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Staranje uparjalnikov jedrskih elektrarn
Ageing Phenomena In Nuclear Power Plant Steam Generators
LJUBD FABJAN — LEON CIZEL] — BORUT MAVKO

0. UvVOoD

Spremljanje obratovanja tlatnovodnih jedrskih
elektrarn je 2e vrsto let povezano 2 vprasanjem
staranja cevl uparjalnikev zaradi Korozijskega in
mehanskega delovanja, take primarnega kakor
sekundarnega hladilnega sistema. Korozijske In
mehanske poskodbe cevi so posledica delovanja
vet parametrov: kemije vode, termohldrodina-
mi¢nih razmer, Izbire materiala, lzdelave cevi in
cbratovalnih razmer.

Matela jedrske wvarnosti za projektiranje
zahtevajo celovitost mej primarnega hladila v vseh
normalnih, prehednih in nezgodnih obratovalnih
stanjlh. Jedrska elektrarna meora obratovatl v
skladu z obratovalnimi omejitvam! In zahtevami
za nadzor. Obratovalne omejitve predpisujejo zgor-
njo mejo pustanja primarnega hladila v uparjalniku
in nive aktivnosti vede sekundarne strani L=
jalnika. Zahteve za nadzor predpisujejo redne med-
obratovalne preglede cevi in merila za popravne
posege.

Clanek podaja pregled problematike staranja
cevi uparjalnikov, njen vpliv na obratovalno zmo-
gljivost elektrarne ter izvajanje prepredevalnih in
popravnih posegov. Posebna pozornost nade razis-
kave pa je seveda namenjena problematiki upar-
jalnikov jedrske elektrarne Kriko (JEK).

1. GLAVNE ZNACILNOSTI UPARJALNIKOV

V' uparjalnikih tlatnovednih jedrskih elek-
trarn primarno reaktorsko hladilo predaja toploto
vodi v =ekundarnem szistemu ter jo uparja. Da-
nagnje elektrarne imajo od dva do %est uparjalnl-
kov, odvisno od projekta. JEK Ima npr. dva
uparjalnika,

Prerez uparjalnika je prikazan na =liki 1. Re-
aktorske hladilo na primarnl strani tece skozl
snop cevi v obliki obrnjenega U: vstopni in izstopni
prekat v polkroznem dnu sta lotena. Sekundarna
napajalna voda vstopa v predgrevalnik, kjer se
segreje skoraj do vrelidta. V' uparjalnem delu se
dvofazna zmes med dviganjem ob snopu cevi upar-
ja. Centrifugalni lotevalniki vlage v parnem bobnu
nad snopom i1zlotijo v povratni kanal vetino kap-
llevine, susilniki pare pa se izboljdajo kakovost
pare pred izstopom 1z uparjalnika. Vracajoca kap-
ljevina se steka na dno upar jalnega dela.

0. INTRODUCTION

Operational monitoring of pressurized water
reactor power plants in recent years has been
connected with questions related to the ageing of
steam generator tubes due to corrosion and mech-
anical impact on both primary and secondary cool-
ing systems. Corroslon and mechanical tube da-
mages are caused by different parameters: water
chemistry, thermohydrodynamic conditions, chol-
ce of materialg, tube manufacturing processes and
operating conditions,

The integrity of the primary coolant boundary
Is required by nuclear safety criteria for the de-
2ign in all normal, transient and anticipated emer-
gency operating conditions. Muclear power plant
operation should be In accordance with limiting
conditions for operation, and surveillance require-
ments. The vpper limit of the primary coolant
leakage through steam generators and the level of
secondary water radioactivity are prescribed by
limiting conditions for operatlon. Regular In-ser-
vice inspections of tubes and criteria for correct-
ive measures are determined by survelllance
requirements.

This paper provides an overview of agelng
phenomena In steam generators, together with
their impact on plant availability and performing
preventive and corrective measures. Speclal atten-
tion Is pald to the Kriko Nuclear Power Flant
(MPP) steam generator issues throughout the
present research.

1. MAIN CHARACTERISTICS OF STEAM
GENERATORS

Nuclear power plants with pressurized water
reactors have steam generators in which primary
coolant heat is transferred to the secondary cool-
ant which 1s to be vaporised. Nowdays. the typical
number of steam generators per plant depends on
the project, and ranges from 2 to 6. Two steam
generators are Installed in Kriko NPP.

The cut-through a steam generator is shown
on fig. 1. Reactor coolant flows on the primary
side through the inverse »U« shaped tube bundle:
inlet and outlet downcomer in the hemispherical
bottom are separated. Secondary feedwater enters
in a preheater in which It Is heated almost to va-
porization temperature. The two-phase mixture
Is then evaporated during the upward flow through
the evaporation portion of the tube bundle. Centri-
fugal moisture =zeparators In the upper section se-
parate most of the water to the recirculation
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Sl. 1. Podrodja znacilnih peskodh uparjalnikov.

Fig. 1. Regions of typical defects on steam generator tubes.
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lzstopna para vsebuje manj ko 023 masnih
odstotkov kapljevine v stacionarnem obratovanju
v obmocjih do 100 odstotkev parnega toka polne
obremenitve, Enaka kakovost pare je zagotovljena
tudi pri prehednih pojavih: zveznih spremembah do
5 adstotkov polne obremenitve v minuti ali korat-
nih do 10 odstotkov polne obremenitve, v obmodju
od 15 do 100 odstotkov parnega toka polne obreme-
nitve.

V wsakem uparjalniku JEK je 4588 cevi, nji-
hova povriina je vet ko polovica vseh povesin, ki
sestavljajo mejo primarnega hladila. Delovni tlak
primarnega hladila je 155 bar pri povpreénl tem-
peraturl 305.9°C. Cevi zunanjega premera 19,05
mm Imajo v primerjavi z drugiml mejaml 1zredno
majhno debelino stene In sicer 1,06 mm.

Imenska zmogljivost uparjalnika JEK je
510 kegss suho nasicene pare tlaka 63.4 bar.
Temperatura napajalne vode je 221°C. Specificna
toplotna obremenitev cevi je izredno velika in
znasa 190.7 kW/m?®. Ta toplotna obremenitev je
mogoca le v razmerah dvofaznih tokov in ob
izredno tanki steni cevi, lzdelani iz INCONEL-600.
Z njim je oblozena tudi primarna stran cevne
stene.

