geometry, from reheat / extraetion port Jocatious , 
Bize, and arrangements, and from ~~niFold strut - ar 
rangement6, water ingestion, condenser vacuum rup
ture, and electrical line-switcl~ng transient con
ditions . 

DIAGNOSIS OF FAlLURE MECHANISM 

A variety of vibrarion sources msy exist within 
a t ur bina stage, but in most i nstances the result 
ing blaJe vibrarion amplitudes and assoeiated 
stress levels are smal l and illsigniEicant:. Oc:cs
sional cases have been observed where the vibration 
amplitudes oE blades were shown to be large enough 
to have caused blade fail ure by fatigue. More fre 
quently, blade vibration plus some other signifi 
cant factur o eg corrosion, residual strcsses, was 
úlvolved . Correct diagnosis of the failure meeha
nism is necessary before modifications can be pro
pased with confidence. !he Eollowing questions may 
previde useful informa tian when seeking the cause 
(s) 	ai a given bJade failure: 

a. Does the evidence suggest that failure was due 
[o (i) high cycle fatigue, (ii) low cycle fatigue, 
(iii) stress corrosion , (iv ) con::osion assisted fa
tigue, (v ) erosion , (vi) creep , (vii ) ocher sour
ces, eg water inges tion? 

b. Wha t were the tangential , axial, and group nat
ural fr equenc i es of che blades under operating con
ditions~ What were che associated mode shapes? 

c . Was resonance possible between any blade group 
mode and any per-rev excitation harmonic (lx, 2x, 
etc. H 

d. 	 Was resonance poss ible between any blade group 

mode and any hllrmonic of noz?le-pa5" i ng frequency 
(l x NPF, 2 x NPF, ----) 

e. TNhere was the fail ure inita t ion "ite loeated. 
\~as t here evídence of l ocal damage frOlD corrosion, 
eros i on , impac t, or other init i a t iog cause in that 
region? 

f. Wha t are t he operar i og load and speed cycle 
hi s t ory de t ails f or t he machi ne sinc:e the ori ginal 
sp' n pit proving tests? Ho\o/ many overspeed governor 
trips have occurred ? What speeds were reached in 
suc:h cases ? 

g. Io.'ha t was t he chemi cal history of the steam op
erating condítioos. lfuere was this sampl ed? 

Other considerations such as location cf Wilson 
!ine in the machine, electr i cal ne twork load varia
tion dets i l s, and unit [herma! cycling profile de
tails may also be important. Sorne known f eatures of 
sever al importanc blade fai lure mechanísm are dis 
c:ussed in t he fol l owing seccion o It is evident tha t 
moni t oring of speed and load to identify any tran
sient conditions can provide important diagnostic 
informa tion i n such instances. 

TYPES OF BLADrNG PROBLEMS 

A. 	 Fatigue 

Fatigue in turbine blades is broadly classified 
as either high-cycle fatigue or low-cyC:le fa tigue. 
High- cycle ratigue is generally associated wich a 
high mean stress level and moderate dynamíe stress
es . With high- cycle fatigue , a large portion oE the 
time to failure is taken up with the iuitation of 
the fatigue crack. When a crack develops, the 
stresses a t the crack front are much increased, and 
crack propagatian usually takes place quite rapidly 
under the same alternating blade load which caused 
the crack co initiate. 

Low-cycl e fatigue is eommonly associated with 
fewer load cyc les applied through a much larger 
stress range than tha t which occurs with high-cyele 
fatigue. A typícal low-cycle fatigue would be from 
zero to maximun stress, sueh as t he star-stop cy
c ling of a blade or disk to centrifugal force. Por 
any turbine blade i n which the local maximum stress 
exceeds the material yield p01n t during the load 
cyeles wi l l be needed to cause a erack to initiate 
(snd subsequently to propaga te) compared with che 
cracking and propagation rates observed in high
cycle fatigue. 

Many sources of harmoni c: stress exist in tur
bine blade applications. Steady hannonic: excita
tians are c'ontinously applied to che bl.ldes from 
many aources suc h as nozzle wake excitations . Under 
resonant conditions, these excitations may cause 
large dynamic stresse8 to occur in a blade due to 
the low damping which exis t s in most turbine 
blades. Transient blade excitations of large magni
tude may also occur. and cause transient vibrari on 
stresses t o occur. Such transients may arise from 
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network electrical fault conditions at the genera
tor, or from partlal steam admission on start-up, 
and so on. Intermittent blade vibrations evidently 
tend to cause slower overall crack growth rates, 
but the growth increment can be largar where l arge 
dynamic stresses are invol ved. 

High-cycle fatigue failures can usually be rec 
ognized by Vlsual inspection from the characteris
tic partero of lines (called beach marks) which ra
diate from the fatigue crack site. The surface may 
be uniformly polished írom the rubbing of the crack 
suriaces against each other during vibration. The 
surface may also be tinted, depending on whether 
·corrosion has ocurred from the gasl steam environ
mento Frequently there is intermittent growth of 
the fatigue surface. This indicates intermittent 
growth of the fatigue crack, showing that crack
ariving excitarion · was not onsrantly applied 
rhrougbout the blade fatigue life. See figure 1 • 

Many hi gh-cyele bIade fatigue [ailures or1gi
uare at some struetural discollt i nuity or stress 
raiser. Such faílures ~re frequently relatecl to 
steady h1gh local stresses, ee. frcm centrifugal 
blade loading, as well as dynamic streases. With 
high steady srresses, more moderate vibratory 
srresses may cause a crack to initiate and propa
gate from che stress raiser TIle sume conditions 
can also cause ao existing crack to propaga le and 
grow un~il che component faila 

Low-cycle turbine olade fati8ue [ailures are 
frequently associated with corrosion or h~gh tem
perature. !he influence of these effeets on fatigue 
i.s discussed latero Whet:e ':Yl"lic stresses alone 
halle 1ed to low-cycle fatigue failure. t he progres
sive dellelopment of the rack can often be seen 
from electron microscope photographs , f1gure 2 

B. Corros ion 

Corrosion-assisted failures lwve oceurr"d ~n 


bIade roots and in disk steeple8, and in the van~, 


tie wire, tenon and cover seetions "f t~e .blade 

Sueh taiIures t ypic ally occur at pOlnts. ot h~gh o~


erarins stresses: !he presence of dynarolC stress ~g 


not required ior stress-corrosion failure to occur. 