Uparjalnik deluje na naravni obtok sekun-
darnega hladila, pri ¢emer je pri polni moéi dvizni
tok ob ceveh za priblizno 2-Kkrat vetji od toka
napajalne vode. Vratajotl tok v vellkl meri pre-
pre¢uje usedanje nefistot na cevnl stenl.

Cevi uparjalnika so hladno uvaljane v cevno
steno, ki je debela 533 mm. DolZina ravnega dela
snopa cevl je 7181 mm.

Po viZini so0 cevi vodene v sedmih podpornih
plog&ah skozl lzvrtine s premerom, ki Je male
vet)l od premera cevi. Podporne ploste imajo tudi
dodatne zvrtine za pretok pare in vode.

Zaradl velike hitrosti pare v podroéju cevnih
lokav in = tem povezanih nihanj so cevnl loki po-
sehej opremljeni s protivibracijskimi palicami.

V uparjalnik doteka napajalna voda na dveh
mestih. Glavni tok je usmerjen skozi predgrelnik
napajalne vode, pomozni tok pa v parni prostor
upar jalnika.

Ia sprotno odstranjevan)e korozijskih In dru-
gih usedlin ima uparjalnil izpustni sistemn. Od
uéinkovitostl tega sistema je v precelin)i merl
odvisna doba trajanja uparjalnika.

2. FROCESI STARANJA

Cevl uparjalnikov so izpostavljens kemijskim
in mehanskim wvplivom. Ki so najbolj izraziti
predvsem v prehodnih obratovalnih stanjih elek-
trarnge. Ti vplivl se med seboj dopolnjujejo in 2 leti
Je treba posamezne cevi popraviti ali celo izlo¢itl
iz uporabe.

channels. The steam quality Is further improved
by steam dryers before leaving the steam pgenera-
tor. Water extracted from the steam Is returned
to the bottom of the shell.

The outlet steam ciontains less than 0.25 % of
water during the steady state operation up to
100 % of full load steam flow. The same steam
quality is preserved during transient conditions:
continuous changes of up to 5 % of full load per
minute and steps under 10 % of full load in the
range of 15 to 100 % of Tull load steam flow.

Each steam generator contalns 4986 tubes.
Their area is more than half of the primary cool-
ant boundary area. The primary coolant operatio-
nal pressure is 155 bar at an average temperature
of 305.9°C. The wall thickness of the tubes with
diameter of 19.05 mm iz only 1.06 mm, which s
extremely low compared to other parts of the
boundary.

The design capacity of a Kriko NPP steam
penerator iz 310 kgss of saturated steamn at pres-
sure of 63.4 bar. The feedwater temperature
is 221°C. The specific heat load on the tubes Is
extremely high, with a value of 190.7 kW/m?;
this heat load can be achleved only by two phase
flow and extremely low tube wall thickness.
Tubes are made of INCONEL 800. The primary sl-
de of the tube sheet is clad by the same material.

The steam generator uses the natural circu-
lation of secondary coolant, where by full load the
riser flow at the tube bundle exceeds the feed-
water [low by a factor of two. The recirculated
water prevents the formation of sludge on the
tube sheet.

The steam generator tubes are cold rolled Into
the 533 mm thick tube sheet. The straight part of
the tubes Is 7181 mm long.

Seven support plates with holes of a diame-
ter slightly exceeding the tube diameter are provi-
ded at different helghts to puide the tube. Additio-
nal holes are provided for steam and water flows.

At the tube bends, antivibration bars are pro-
vided to reduce vibrations caused by the high speed
steam flow.

The feedwater is supplied to the steam gene-
rator at two locations. The main flow Is directed
through the feed water preheater; the auxiliary
flow is directed to the evaporatlon portion of the
steam generator.

The steam penerator blowdown system per-
forms continuous removal of corrozion and other
Impurity from the steam generator. The steam
generator operating life time considerable depends
on steam generator blowdown system efficiency.

2. AGEING PROCESSES

The steam generator tubes are exposed to
chemical and mechanical influences, which are
mainly expressed durlng the transient plant opera-
ting conditions. The effects are cumulative and,
over yvears, might necessitate repair or even the
elimination of the tubes from operation.
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S pojmom procesi staranja cevi uparjalnikov
tla¢novodnih reaktorjev oznacujemo naslednje po=
jave: medkristalno napetostno Korozijo, medkri=
stalno spodjedanje, stiéno-trenjsko obrabo, stiska-
nje cevi na obodu in tockasto naZiranje.

Med mehanske vplive na cevi uparjalnikov
stejemo zaostale napetosti zaradi oblikovanja cevi
in obratovalne obremenitve. Kemijski vplivi se-
kundarnega hladila na materiale kemponent in de-
lov so odvisnl od natina vzdrzevanja kemije hla-
dilne wvode, materialov, iz katerih =s¢ narejene
komponente In dell sekundarnega kroga, ter pred-
vaemn od tesnostl kondenzatorja.

JEK wvzdrzuje kakovost sekundarne vode po
postopku s hlapljivimi snovmi. Uporaba teh snovi,
kakrina sta hldrazin In amoniak. ki se vezana s
prostimm  Kisikom odzratujeta prek  ejektorskih
crpalk kondenzatorja, ne puica snovi. Ki bi vpli-
vale na povetano elektritno prevodnost sekundarne
vode.

Material komponent in delov sekundarnega
hladilnega kroga, npr.: podporne ploice uparjalnika
iz ogljikovega jekla. so glavni virl Kkorozijskih
snovl. Korozljske snovl nastajajo zaradl kisika, ki
vdira ¥ sekundarnl hladiinl sistem skozl netesen
kondenzator. Nastajanje korozijskih snovi  se
pospesuje s kovinskimi kationi (baker iz kondenza-
torjal v sekundarnem hladilu. Skozi netesen kon-
denzator se vnaiajo v sekundarnl hladilni sistem
tudl netlstode iz reke Save,

2.1 Oblike staranja

MNajbolj pogoste oblike staranja uparjalnikov
so prikazane na sliki 1, kjer so oznactena tudi zna-
tilna mesta, na katerih se pojavljajo.

2.1.1 Medkristalna napetostna Korozija

Medkristalna napetostna korozija je posledica
statiénih In dinamiénih obremenitev materlala, ki

Je izpostavljen agresivnemu mediju. Med staticne
obremenitve pristevamo tudi zaostale napetosti

zaradl hladnega oblikovanja pri uvaljanju cevi v
cevno steno in oblikovanju cevnih lokov. Medkri-
stalne razpoke so izhodiséna mesta za zatetek
sirsih korozijskih procesov na ceveh.

Kakor je razvidno s slike 1, so znatilna mesta
za nastanek medkristalne korozije v obmodju
cevne ztene in cevnega loka. Za obe podro¢ji =o

znatilne popolne in delne razpoke na notranji in
Zunanji strani stene cevi.

2.1.2 Medkristalno spodjedanfe

Medkristalno spodjedanje je edvisno predvsem
od kemljskega utinkovanja jedkih netistod sekun-
darne vode. Znatlina mesta za nastanek medkri-
stalne spodjede so ree med cevjo In podpornimi

The following processes denote agelng of
pressurized water reactor steam generator tubes:
intergranular stress  corrosion, intergranular
attack, fretting-wear, denting and pitting.

Hesidual and operational stresses are consl-
dered to be mechanical effects on the tubes. Resi-
dual stresses are caused by tube manufacturing.
The chemical effects of the secondary coolant on
the materials of the components and structures
depend on the secondary coolant chemistry con-
trol, the materials of the components and struc-
tures of the secondary system and especially, the
tightness of the condenser.

The quality of the secondary water In Kriko
NPP iz maintained by the use of volatile treat-
ment. Using volatile treatment with hydrazine
and ammonla, which can be vented through the
ejector pumps in the condenser after bounding the
free oxygen, does not leave traces of products
which might increase the electrical conductivity
of the secondary water.

The maln source of corrosion products Is the
materials of the secondary cooling system compo-
nents and structures, e.g., the carbon steel sup-
port plates in the steam generator. Corrosion pro=-
ducts develop under the influence of oxygen,
which penetrates Into the secondary system
through the non-tight condenser. The metal ca-
tiong (copper from the condenser) in the second-
ary coolant accelerate corrosion product develop-
ment. Impurities from the Sava river are also In-
troduced into the secondary coollng system
through the non-tight condenser.

2.1 Phenomena of agelng

The most frequent steam generator agelng
phenomena are shown on fig. 1, together with
their respective characteristic reglons.

2.1.1 Intergranular stress corroslon

Intergranular stress corrosion cracking de-
velops in material exposed to static and dynamic
loads and an aggressive medium. The resldual
stresses induced by cold material forming during
rolling the tubes Into tube sheet and manufactur-
ing the tube bends are also considered to be a sta-
tic load. Intergranular cracks initiate broader cor-
rosion processes on the tubes.

Az shown on flg. 1, Intergranular stress
corrosion typleally occurs in the tube sheet and
tube bend region. Both area are characterized by
through-and part-through wall cracks starting
from both the inside and the outside of the tube.

2.1.2 Intergranular attack

Intergranular attack conditioned in particular
by the chemical effects of sgpressive Impurities
which are part of the secondary water. Typically,
it cccurs in the crevice between the tubes and the
tube supports plates. The tube is locally heated In
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plostaml. Cev se v obmodju reze zaradi izrednega
toplotnega toka (do 315 kW/m?®) lokalno pregreva
nad temperaturoe nasi¢enja. V takih termohidrodi-
nami¢nih razmerah pride v retah do dvofaznega
toka oz. uparjanja, kar povzrota lzmeni¢no moce-
nje in sulenje reZe. lzmenléno sufenje usedline
povzrota nastajanje velikih koncentraclj kloridov
(do 4 g/ ke) (9],

2.1.3 Stiskanje cevi

Pri ohlajanju elektrarne se reta med podporno
plosto in cevno steno veda zaradi razli¢nega razte-
zanja materialov. V teh razmerah se v re2o use-
dajo korozijske snovi, ki krozijo v sekundarnem
hladilu. Najpogostejsa korozijska snov je magnetit
(Fe,0,), ki nastaja ob reakciji kisika z ogljikovim
jeklom podpornih plos¢. Ob ponovnem segrevanju
elektrarne se reza med cevjo Iin podporno ploico
zZmanjta In stisne usedline v steno cevi. Koro-
zijske snovl In druge necistoce se odlagajo v rei
neenakomerno po obodu cevi in & ¢asom 2irijo svoj
prostor tako, da plastiéno deformirajo steno cevi.

2.1.4 Sticno=trenjska obrabs

Sti¢éno ~trenjska obraba je posledica relativ-
nega gibanja sti¢nth povrsin. Kaker je razvidno s
slike 1. je ta pojav opazen v uparjalnikih v obmodju
cevnih lokov, Kjer 2o namesdtene protivibracijske
palice. Za obmodje cevnih lokov je znailna velika
hitrost pare, ki povzrota nihanje cevi. Hitrost pare
in & tem nihanje se z obsegom ¢epljenja cevi pove-
cujeta. Za sticno obrabo je znacilne povriinsko
odnaganje materiala,

2.1.9 Tockasto natiranje

Totkasto naZiranje se pojavlja na ravnih zu-
nanjih delih cevi med podpornimi plogtami In je
odvisno predvsem od navzotnosti Kisika in delova-
nja kovinsklh kationov (haker).