Corros ion fat i.gue may also OCCl1r where large dynam

ic srresses are applied. This is discl1ssed Ln the 

next section. 


Corrosive attaek on blade nnd disk roatería i s 

ar1ses from chemieal impurities in the steam, such 

as sodium and rotusium chlor i,'es, sulphides and 

carbonate,>. These subs tances usually ex1st in che 

atearo in amall quantities. Efforts are made l re

duce ehemienl impurities by water rre "on~ nt. TIl~ 


effect of even very rmlall quantities (p;¡rtG per 

bil líon) =y be concentrat" b ntL"apl'11ent in 

gt"ooves nud eracks . Where such entrapment o~curs at 

or near high-stress regions, stress CnO"OSl.Iln may 

r sult . EVl.dence of concentrated C: -:l r r üsive " llnek 

may range f r om general degreda cion of t he aurface 

qualicy to corrosian fa ill1re of a comp0mmt. See 

figul'e ). 
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Corrosion coupled witb 10amponent stress and 
and steam/erosion may result in Bufficient deterio
ration of a blade airfoil surface to affect the op
erating perfoI"!lllloce over a periad of time. corro
sive build-up of deposits on blade surfaces can ad
versely affect stage operating efficieney by sever
al percent. This has occurred inlarge, utility 
steam t urbines, process ·turbines and geothermal 
steam turbines . Stress - acceletated breakdown of 
surface condition is another important practical 
source of turbine blade degradation . 

!he possibility oi stress corrosion cracking 
and failure of a g1ven component may be assessed by 
fracture mechanics procedurea. Visual data which 
suggests this type of failure are the presence of. 
white or gray chloríde , sulpbi e, aud/or carbonate 
deposit (nodules) generally coating che surfaces 
(moving and statianary bladea). Signa of corrosive 
pita small or large) may be evident e.speeially 
near known regians of bigh stress, ego notches. Ad
ditional data can be obtained from microscopic ex
aminatíon of the same surfaces, f i g. 3 . This may 
revesl additional corrosive degredation of the sur
face, and a variety of small aQd large pita. Medíum 
- power mieroscope studies of seetions through the 
surface may reveal that the progress of the erack 
has been a ided by corrOSLve attack aIons the grain 
boundaries (intergranular cracking). The mOSl in
formative souree oI such data is photographs from 
the scanning electron m~croscope which reveals the 
presence of corrosive attack as large nodules of 
corrOS10n products in such pict~res. See case H1S
tories. 

A reeent paper by Jorras (1) , diseusses the gen
eral problem of corrosive attack on components from 
steam impurities. Table 2 herewith is taken from 
chis paper. It identifies the locationa, camponenr 
materials, and associated chemieal deposits observ
ed Bt the sites of a vaciety of turb~ne pIant prob
lema. Three regions are specuied as most suscepti 
ble to eorrosian. (a) Regions where metal or steam 
temperatures are around the meIting poines oi eor
radents, ego NaOH Tm ~ 604'F. (b) gegions inme
diately ahead oI, or at first eondensation , ego LP 
turbine stage at ¡Jilson point . (Pitting, streas 
orrosion, and corroa10n faCigue of bIades aud 

disks occurs most often i n chis region.) (e) Super 
heated metal surfaces where impurities can concen
trate by evaporation and drying. Longterm (24,000 
hours) tests (1) on eertain t urbine steels at 150·F 
in a 28 percent l~aOH, solution, have shown tha t 
s tress corros ion cracking may occur a t slresses 
around )0 percent of the mater i al yield strengbt 

Recent utility turbine researeh programs have 
begun to develop eomprehensive methods for chemical 
mon1toring of steam turbine plants " A u,;eful. d: 
scription of appropiate tests and water/steam roOn1
tor i ng requit:ements is gi ven in the a boye paper by 
Jonas. 

C. Corros ion Fatigue 

Corros .ion- assistcd fatigue i6 probably the ma-
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jor source of steam turbine blade fatigue fa ilures. 
Corrosion fatigue may occur in a corrosive environ
ment where high steady stresses are applied togeth
er with high alternating stresses. Turbine blade 
vibration tests by many i nves tigators have shown 
tha t even under conditions of nozzle resonance , 
blade types which have been known to fail during 
operat ion usually do not develop dynamic stresses 
of sufficient magnitude for resonant fatigue alone 
to appear as an obvious cause of the failur e under 
investigation. Such conditions suggest that some 
other f ac tor must be i nvolved, and these failures 
can frequently be explained where it can sIs o be 
shown that significant corrosive attack has occur
ed along with fatigue conditions in the same oper
ating enviroment. Labora t ory test evidence has de
monstrated that the material fatigue strength ( en
durance limit) may be reduced in the order of sev

enty percent by a sufficiently aggressive chemical 
~víronment. On occassions, such cheroical environ
roents appear t o have existed in , (a) certaLn ma
rine turbine steam condi t iona, ego from sodium hy
droxide in the make-up w t er, (b) f rom inadequate 
demineralizers in main util i ty stations, and (c) 
from ground water inf ' l tration into condensers in 
process steam turbines, Otherwise unexplainable 
b1ade fatigue failures can be accounted for qu i te 
readily where such cLreumstances can be shown t o 
have existed tor a sustained periodo Corrosive en
viroments may acce l erate both high-cycle fatigue 
and l ow-cycle f atigue if the operati ng conditions 
and chemieal concentra ting mechani~ are right. 