2.2 Pogostost posameznlh obllk staranja

Postkodbe na ceveh uparjalnikov JEK so se v
vedtjem obsegu pojavile leta 1955, tj, po treh letih
obratovanja. Takrat je bila treba zadepitl 3.6 % ce-
¥i na uparjalniku 2t. 11in 2.1 % na uparjalniku 5t.
2. Velikost takratnega vzorca pregledanih cevi je
znasala 3 % [1]. JEK je zatela s 100 % pregledi ce-
vi po letu 1985,

Prve poskodbe cevi uparjalnikov JEK so bile
odkrite v podrotju cevne stene ter podrodéju preho-
da cevi iz cevne stene. Glavnina teh potkodb je na
topll strani snopa cevi in ima znatilnostl medkri-
stalne napetostne Korozlje. Z obratovalnimi letl so
se zacele pojavljati tudi druge oblike procesa sta-
ranja, od katerih je najznatilnejsi pojav medkri-
stalnega spodjedanja.

the crevice over the saturation temperature by
the extremely high heat flux (up to 315 kW/m?).
Vaporization and respectively two-phase flow is
induced in the crevice by such thermohydrodyna-
mic conditions, causing alternating drying and
wetting of the crevice. The alternating dryving of
the sludpe causes high chloride concentrations
(up to 4000 ppm) (8],

2.1.3 Denting

During cooling of the plant, the crevice depth
between the support plate and the tube increases
due to differences in the thermal expansion of
materials. This causes the deposition of secondary
water corrosion products in the crevice. The most
common corrosion product is magnetite (Fe,0,),
which develops by the contact of oxygen with the
carbon steel support plates. At the next plant
heatup. the crevice depth between the tube and
tube support decreases and the deposits are pushed
into the tube wall. Corrosion products and other
impurities are depozited in the crevice in a non-
uniform manner and extend thelr space by plastic
tube wall deformation.

2.1.4. Fretting- wear

Fretting-wear Is caused by the relative mo-
vement of surfaces in contact. As shown in fig. 1,
it usually takes place at the tube bends, where the
antivibration bars are located. A high steam velo-
city is characteristic of the tube bend reglon,
causing vibration of the tubes. The steam veloclty
and consequently the tube vibrationz are increased
by the extent of tube plugging. Fretting-wear Is
characterized by the loss of material on the tube
surface.

2.1.5 Pitting

Pitting develops along straight portions of the
tube between the support plates. It Is malnly
caused by the presence of oxvgen and metal ca-
tions (cooper).

2.2 The likelthood of agelng phenomena

Major indications of defegts on the tubes of
Kriko NPFP steam pgenerators were detected In
1985, e.g. after three years of operation. 3.6 % of
tubes In the steam generator Mo. 1 and 2.1 % in
No. 2 were then plugged. 3 % sample of Inspected
tubes was used at that period [1). NEK started
with 100 % tube inspection since 1985.

The first indications of tube defects in the
Kr3ko NPP steam generators were detected in the
tube sheet and tube expansion transition region
above the tube sheet. The majority of those de-
fects were located on the hot side of the tube
bundle and were characterized by intergranular
stress corrosion cracking. Over the operational
years, other sageing phenomena started, among
which the very specific Is Intergranular attack.
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Po rednih vzdrZevalnih pregledih leta 1960
je Atevilo zacepljenth cevi v uparjalnikih JEK
takino: v uparjalniku 3t. 1 je zatepljenih 12,8 %
cevl, v uparjalniku £t. 2 pa 6.3 %. Uspeinost izve-
denlh varovalnih In popravljalnth posegov je tekko
ocenltl, ker so se v obratovalnem obdobhju JEK
spreminjali tako merila za Cepljenje kakor tudi
preiskovalne metode. Lahko le ugotovime, da je
razvoj procesa staranja v uparjainikih JEK padoben
kakor v drugih elektrarnah po svetu. Zanimivost
uparjalnikov JEK je nesimetriénost éepljenja, kar
kafe na to, da je v veliki meri vsak uparjalnik
poseben problem.

Na sliki 2 je prikazan razvoj za JEK znatilnih
pojavnih oblik procesa staranja. Slika je narejena
na podlagl merskih podatkov in spoznanj o znacil-
nih mestih posameznlh pojavnlh ohlik procesa sta-
ranja [3].

S slike 2 lahko ugotovimo, da priblizno 50 %
poskodb kafe na medkristalne napetestno Korozijo
v obmotju cevne stene all tik nad njo. Stevilo
poskodb se na primarni notranji stranl cevi zman]-
Suje, kar 3e posebej velja v letih po 1957, ko je
bilo izvedeno popudtanje napetosti s peskanjem
cevl v obmodju uvaljanja v cevno steno In kaze
uspednost tega posega.

oo

Following inservice Inspection performed du-
ring outage 1980, the level of plugging of Kriko
MPF steam generators is as follows: in steam ge-
nerator No. 1, 12.8 % of tubes are plugged, while
only 6.3 % In steam generator MNo. 2. An estimation
of the success of preventive and corrective mea-
sures is difficult, mainly due to the change of both
plugging criterla and Inspection methods durlng
the Kradko MPP operational period. The only con-
clusion which can be drawn is that the trend of the
Kréko MPFP steam generator degradation processes
is comparable with the trend in other plants in the
world. The Interesting point of MEK steam gene-
rators is the asymmetry in plugging, showing the
specific behaviour of each steam generator,

Fig. 2 shows the history of the characteristic
ageing phenomena in NEK. The figure has been
produced by the help of measurement indications
and a knowledge of the specific laocations of ageing
phenomenon.

As shown in fig. 2, about 30 % of indications
show the existence of intergranular stress corro-
gion in the tube sheet reglon or close above it. The
number of primary, e.g., inner side, indications is
decreasing, especially in the years after 1857, when
the relief of residual stresses was performed by
means of shotpeening of tubes in the rolling reglon,
showling the efficlency of this measure. The se-
condary slde intergranular stress corroslon
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Sl. 2. Proces staranja cevi uparjalnikov JE Krsko.
Fig. 2. Degradation process on the tubes of Kréko NPP.
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Podrosje zunanje napetostne korozije na sliki 2
je razdeljeno na dva dela, in sicer: podro¢je indika-
cij v obmoeju usedlin na cevni stenl In druga, za
napetostno korozijo znacilna podrotja. Indikaclje v
obmaot|u usedlin so tik nad all na vrhu cevne stene.
Zato smo mnenja, da so Indikacije ¥ obmodju used-
lin posledica napetostne korozije. V splo2nem pa je
za to podrocje cevi znagilen tudi pojav totkastega
naziranja, kar pa je za primer JEK redek pojav.