Corrosion fatigue in turbine blade steels has 
beeo studied in depth i n reeent year8, and certain 
fracture mechanics data have been given, eg o by 
C1ark (2). Figure 4 shows the rate oi crack growt h 
da/dN vs. stress intensity fac lor ~K for a 304 
stainless steel in a three percent caustic environ
mento Crack growth for the same s tee1 in air is 
also shown for comparison. I t is seeo that the dif
ference in crack gro~h rates for the same hK val
ue, ie. stress 1evel, is approximately 3:1 for the 
causti c environment. This is another way of stating 
that the fatigue strength of the test components 
under the corrosive attack shown in this instance 
was ooly a bout one-third of the fatigue strength of 
the 9ame components io air. 

An important ini t ial souree of corrosion f a
tigue may oceur on-site \~hen rotOI:S are left expos
ed to che environment fo~ long periods pr i or to 
erection, l'articularly damaging is the ':ase where 
che protective coa t ing has been removed f rom a ro
tor and b1ades, which are then'left exposed to the 
moist, outdoor environmen t near a river or even the 
sea, !he initial chloride pitting wbich may occur 
in such circumstances may l ater proviJe nesting 
sites for steam, etc, impuri ties in bigh-stress re
gions which can aceelerat e the tendency toward 
blade fatigue. 

D. Erosion 

Surf ace erosion can be a significant problem in 
all stages of a turbine. Surface erosion from hard 
particles (usually boiler exfoliation) cao damage 
the H.P. and 1.1'. stage blading, and wet steam ero
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sion can damage the leading edge of Lhe long 
blades, usually from mid-height out to the cover. 
Cover damage from wet steam erosion can also be 
significant. Suc h erosion is caused by high-veloci
ty water particles striking the blade lead edge 
over a period of time and eroding the material 
away. Certain wet region blades have been designed 
f or many years with an erosion shield (stellite 
strip), which i5 bronze welded on to the blade lead 
edge to prot ect against we t steam erosiono 

Signs of ear ly eros ion may often be observed on 
those bIade l ead i ng edges whi ch projec t ooticeably 
out i nto t he oncomiog steam, beyond che other 
blade s in the same row. This condi tion may occur 
from mi nor misa l ignment on assembly, and this ero
sion is of no Sl'ecial significance unless it con
tinues and presents an evident :naj or damage' prob

len. Replacement of damaged erosion slúelds is a 
straight-forward procedure which can now be under
t aken in che fieId, as wel l as i n the manufactur
r er's s hop. Sui t ab l y-locat d LP rooisture separators 
can he1p t o decrease the rate of blading erosiono 

Exfo l iat i on of tube scale is nother f orm of 
eros ion which oecurs in boiler tubes, superheater 
tubes, inlet steam pipes, and from coodenser pipes. 
The scale develops from oxida t ion and corrosive at
tack from t he fe ed water condensate and f r om steam 
impuri ties. !he Bca1e is eroded away, and on pass
ing t he t urbine, may damage the blading and may ae
cumulate in t he drains. Geothermal turbines are es
pec ially prone t o sca1ing and exÍo1ia t ion damage 
because of t he high corros ·ve and impuri ty content 
of t he i n1 e t steam. Erosion products should be mon
i t ored as part of the turbioe system chemical moni
toring program . 

STRESS RELATED BLADE GROUP CRACKING THEORY 

The following theoretical approach is general 
and may be used to ~evelop quantitative data for 
specific cases of blade cracking which appear to 
involve fatigue, corrosion fatigue, or stress cor
rosion cracking. It follows from the Prohl(3) meth
ad. 

Consider a group of blades rotating i n an axial 
flow turbine , figure 6. !he total stress at any 10
cation is due to two sources, the steady mean 
Gtress 0m and the dynamic or alternating stress 0a 
At any instant during operation, this total stres8 
ie given by: 

where ~ is the circular frequency of the al ternat
ing s tress. !he mean stress results from the com
bined aetion of the centrifugal load due to turbine 
rotation , and from the steady blad e bending l oad 
from the gas forces whi ch drive the turbine.* !hese 
mean stress components combine to give the nominal 
steady extreme fiber stress, o at the blade (or

' me 
=o~t_) ~~5t~0~:_ ____ _ _ _ _ _ _ 

* Additional forces from torsion , centr i fugal un
rwist, etc . may also app1y. 
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amo =o o + abo = P/A + MC/I 

where P is the - cen~rifugal load at the section, A 
is che secrion area , M ia the local bending moment 
due to the gas force, c is the extrem~ fiber dis 
tance from the neutral axis, 1 is che appropíate 
second moment of area oí the blade secCion, and a 
and abo are the nominal centrifugal and bendi~ 
stresses at che section no stress concentration 
effects). the mean- stress remains constant for a 
given blade arrangement at specified speed and pow
er output. Corresponding expressions may be written 
for steady stresses in the cover and tenons. 

Alternating streases in the blade may ar~ae 
from several causes. of which harmonic excitation 
from the nozzle wakes is recognized as a potentíal
ly significant contributor. The frequency of exci
tation f-from the nozzle wakes is glven by 

f : Nk = 2nw cycles/sec (Hz . ) 

where N ís the rotor speed rev/sec and k is the 
number of uniformly spaced nozzles ** around rhe 
360-degree circumierence. Alternating stresses from 
nozzle excitation depend on several factors: 

a . The magnitude of he gas exciting flJr.:e al' 
harmonic stimulus, expressed as a stlmulus iacto 
S. 

b. !he dampíng of the blade snd its attachmenl 
expressed as a logarLthmic decrement u. 

c. The resonant response fac tor K which is a 
meaBur~ of the ability 01 the blade group to accept 
energy inpul from the nozzle st~lus. 