Medkristalna napetostna korozija v obmodcju
cevnih lokov je v uparjalniku JEK redka, izjema je
le nekaj cevi v 1. in 2. vrsti, kjer je ukrivljenost
najved ja.

Ma sliki 2 vidimo, da se v zadnjlh letih pove-
tuje stevilo poskodb na sekundarni — zunanji strani
cevi, in to v obmoéju podpornih plose. Te potkodbe
kazejo pojav medkristalnega spodjedan ja.

3. VPLIV CEPLJENJA NA DELOVANIE
ELEKTRARNE

Z zatepitvijo cevi uparjalnika se spremeni
geometriéna oblika primarne stranl uparjalnika. S
spremenjeno geometriéno obliko uparjainika ne
moremo pri¢akovati ohranitve Imenskih para-
metrov primarnega in sekundarnega kroga jedrske
elektrarne. Posledica zatepitve deln cevi uparjal-
nikov je zmanjiana povraina za prehod toplote ter
zman jan pretok reaktorskega hladila zaradi pove-
cane hidraviiéne upornosti. Glede na zmanjsan
pretok reaktorskega hladila in povriine za prenos
toplote je JEK za ohranitev imenske moci povecala
toplotno mo¢ uparjalnika. To so dosegll z zni-
2anjem tlaka pare pri ohranjeni temperaturi vrote
veje primarnega kroga. Tak natin  ohranitve
imenske moti je omogocila predimenzionirana
zmogljivost repulacijskih  ventilov visokotlatne
turbine.

Vsako spremembo obratovalnih parametrov je
treba preveriti 2 vidika jedrske varnosti. Te zah-
teve so predpisane v domacih in tujih pravilnikih.
Preveritev termohidrodinamiénih parametrov - je
izvedena z ustreznim simullranjem odziva slste-
mov elektrarne na vse predpostavl jene omejitvene
nezgode. V splosnem je vsaka sprememba obrato-
valnih parametrov sprejemljiva, ¢e varnostne ana-
lize pokazejo, da sprememba ne povzroti presegan ja
varnostnih mej. Kakor so pokazale analize, je
glavnl omejitveni dejavnik ¢epljenja temperatura
gorivne srajtke med predpostavljeno veliko izlivno
nezgodo.

lzkoristanje zmogljivestl sedanjih sistemov
za ohranjanje imenske moéi zaradi ¢epljenja cevi
uparjalnikoy je omejeno. Za JEK je ta krititna
meja 15-odstotna zacepitev cevi. Dodatni ome-
iltveni dejavnik je tudi nesimetriénost zatepitve
upar jalnikov.

cracking region on fig. 2 18 divided into two sub-
regions as follows: the sludge region above the
tube sheet and other typical Intergranular stress
corrosion cracking locations. Indications In the
gludpe region are on or very close to the top of
the tube sheet and are result of rolling the tube
into the tube sheet. For this reason It Is our opi-
nion that these Indications are the consequences
of intergranular stress corrosion. The sludge re-
glon is a typical location for pltting, too, but In
the NPP Krsko case, this process Is uncommon.

Intergranular stress corrosion In the region of
the tube bends is rare in Kriko NPF steam penera-
tors, with the exceptlon of a few tubes in rows
Mo. 1 and 2, which have a minimum bending radius.

Fig. 2 shows the increase In Indications of
intergranular attack on the tube secondary side in
the replon of the tube support plates In recent
years.

3. THE IMPACT OF PLUGGING ON PLANT
OFERATION

The geometry of the steam generator primary
side is changed by plugging a tube. Thus, the pre-
servation of the nominal primary and secondary
nuclear power plant parameters can not be expec-
ted by this change in steam generator geometry.
Plugging a part of the steam generator tubes cau-
sez a decrease of the heat transfer surface and
reactor coolant flow rate due to the Increased
hydraulic resistance. Because of the reduced heat
transfer surface and reactor coolant flow rate,
the thermal power of the steam generator has
been increased in Kriko NPP to preserve the no-
minal plant power. This has been achieved by re-
ducing the steam pressure at the preserved pri-
mary coolant hot leg temperature, Such an approach
to preserve the plant nominal power has been ma-
de possible by an everdimensioned capacity of the
high pressure turbine control valves.

Any change of the operational parameters
should be investigated from the nuclear safety
viewpoint. Such requirements are considered in
domestic and foreign regulations. The verification
of thermohydrodynamic parameters is performed
by and appropriate simulation of the plant system
response to all hypothetical limiting accidents. In
general, any change of operational parameters is
acceptable If It is shown by means of safety analy-
ses that the safety limits are not jeopardized by
this change. As shown by analyses, the major li-
miting factor in the case of plugging is the beha-
viour of systems and components during an hypo-
thetical large break loss of coolant accident, In
particular, the temperature of the fuel clad.

Exploitation of the capacity of existing sys-
tems and components to maintain the nominal
plant power despite steam generator tube plugging
iz limited. For Kriko NPF, the critical limit
stands at 18 % of tubes plugged. An additional li-
miting factor is also the asymmetry of pluging in
the two steam generators.
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4. PREGLED CEVI

Ozko grlo medobratovalnih pregledov opreme
v elektrarnl so pregledi cevl uparjalnikov. Med-
obratovalni pregled opreme se izvaja ob zamenjavi
gorlva. V tlegénovodnih elektrarnah je to navadno
vzako leto ali najvet vsakih 15 mesecey.

Medobratovalnl pregled 4556 cevi uparjalnika
s povpredno dolZino 16 m je dokaj obseZen in zah-
teven poseg. Minimalni obseg pregledanih cevi je
za JEK dolofen z ameriikim predpisom [11, ki
terja tudl sprotno prilagajanje velikostl vzorca
ugotovljenemu stanju In razveju procesa staranja.

4.1 Postopkl pregleda cevl

Poglavitni In najpogosteje uporabl janl postopek
pregledovanja cevi uparjalnika je metoda vrtinénih
tokov,. ki jo oznafujemo tudl = kratico ECT (Eddy
Current Testing). To metodo navajajo tudi stan-
dardl ASME, del V [3). Dodatno za preverjanje
uporabljajo ultrazvok In vizualni pregled.

Pri pregledovanju uparjalnikov je zelo po-
membna dolofitev velikost] vzorca cevl In njepova
namestitav. Najmanjia vellkost vzorea, ki Jo
upoiteva svetovna praksa, je 3 odstotke cevi. Ta
meja izhaja iz zahtev amerigkih predpisov in je
nespremenjena ze 15 let [11.

Staranje cevl uparjalnlkov. nova spoznanja o
naravl procesov staranja In metodah pregledovanja
so narekovall spremembe meril za cepljenje ter s
tern povezanim vzorcem cevi, ki ga Je treba pre-
gledati. Dandanes po svetu, vsaj v primeru cevl iz
INCONEL 600, Izvajajo 100-odstotni pregled cevi,
ki pa Je obl¢ajno omejen le na najbolj lzpostavljeno
podrodje uparjalnika.

Metoda vrti¢nih tokov je utemeljena na spre-
membl elektri¢ne prevodnosti stene cevl, ki jo
pregledujemo. Najpogosteje se uporablja diferencl-
alna vezava; zato potrebujemo dve tipall, pri-
klopljeni na lzmeni¢no napetost. Napetost na spon-
kah navitja tipala se zmanja in fazno spremenl s
tokom, ki tete po stenah cevl. Tok v stenl cevi je
odvisen od lokalnih elektromagnetnih lastnosti. V
nemagnetnih materlallh, kakr3en je INCONEL, je
pomembna le prevodnost. V primeru nezveznostl
cevi =e prevodnost zmanjsa, napetost na sponkah
navitja pa zato povedca in fazno spremeni v skladu
z globino poskodbe In spremembo prevodnostl. Z
diferencialno vezavo se zniza vpliv pomika tipala
ter temparaturnibh in geometrijskih sprememb.

Cevi lahko preizkufamo po celotnl dolZinl v
uparjalniku, tudi v obmoc¢ju podpornih plo&¢ In
uval janemn delu. kjer se pojavljajo motilni signali.
V obmodju uval janja cevi v cevno steno je razpoke
tezko odkritl, saj je tu signal zaradi sledi uval janja
lahko tudi do 30-krat vecji. Za utinkovito odstra=-
nitev motilnih signalov je v uporabi veé frekvenc
in merilniki z zelo dinami¢nim obmodjem.

4. TUBE INSPECTION

The inspection of the steamn generator tubes
is a critical task in the in-sevice inspection of
plant equipment. In-service inspection of the
steam generator tubes s performed during plant
refuelling. In pressurized water reactor plants,
this 15 usualy performed every year, or at least
once In 15 months.

The in-service inspection of 4556 tubes with
an average length of 16 m 15 an extensive and de-
manding task. The minimum extent of tube Inspec-
tion In Kriko NPP s prescribed by Amerlcan re-
gulations [1], also requiring an Immedlate update
of the sample according to the state and history
of the ageing process.

4.1 Tube Inspection Methods

The basic and most extensively used steam
generator tube inspection method is Eddy Current
Testing (ECT). This method ls also stated In
ASME standards, Section V [5]. Additionally,
ultrasonic and visual inspection may be uszed to
verify the ECT results.

The most Important task during the steam
generator tube inspection Is the determination of
the tube sample and its location. The minimum
sample extent recognized by world praxis Is 3 %
of the tubes. Thig limit basically follows Ameri-
can regulations and has not been changed for 15
years [1].

Agelng of the steam generator tubes and new
findings about the nature of degradation processes
and inspection techniques has required changes in
tube plugging criteria and, in this context, in the
extent of the tube sample to be inspected. Now-
adays, 100 % tube inspection Is performed world-
wide, at least In case of INCONEL 600 tubes. How -
ever, this may be limited to the most exposed
reglons. ’

The ECT method is based on the change of
electrical conductivity of the tube wall being in-
spected. In most cases, a differential coil is used;
thus, two coils have to be connected to alternat-
ing voltage. The voltage in the coil Is decreased
and its phase changes with the current in the
tube walls. The current in the tube wall depends
on local electromagnetic properties. In non-mag-
netic materials like INCONELB00, only conductivity
is Important. In the case of a discontinuity In the
tube, conductivity Is reduced, the voltage In the
coll therefore increases and changes the phase in
accordance with the defect depth and change In
conductivity. The differential coil reduces the ef-
fects of coll displacement and changes in tempera-
ture and geometry.

The tubes can be inspected over their entire
length in the steam generator, including the tube
support plate regions and rolling region, where
some disturbance signals mayv occur. In the reglon
where the tubes are rolled into tube sheet, the
identification of cracks is difficult. This follows
from sudden Increase of the signal, which may be
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Pokazalo se je tudi. da anallza faznega kota
signala sama po sebl e nl zadostna v nestandard-
nih vrstah razpok in vdolbin. Zato se ohlikujejo
dodatni programi in uparabljajo posebne vrste tipal.

4.2 Merllna oprema

Uporabnost metode vretingnih tokov ECT ze je
zelo povecala z uporabo racunalnikov. Avtomatizi-
rane in z ratunalniki podprte meritve prispevajo
k zanesljivemu gzbiranju In obdelavi podatkov.
Znizala se je tudi obsevanost osebja, fas trajanja
in cena medobratovalnega pregleda uparjalnika.

Tudi pri vrhunsko avtomatiziranih sistemih
je konéna razlaga rezultatov meritev vedno pre-
puitena lzkusenlm strokovnjakom. Orodja, ki jih
uporabl jajo dandanes, omogotaje natanénost In za-
nesljivest, kakrinlh pri prvetnih pregledih nl bile
mogodte dosetl, Na sliki 3 je primer ratunalnizkega
izpisa izmerkov wvrtetega se tlpala pri detekeiji
razpoke v blizini vrha cevne stene. Samodejna
enota omogoda:

= |zbiro tipala in popona tipala za posamezni
primer pokodbe. ki jo merimo.