Blade harmonic stimulus is expressed as B pro
portion oI the sready gas bending force F scting on 
the blade, ie. S = AF/F, where AF is the amplitud e 
of the time-varying gas force acting on rhe blade 
In pract~ce. values of S may range froro below 0.05 
in smooth-running stages to above 0.30 in rough 
atages with off-optimum conditiona. See reIerencee 
(4) and (5). -

Damping in blade groups can arise from several 
sources such as rubbing Iriction in th attachment 
areas (root, cover). from material hysteresis and 
from gasdynamíc effects on longer bIades. Tbe mag
nitude of blade group logarithmic damp~ng value ó 
may vary substantially from one application to an
other, but the general range is from about 0.002 to 
0.030 for conventional AISI 403 I I chrome steam 
turbine blades, depending on bIade geometry aud the 
mode of vibration involved. See references (6) and 
(7) . 

The resonan t response factor K depends on the 
excitatíon parameter E = (ok/ro) , where n is t he 
harmonic number (n = 1. f irst order; n = 2 second 

** k may also be considered as the number of har
monie cycles around rhe circumfer ence . !bis allows 
per-rev nozzle exci t ations to be considered. 

-

or.der. etc . ), k ís the number of nozzte inlets and 
m is the number of blades. The variation of reao
nant factor k represents conditiona under which the 
blade group will receive arrong energy input from 
the nozzle stímuIus and the blade vibrations are 
not readily excited in this condition. 

As each turbine stage msy contaín many excita
t ion harmonics, and esch harmonic may act on sever
al blade group m~des. the influence of the excita
tion parameter on esch blade group response in the 
frequency ranges of interest should be examined . A 
convenient procedure for determining the excitation 
harmonics aud blade mocles of interest was first 
given by Campbel l (8) in which the natural frequen
cíes of these modes are plotted as ordinates and 
the rotor speed is plotted as abciesa, see fig
ure • Radial lines from the. Qrigin co[responding 
to once-pe.r-rev (lx), twice-per-rev (2x) . etc. noz
zle passing frequency (Nk), twice-NPF (Znk) , etc. 
are also plotted. Speed I."egions of intersection 
between bIade frequencies and excitation hsrmonic s 
are then noted. with particular reference to re
gions of BUstained operation , ego operating speed 
range The Campbell diagram shown in figure 9, ín
dicares the possibility of blade resonance in the 
axial-torsional mode wich" the twice NPF exc:ita
tLon, and also excitation o( the second-type tan
gential mode by NPF. See case Ristory Number 1 for 
detaiIs. 

Resonant srresses are related to sLtmulus S, 
damping 6. and bIade group dynamic response factor 
K, by the express~on: 

=.!L KSoO"ao 6 bo 

where a ÍB the nOtDinal reson.a.nt alternating ex
treme ft~eT stress at the hlade (or root) section, 
sud the Cho is the nomLna] bending stress at the 
section. defined previously. It is evident chat the 
practical cOlllbinations of blade damping, nozzle 
stilllulus. aud dynamic response factor may lead to 
resonanr strcsses 0ao at certaín bIade ross sec
tions WhLCh could approach or gre.atly exceed the 
nominal mean bending stress abo at that se.ctLon. lt 
should further be noted thar in practice, the reso
nant condition ís often sharply defined. Sustained 
operation at the resonant peak condition is there
fore unlikely to occur for long periods, though 
sorne lesser stress magnificatíon should always be 
expected for operation in this region. 

To determine whether the stress conditions sr a 
gi~en location could be responsible for blade 
cracking during operation , it is necessary to com
pare the ~ocal s tresses with t he appropiate 
strength críterion far the blade materi al at thar 
section. To find whether the nominal stresses 0ao 
and abo are likely to ~n~n.ate high-cycle fatigue 
crackíng, a procedure due to Heywood (9}, ~ieger 
and Nowak (10), which uses the Goodman diagram may 
be use as fo l lows. !he fat í gue envelope fOT un
notched specimens i s modified in a specified manner 
t o account for mean stress, local stress raisers, 
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cyéles to failure, and size effect. The new (notch
ed, etc . ) fatigue envelope then becom.es the crack. 
initiation criterion against 'which the nomioál 
stresses amo and 0ao are compared . A point falling 
outside this region can be expected to initiate a 
crack in the number of cycles assumed in the calcu
lation of the notched envelope, ie N • 104•.. 105 •.. 
107, etc. For high-cycle fatigue, crack initiation 
commonly represents the larger portion of the frac
ture lite, and the time ta propaga te tbe crack 
(which is not considered in this approaoh) repre
sents the remainder of the component life. 

Where the initial defect sue ia known from 
inspection, an alternate approach using fracture 
mechaniscs procedures may be used to éstimate the 
number of l oad cycles required to propaga te a crack 
from the defect, and cause failure of the defective 
component . Suitable materials data obtained from 
tests on fracture mechanics specimens tested with a 
simila! e.nvtrolllD.ent _and, J..ul!d.inl!., in acc..ordance 
with standard ASTM testing ~rocedures, is required. 
The rate of crack propagat i on da/dN is reldted to 
material properties A, n, stress iutensity range 
~, and applied stress ratio by the expression; 

da A [6K]n 

dN 
 (1_R)0.5 

~ 	is the Tange ~f stress intens i ty iac tor= C60~ 

R 	 is the stress ratio , Kmin/Kmax or Qmin/ Omax 

A,n 	are material properties 

e 	 is a geometric factor for the crack ~odel i n
volved 

Ao 	 is the stress range , 0max- Omin 

a 	 ia the crack length 

N 	 is the number of stress cycles 

For s crack in a notch-free region, 

(] o + o max mo ao 

o o (]min mo ao 

60 20 ao 

R °min/omax 

For 	a crack in a aharply-notched region, 

m Kao 
max Ktomo + tOao 

(J - Kao 
min ~omo c ac 

a 
/',0 2Kt (]ao 

R. °min/ omax 

-

°max and amín are the maximum and minjmllm values of 
the total stress at the ,locat{on: in question. A 
t¡pical relation between da/dN and 6K far a 4340 
steel in a three-percent caustic aolution is shown 
in figure 4. This chart does not inelude the effect 
of mean stress rstio R. In most cases the stress 
field in the body ~hanges with disnance into -the 
body. This causes the stress at the crack tip to 
change and so influences the rate of crack RFopaga
tion. Calculations with each of the aboye factors 
which m~st include the effe~t of variation are most 
convenientIy performed with a suitable fracture me
chanics computer program, such as the CRACKS (11) 
or BIGIF (12). The end result of such a calculation 
is a value for a apecific number of cycles to pro
pagate the crack, either to failure when Kmax • Krc 
(fati~e) or KIS~C ( corrosion fati~ue), oro until a 

l ength ~ r eached at which the crack atapa propaga
ting. 

This fracture mechanics procedure ia suitable 
for failure anal ysis a t sny location in the blade 
group with a crack of known (or assumed) propor
ciona, and f or any material for which suitable 
fracture mechanics data ia available for the blade 
opera t ing environment. Where such i npu t data is 
difficult to obt ain or specify, the aboYe procedure 
may be used to provide a bounding· anal ysi s su i t 
able for determining the performance of a hypo t he
t ical crack under asaumed minimum or maximum str,ess 
and mater i al condi t ions . 

CASE HISTORI ES OF BLADE FAlLURES 

Case l. 	 Nozzle Resonance Fatigue of HP Marine. Tur
bines, Ref. (13) 

Both rotors were 55,000 SHP turbines operating 
at 3500 rpm. The bl ading of both HP roeors sustai n
ed damage . The complete blading of the 9th stage of 
the starboard tllrbine was missing and eight bladea 
were missi ng from stage 10. On the port ro tor, sev
en blades were missing from the 9th s t age and there 
was some cracking in stages 8 and 10. The cracks 
occurred near the vane-platfo~ junction where the 
vane overhung the platform. In most ~nstances the 
cracks appeared to have ropagated from beneath the 
overhung trailing edge. horizontally into the vane 
airfoil section , figure 7(a) . One hlade "nly was 
broken ar mid-height, in tbe 8th slage of the pore 
turbine. 

A comprehensive investigation was made f che 
failure. Frequency calculationa snd vibration tests 
were perform.ed on Che original blades, and on the 
modified blades. MUch evidence was found to show 
tha t the failures were due t o hi gh-cycle fatigue 
from vibrations in the second-type tangent ial (out
of-phase) mode, figure 8(a). The cracking pattern 
correspondend t o the calculated distribution of 
modal amplitudes shown, both in magnitude and loca
tion. The Campbel l diagram figure 9, showed chat 
Lhe 8th, 9th, and 10th stages could resonate at 
propeller shaft speeds between 90 rpm and 174 rrm. 
The ship operating l og , fig . ID ,. showed 2610 min
utes of operation at 148 r~. I n thi s condici on, 
the 9th stage could r esonate in i ts second t angen
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t ia l rnode. 

The over hang s t ress raiser was elimina t ed by 
smoothing t he vane int o t he pla t f orm i n the re
placement bl ades, figure 7(b). Ti e-wires wer e added 
by brazing t o eliminate the second t angential mode 
frorn t he range of nozzle resonance, fig . 8(b ) . Dia 
phragm changes (decreased number of nozdes) were 
also conside ed, but were not used ber.ause such 
cMnges were ahown t o be effect i ve in r emoving che 
8th s tage alane from resonance. Also, larger no zz le 
passage~ 	frequently l ead to higuer ex~ i ting forces. 

Case 2. 	 Nozzle Resonance in 9th Stage of Process 
Stean¡ Tur;bine, 

A rash of shroud and vane crackiug incide~t s 
had occurred in sevelal process turbine drive 
units. Gen all y t he shroud of a six-bIade group 
had crack.ed, and also several vane sectiona near 
the platform in the 8th stage of the drive t urbine 
units had cracked. The bIade suxface adjac~nt to 
the failure site was pitted, and white, solid de
poaits of unknown type were attached to the blade 
surface. A diaphagm change from 34- inle t nozzl es to 
46-inlet nozzles had inereased the blade life some
",hat (6 weeks to 40 weeks) , but had not eliminated 
the problem. 

Analysis showed that the setond in-phase tan 
gential mode of the blade group coincided with NPF 
at full operati ng speed with the 34- nozzle diaph
ragm . Further, the Campbell diagram, figure 11, 
~ho",ed that although a change from 34-nozzle apen
Lngs would cease to xcite the second in-phase tan
gential group mode wíth the second llPF harmonic 
(2x34), che ( lx46) NPF harmonie would then excite 
several second-type tangential (out-of-phase) mod
es. 

The fix proposed in chis instance was a blade 
rofile redesign which removed the blade groups 

from the t roublesome resonanee harmonica within the 
operating speed range identified aboye, with ut in
troducing other resonance problems. The blarles wer e 
a l so de tuneJ as shown in fig. 12, s o that E wou l d 
be 0.183 and the corresponding response factor K 
would beeome zero. In the original design, E was 
0.352 and rhe resonant response f ctor K had been 
0.275. The new blades were therefore less respo n
sive to nozzle stimulus. 