= visoko razmerje slgnal/Sum,

— popolno loitev enote za zbiranje podatkov
in enote za anallzo,

= racunalnizki
umerjanja,

— ratunalnizko podprte analize,

— ucinkevito shranjevanje podatkov,

— diagnozo na podlagi ratunalniske podatkovne
baze.

Z analizo podatkov dolotimo:

— smer razpok (obodna all vadolzna),

— stevilo razpok na istem podrociju,

— dolzino vedolznih razpok,

— globino razpoke z merjenjem faznega kota
signala, ob predpostavki, da oblike razpoke Ze po-
ZNAMo,

V splosnem se vedno pogosteje uporablja
vetfrekventna prelzkusna metoda. kI omogeca
izlotanje nezelenih slgnalov. Znano je. da metoda
ECT ne more dati podatkov o vesti poskodbe. To
lahko ugotovimo le z izvletenjem in metalografsko
preiskavo cevi.

Standardna ECT preiskava cevi uparjalnika se
izvaja z notranjim tipalom v obliki navitka. Tipalo
se z avtomatsko roke vstavi v cev in nato ga s
polgibljive esjo potiskamo skozi cev. Dodatno k
standardnemu notranjemu tipalu se vse bolj uvajajo
pozebna namenska tipala. Eno takih novih tipal je
rotirajoce tipalo, ki je namenjeno ugotavljanju dol-
ZIine razpoke. To tipalo se med gibanjem skozi cev
vrtl. Obstaja tudi posebno tipalo, imenovano pro-
filometer, za ugotavljanje deformacij cevi zaradi
stiskanja.

nadzor vseh posegov, tudi

30 times larger because of the rolling traces. To
ensure effective filtering of disturbance signals,
multifrequency probes with dynamic ranges have
been introduced.

It has been shown that an analysigs of the
phase angle may not be adequate in cases of non-
standard types of cracks and pits. Speclal types
of probes and software are therefore under deve-
lopment.

4.2 Inspection Equipment

The applicability of ECT has been greatly
increased by the use of computers. Automatic and
computer alded Inspection glve rise to rellable data
acquisition amnd analysis. The personnel radiation
exposure, inspection time and the price of the
steamn generator in-service inspection have also
been reduced.

Even in highly automated system, an experi-
enced expert finally interprets the Inspection re-
sults. The tools used nowadays enable the operator
to achleve an accuracy and reliability which was
not possible during early Inspections. Flg. 3 shows
an example of the computer printout of the mea-
surement results of a crack near the top of the
tube sheet as detected by a rotating pancake coll.
The automated unit enables:

— the choice of the probe and its drive for the
particular defect to be measured,

= high =lgnal to nolse ratlo,

— complete separation of data acquisition and
analysls units,

— computerized control of all tasks, Including
calibration,

— computer aided analysis,

— efficlent data storage,

— data base based dlagnostics.

By the analysis of data, the following may be
identified:

— crack direction (circumferential or axial),

— number of cracks In the same area,

— length of axial cracks,

= the crack depth by measuring the phase
angle of the signal, assuming the crack shape.

Generally, the multifrequency Inspection
method, which enables filtering of some disturb-
ance gignals, Is more and more used. It 1z well
known that the defect tvpe cannot be fully conclu-
ded from the ECT results. Only a metallographic
examination of the extracted tubes can serve this
purpose.

Standard ECT tube inspection is provided by
an inside probe, called a »bobbin« coil. The probe
is Inserted by a mechanical arm and withdrawn
from the tube by a long semiflexible shaft. In ad-
dition to the standard inside probe, the use of
speclal probes for specific purposes has been ini-
tiated. One such new probe is the rotating probe,
developed to measure and evaluate crack length.
The rotating probe is rotated as it is withdrawn
from the tube inside. A special probe, called a
profilometer, has been developed, deslgned to de-
tect tube deformations caused by denting.
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Sl. 3. Primer izpisa izmerkov vrtecega se tipala pri zaznavi razpoke v blizini vrha cevne stene.
Fig. 3. An example of rotating probe inspection results showing a crack near the top of tube sheet.

3. POSEGI V UPARJALNIKIH

Vsl posegl v uparjalnikih morajo biti v skladu
z zahtevaml jedrske varnostl in razpoloZljivosti
elektrarne. V' splodnem razdelimo posege na po-
pravne in preprecevalne,

5.1 Popravnl posegl

Najbolj razsirjen In preprost popravni poseg
v poikedovanih ceveh je cepljenje. Obitajno so

3. MAINTENANCE ACTIONS ON STEAM
GENERATORS

All maintenance actions on steam genera-
tors should be consistent with nuclear safety and
plant avallability requirements. Generally, maln-
tenance actions may be regarded as corrective
and preventive,

5.1 Correctlve Actlons

The most extensively used and simple actions
on defected tubes is plugging. Steam generators are
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uparjalniki tlatnovodnih reaktorjev prav  zarad|
éepljenja In usedlin na prenosnih povrsinah pre-
dimenzionirani za 10 do 20 wsdstotkov. V primeru,
ko obseg cepljenja cevl uparjalnika preseze projekt=
no zalogo, je treba zmanjsati mot reaktorja, izvesti
popravne posege ali morda zamenjati uparjalnike.

V nekaterih primerih je mogote ¢epljenje cevi
nadomestiti z vstavljanjem tulcev. Ta poseg je
uporaben prl poikodbah v obmotju cevne stene In
tik nad njo. Tulec je hidravliéno natlsnjen znotraj
cevi ter dodatno zatesnjen z zvarl. Material in
obdelava tulca morata ustrezati cevi.

Problem veradnje tulecev so zvarl, kjer se
zaradi pregrevanja pojavl jajo obodne razpoke. Da bi
se izognili tekavam prl varjenju, so zatell lzdelo-
vati tulce iz mehkejtega materiala (niklja) In jih
pritrjevati z eksplozivnim natisnjenjem, Ki ne
terja dodatnega segrevanja cevi.

5.2 Preprecevalnl posegl

Prepretevalni ukrepl so namenjeni preprece-
vanju in &irjenju posameznih vrst procesov stara-
nja. Sem sodi jo:

= vzdrzevanje ustrezne kemije vode primar-
nega Iin sekundarnega hladila.