Further factors requiring attention were che 
chemical content of the steam and the location of 
the Wilson point in the turbine . Suitable deminer
alizers should nave been prescribed and Lhoroughly 
maintained in view of he corros ion-fatigue si tua
tion whieh existed. lf the Wilson point corr \sponda 
to the 9th stage, eare should be taken to shield 
the att chment areas in some manner. The chemica l 
functioning of che turbine ateam system should have 
been monitored f ollowing tha reins tallatioo to en
sure tha t solida and i mpurities were within aeeept 
able limi ts . See Jonas (1). 

Aa apperent a lternate fix would have bGen to 
detune the blades using a bronze welded tie-wire 
as was done in Case l. This would suppre ss t he out~ 

of -phase t angen t ial modes , and the 46-nozzle di aph
r agro would no t excite t he second in-!lhase tangen
t ial mode , a s noted. Thi s was not done a s the bl ade 
required "redesign to r emove the vane overhang. 

Case 3. 	 Stress Corrosion i n a 5th Stage 2UUHW 
Ut ílity Turbine. 

Catas t r ophic rup t ure occurred in t he bl ade root 
sec tion of thirteen 5th stage axia l entry blades 
af ter 11 months of on-line operat i on, with consid
erabl e consequent i al damage to flow guides and to 
bIades in adj acent stages. The failed row contained 
324 movi ng bIades, each abou t six inehes average 
vane he i ght, ar r anged in groups of five and six 
bl ades. BI ade material was 403 stainless steel with 
UTS 105 KSI. and yield stress 85 KSI, approximate
ly. The adjacent inle t nozzle row hed 240 nozzles. 
Extensive white-colored chemical deposits with av 
erage ph value oE 11, coated the general region 
(nozzles, moving rows), near the failed stage, fig
ure 13 . Pi t ting in t he remaining bIades of the rol.' 
ranged fr om slight to severe. 325 dditional cracks 
were founJ (173 blade , 152 disk steeples) , oE vary 
ing sizes, mainly in the contaet hook regions of 
t he blade attachment s . The location of the row 
coincided with the location of the Wilson point 
(dry/wet) o[ the rotor at full power. 

Hetallographic examination showed intergranular 
cracking and sorne branehed intergranular cracking 
inward f r om the highly s t ressed blade root notch 
surfaee, figure 14. Sranning electron microscope 
studies showed pitting in the vicinity of the pri 
mary fractures and secondary intergranular frac
tur es linking the eorroaion pits. The fracture aur
faces were relati ely clean, indicating chat Iittle 
rubbing or polishing had taken place since elevage 
occuJ:Ted. This suggests that no sigi'lificant fatigue 
or dynamic stress meehanism was involved. The high
ph, white coating were composed' uf NIlQH, and 
Na2C03' This indicates tha t the initial cracking 
hIId been assisted by corrosion in the highly 
stressed hook region of he blade Toot. Ful"ther
more, Ihe origina l material away from the eorrosion 
sites still had the strength and impact properties 
required in the original material specificationa. A 
typical SEH photograph of the fracture surface is 
shown in figure 15. 

Forther investigation revealed that the boilet 
feedwater chemiscry during operation had contained 
diss~lved solids, iron, and sodium (77 ppb compar
ed WLth 30 ppb s pecified), in excess of prescribed 
l i mits, despite the use of feedwater damineral 
izers. Stress corrosion of the blade Toot material 
under high stress conditions was the primary cause 
of this blade failure, based on (a ) high sodium 
and other aalt deposits , (b) we t/dry Wilson point 
a~ ~a~lure location, (e) widespread racking in the 
V7C1~ty of t he high stress l ocations , (d) general 
p~t t lllg of adjacent surfaces, (e) absenee of plas
t1C fIow and beach marks on che failure surface 
(f) corros~on produets seen in many SEM seans, and 
(g) orrOS10n Erae tography observed in seetioned 
failure regions. TIle principIe remedy was improved 
steam qua~ty an~ boiler feedwater chemistry by i m
proved dem1neralizer control and monitoring. 
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Case 4 . Fatigue Failure of 4th Stage Harine LP causes of design, manufacu cc, mater ial s proper 
Tu~bine Impulse Blades. ties, s t eam/gas quality (erosion), steam/gas chem

i stry (corrosi ¡ln, exfoliation) , and abllsive opera
A single side-entry 4th atage blade failed cat tion (water extraetíon , condenser flooding) . Design 

astrophically in the root section at the firsr hook practices, operatiog praeticcs, and turbine plant 
after 13 months of serviee a t sea. On inspeetion i t specifications should address cach of chese poten
was found thae 11 additional 4th stage blades were t ial problem areas. 
also eracked in the same regíon , aud that all 
cracked blades were end blades of seven-blade 2. The ~rimary diagnostíc tools for analysis of 
groups . In addition, a t otal of eight di sk root turbine blade failure causes are: 
sections were found to be craeked in the same 
stage. These faílures were found by magnetic parti  (a) Electron microscope to investigate tailure 
ele i nspection. Rardness aud chemistry cheeks of mechanism and i dentify the role oE corros ion in che 
the blade and disk root sections were also made. failure. 
Rardness was Eound to be in the RC 2.0- 21 average , 
aR required. Macro-etched sections of the cracked (b) Surface microscopy and section microscopy 
root were carefully inspected at 20x magnification. 	 for defining ' the cracklng mechanism, and for basic 

material quality assessment. 
The failure mechanism was [ound to be fatigue. 

This W'IlS 1ndicaced by che progressive beach-mark (e) Waterfsteam chemis~ry records to determine 
crack progression along seversÁ regions of the role oE corrosion. 
fai l ed sur face. The multiple crack origins indica te 
a Inde distributl..on of the i nitial crack-dciving 

(d) Blade geoup, disk natural freqllencies, modstress mechanism aleng ch~ rooe hook notch. No ox
es aud stati::./dynamic stress cslculations, t o deides or corrosive deposl..ts were bserved on the 
termine role of operating streases.frac ture surface. Microexamination shoW'ed tha t the 

roor c rack were relatively straight and intergran
ular without branching . Thia [urther suggests t hat (e) Fracture mechani~s lesting of failed compo
pure fatigup W'as che cause of failure, though DO nent ma~erial to determine quality of material sup
electron microscepe studies were made on this occa pplied. corrosion resistance , and crack propagation 
sion. charac terística in opera t lng envirorunent. 

Several pessible causes of these atigue [ail  3. !he faiIure aurface and ft'ae.lure slilctions 
ures W'ere identified. Firsr, the tangential out-of  sbould alW'aye be examined mi~roscopically W'hen the 
phase group fiodes W'ere found to l ie c lase to no~~le causes of a Eailure are being sought. Examination 
resonance, due to sn inaccurate design estl..mate of by Scanning Elecrron Mi croscope i s a va1uable addi
blade root stiffness. Second, the root fille t radi  tional aid foc decermining ",hecher che failure is 
us oc 0.031 incles was quite small. and this gave associated with corrosion , corros~on fntígu e . or
rise to high fille t stresses . 'I'h -rd, variations in fatigue alone. 
nozzle geometry froro stage arrangemen L around che 
no~~le toW' W'ere found to giv~ 4:1 variations in the 4 , Each stage of blading should be check~! as 
magnicude of nozzle stimulus. This raises the addi to whe ther nozzle resonaace and per-rev resonance
tional possibility of per-¡::ev s t :UnuIus from rhis may occur duriog operatían , A Campbell d~gram
nozzle geomet ¡::y variation. but t hi s possi bly W"IS should be develope' containing che first six modes 
not eonsidered Curther. Fourth, small amount of of the blade group Eor each s t age , The calculated 
stress corros ion may llave ocellrred judging froID mi  mode s and frequencies should be cheeked by vibra 
nar dis oloration observed On the crack surface. tion tests performed in the manufacturer 's shop, on
Fifth, ~ f u¡::ther souree og significnnt excitation several b1ade groups around che circumfer enc . of 
\laS thought to have occurred f rom four condensare eato s t age. 
~~traction ports loca t ed around the circumIerence , 
adjacen t to che 4th stage movíng blade roW'. 5. Hi gh-cyc le fatig ue is usuall y ~elated to 

soroe resonant operating condi tion, I!CF may be iden
Design modificatio1l9 W'ere made as fo lloW's : (1) ti[ied b y the presence oi polishing . beach marks,

Long- are shrouning was int r oduced co suppress the 	 under SEM , a nd crack p¡::opaga t ion increment s 	 final 
tr-oublesoroe resonant group Inades. (2.) The notch s tatic rup tu re on rhe failure sudaee , l lultiple
fillét radio were increased to 0 .060 i oches to re s taining lines indi cate t he occur rence oE intermit
duc e che f ille t s tresses . ( 3) The inlet nozzl e geo Cent crack propaga t íon from short periods of hi gh 
metrv was made uniforlll around t he di aphragm and the dynamic stresses .
numb~r oE í nlet noz ~ les was i ncreas ed from 92 to 
120 . (4 ) A flow- smoothi ng baffle W'as in~er ted t o 6 . Corros ion fa t igue may be i ndll ed b y concen
r emove the f low di s t ur ba nces created by the f ooe traríon of s t eam impur ities ac ting on hi gh- s tress 
ex tra c tion openings . No f ur t her f a i l ures have oc regi ons i n che pr senc e of dyni.llllic s t resses. The 
cu rred s i nce che intr oduc tion oE these modi f i e  source of such corrodant s may be i n th e steam it 
t ions . s elf. in the steam chemistry cont rol apparatus , i n 

t he stearu chemist r y spec ifica t i ons, or in the orig 
CONCLUSION5 inal t ur bi ne erec tion envir orunent. 

l. Tur bine blade pr oblems ma y oc cur due to 	 7 . Er osion of t ll rbine blades and sta ge inl et 
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guides may occur from boil er and tube exf ol iat i on, to performance degreda tion, and to degreda t ion and 
a d from wet steam impacto Such eros i on may l ead fsilure of the working components. 
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TAB LE 1: Possible Causes of Turbine Blade Fal1ures 

Fa il ure 
Mec ha nism 

Fat igue 

Corros ion 

Corrosion 
Fatigue 

Erosion 

Ash Oepo sit 
Scaling 

l~a ter 
Ingestion 

Source 

Unsymmetrical s tage f low 
Nozzle resonance 
Partial admisslon 
Torslonal trans;ents 
Negative sequence currents 
Excessive condenser pressure 

Excessive corrosion agents 
in steam/feedwater. 
Concentration mechanism 

Corrosion plus vibration 
source 

Wet steam 

Combust ion residue 
in gas s tream 
Boi ler. pipewall
exfol i¡¡t ion 
Ho i st u r~ separa tors 
Condenser 

Location 

Genera l 

Ge neral 

lrIilson 1 ine 

.Genera1 

LP s tages 
Erosion shleld. 
cover. 
Oowns tream of 
Wil son li ne . 
81ade lead edge 

HP s tages 

Adj acent LP 
stages 

TAB LE 2: lndustry Exper ience-Stress Corrosion &Corros ion Fatigue, Jonas [1]. 

PMI Y. 5 ., KSI Emmonmr.nl 

Inc"",,16oo 

30' SS 
Ro 26 
r>y. ome. 860 
Sletl'l 
Incok)y 

LP Slál!O(l¡lry btades Welded 30. 
lP slMlon~ry b~ J O' 
ItI 'ola.!lflg bLrlde!i R.26 
LP rotOf lCIIMO '/.v 
WheC"1 dovela, ls ¡n boiler NiCrMoV 
j~d pump hAbmes 

ShtuulM on wheol5 le, '/,Mo 
lC, 'I,M<> 

5111.",1 lurt.¡ine folOf dl SCI CIMoV 
ti? ¡,..nc, c yltAI)ef Hotll. 

Joln lS 

HP 10101 dove la i ls CrMoV 

LP rotOt NI~V 

HP dJscs N.CrMo 
HP blade p.ns Re 26 
HP $&(11 'S p rl ng!i IOCOoc l7 18 

HP baHs ..IS, 41 JO 
LP dlS cs NtCrMo V 
HP Irj\er 4,.: l" i ~r CtM/:) Y 

'tor l lon l '" jOlfll s 

'wo LP dlscs ¡ESCOM, 2% NiC,MoV 
Fo", LO d" es (SECVI 2% N,C'MoV 
Two LP discs 
lasl I1\IIIUS one I Ola llng 12 , . 1 7 ·"~'t1 

hl~dcs (f0 5SII IUfblnc ) 

Single eyIU'I(!er 0 1 01 ,sm ,,1I CasI iron 

IVtblOe 

lP bl,lOeS 12 er 
F ir SI rOW l P t 2 C r 
lP 1115 t;; S ;and b l,Jdl) Low alloy stael 

1,) '<;:11.'(1 '1"1 9 5

lP b l;xJc'S rlloct srl f üuds 

(m¡')9f1 0 ll re.JCI~ UI)I!) 

l ,' ~t rOw LP 1011111[19 b l,ldp.s 12 el J't.lfcJencd 
S I:1hon.l,y bl..ldes 

35 
30 

JO 

87 
97 

' 23 

111 


12G. 133 


1'7 

."". 
130 

Mr ll Cd C,tU'5! ic. 


€i 1 \ lo '1 IOCl e 

H.gh sooium In 


deposil5 


N,lOH·NaCl in dcposits 

t~ .1 .K .Ct idenlihed jf'l craCk, 

Causlic & c.htOl10e5 


CausI¡c in n eam and c! g.Q~ l ts 


C.1U,> tic cml"y-o...-ef , 140°F . 3 p SI 31 $c"h.altOl\ 
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• 	OATA IN AIR ... DATA IN 3% 

NaC SOL UTION 

AT 6 CPM 

FIGURE 1. FATIGUE SURFACE WrTH STAINING PATTERN. 

FIGURE 2. ELECTRON MICROGRAPH SHOWING FATIGUE 
STRIATIONS IN 4340 STEEL (BEACHAM.PELLOUX,REF.20). 
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FIGURE 4. CRACK GRO TH DATA FOR 304 STEEL IN AIR 
AND 3 PERCENT NAOH SOLUTION (BARSOM,NOVAK,REF 20 l . 

FIGU RE 3. 	 CORROSION PITS ON ROOT HOOK NEAR 
FRACTURE INIT IAT ION SI TE. 

- 93 

FIGURE 5. MED1UM-PRESSURE BLADE PROFILES IN 

AXIAl-FlOW TURsrNE STAGE. 
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FIGURE 6. 	 MODE SHAPES OF TURBI NE BLADES IN GROUPS . 
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FIGURE 7. 	 DETAlL OF FAILED BLADE ANO MOOIFIEO 

REPlACEMENT BlADE, VANE OVERHANG REGION. 


FIG. 8(a): SECONO TYPE TANGENTIAL GROUP MODE 
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FIG. 11(a): CAMPBEll DIAGRAM FOR FAILED BlADES 

F1GURE 9. 	 CAMP8ELL DIAGRAM FOR FATIGUEO MARINE 

TURBINE BLADE (FLEETING,COATS,REF.13). 
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FIGURE 10 . TURBINE LOG. TIMES AT VARIOUS SPEEDS. 
(FLEETING,COATS REF. 13) . • 

8 
OP . SP . RANGE 

7 ........-------+---¡I-"x46 NOZZLES
FIG . 8(b): SECONO TYPE TANGENTIAL WITH rlE WIRE 

'Sh·f. 

!IR 

Q.]o.~' 01 04 OJ 00 

http:FLEETING,COATS,REF.13


3 

7 

6 

5 
N 
;¡: 
~ ...... 4 
> 
u 
;z: 
UJ 

53 
UJ 
a:: 
"'

2 

OP. 

=~_ 52 NOZZLES 

r-f---:.,L---+----I- 1s t AX IAL 
1--f.-~----I--~1 s t TANG. FIGURE 13. BLADE VANE SECTIONS SHOWING 

WHITE CHEMICAL COATINGS. 
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FlG. 11 (b): CAMPBELL OIAGRA~1 FOR REPlACElmn BlAO ES 


FI GU RE 14 . 	 CRACK ORIGIN ANO PROPAGAT ION FQOM 
STRESS RAISER INTO COMPON ENT . 

ORIGINAL BLADE.3 
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FIG. 12: RESONANT RESPONSE FACTOR REDESIGN 

FIGURE 15. ELECTRON MICROGRAPH SHOWING NAOH 
NOOUlES ON SUR FACE OF CRACK. 
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FIGURE 16. MULTIPLE ORIGIN CRACKING. 

INTERGRANULAR. 
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FIGURE 19 . CAMPBELL DIAGRAM, 4TH STAGE, 96 
NOZZLE DIAPHRAGM. FAILED ROW. 

- 96 -

(a) EIGHT-PER-REV HARMONIC EXCITATION 
AROUNO NOZZLE CIRCUMFERENCE . 

(b) LONG-ARC SHROUDS EACH SPANNING ONE 
EXCITATION WAVE AT ALL POSITIONS. 

FIGURE 18. PRINCIPLE OF LONG-ARC SHROUD. 

FIGURE 17. CRACK PATH. STRAIGHT, 
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