= medobratovalno ¢istenje uparjalnikov,

— popuitanje zaostalih napetosti,

= izbira najprimernejsih materialov za se-
stavne dele sekundarnega hladilnega kroga,

— tesnost kondenzatorja. _

_ Laostale napetosti v ceveh odpravljamo s to-
plotno ali mehansko obdelavo. Za cevnl lok je pri-
merna le toplotna obdelava, pri kateri se kot vir
toplote uporablja elektriéno uporno navitje. Cev
se pri tem segreje za nekaj minut (do 10 minut)
na temperaturo 593 do 760°C [14]. Taksna toplotna
obdelava zmanj$a notranje napetostl na 50 MPa In
manj, s ¢imer povetamo odpornost materiala pred
napetostno Korozijo.

Peskanje je mehanskl na¢in popustanja no-
tranjih napetostl v materlalu prl temperaturl
okalice. Postopek je uporaben na mestih uval janja
v cevno steno.

Poznamo dva natina peskanja: neposredno na
notranjl povriinl cevl In z vrteto se roflco. na
katero so pritrjene jeklene kroglice. Postopek z
vrteto se roflco se redkeje uporablja. Nadzor nad
postopkom peskanja izvajajo z zvotnimi signall
(101,

Iz diagrama na sliki 2 je razvidna tudi stalna
korozija materiala pod usedlinami na cevni steni.
Za zmanjsevanje korozijskepa vpliva usedlin so v
uporabl razlléni postopkl ¢igfenja uparjalnika, Ki
se ppravljajo ob rednem medobratovalnem pregledu
cevi. Cev se tisti le na sekundarni strani cevi
upar jalnika.

usually overdimensioned by 10 to 20 % to allow for
sludge and tube pluging. In cases where the design
reserve is exceeded, reactor power should be de-
creased, corrective actions should be performed,
or steam generators may be replaced.

In some cases, tube plugging may be replaced
by tube sleeving. This may be applicable for de-
fects in the region of the tube sheet or just above
it. The sleeve is hydraullcally expanded Inside the
tube and, additionally, tightness is achieved by
welding. The material and the make of the sleeve
must be consistent with the tube.

The major sleeving problem are welds, whe-
reby circumferential cracking Is Initiated because
of overheating. To overcome the welding problems,
the sleeves may be made of softer material (nickel)
and fixed by explosive expansion, which does not
require additional tube heating,

5.2 Preventlve Actlons

Preventive actions. are organised to preclude
or stop the agelng process. They include:

— malntalning the approprlate primary and
secondary water chemistry,

— In-service steam generator cleaning,

= relleving residual stresses,

= cholce of most appropriate materials for
the components of the secondary cooling loop,

— tightness of condenser.

Residual stresses in the tubes may be rell-
eved by heat or mechanical treatment. For the
tube bends, only the heat treatment may be ap-
plied. An electrical resistant coil is used as the
heat source. The tube is heated for a short time
(up to 10 minutes) to a temperature of 393 to
760 °C [14). Such heat treatment reduces the re-
sidual stresses to 50 MPa or less, thus Increasing
the stress corroslon resistence of the material.

Peening is a mechanical treatment used to
relleve residual stresses in the material at room
temperature. It has been designed to relieve resi-
dual stresses in the tube to tube sheet rolling re-
glons.

Two methods of peening are recognized: di-
rect bombardment of the tube internal surface and
peening by rotating beam with small steel spheres
attached. The second methods Is rarely used.
Sound signal control over the peening process is
provided [10].

The sustalned presence of corrosion under
sludge on te tube sheet is shown in fig. 2. Dif-
ferent steam generator cleaning methods have
been applied to diminish the sludge corrosion ef-
fects, being carried out during regular in-service
inspections of the steam generator tubes. Tube
cleaning Is performed only on the secondary side
of the steamn generator.

Chemical and mechanical cleaning are both
used. Chemical cleaning is a very demanding task
with possible negative effects on the steam gene-
rator.
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Foznamo kemiéno In mehansko ¢istenje. Ke-
mi¢no ¢l&itenje je zelo zahteven postopek z mogo-
cimi slabimi posledicami za uparjalnik.

JEK uporablja mehansko éiicenje z vodnimi
curkl v kombinacijl z dinamiénim uparjanjem vo-
de. ki povzrota rahljanje usedlin. Usedline odvaja
iz uparjalnika izpustni sistem. Vseh usedlin ni
mogote odstranitl, ker se stedijo. V' usedlinah je
veliko kovinskih ostankov, npr. baker, ki kot ko-
vinski kationl pospeiujejo korozijo stene cevl.
Kemiéno ¢15fenje je pomembno predvsem zato, ker
lahko iz usedlin odstrani kovinske delce [9]).

6. MERILA CEPLIJENJA

Merila za cepljenje temeljijo na dopustni po-
skodbl cevl, KI mora zadostitl natelom jedrske
varnosti. Glede na vrsto poskodbe poznamo dol-
Zinska In globinska merila Cepljenja cevi upar-
jalnikoy. Dolzinska merlla se nanasajo na dopustino
dolzino popolne razpoke cevi. Temeljijo na nacelu
npuscanje pred zlomome. Globinska merila cep-
ljenja pa so utemeljena na dopustnl nepopolnl po-
fkodbi, ki Ima povriinski znata). Obe navedeni
vrstl meril ¢epllenja upostevata:

— trdnost poskedovane stene cevi,

= napako meritve ECT,

— oceno napredovanja pofkodbe do naslednjega
pregleda.

Analize trdnosti cevl so izvedene Za najne-
ugodnejie obremenitvene primere, tj. zlom cevi
napajalne vode ob upostevanju mehanike loma [16].
Ocena napake meritev ECT je Izvedena na podlagi
umerjanja tipal ECT. Napoved napredovanja po-
skodb do naslednjega medobratovalnega pregleda
cevl pa je utemeljena na statistiéni analizi po-
prejinjih rezultatov meritev.

Dolzinsko merilo terja stalni in sprotni nad-
zor pustanja uparjalnika in bistveno zniZano mejo
dopustnega puitanja ter radioaktivnega onesnaze-
nja sekundarnega hladilnega kroga.

V JEK je bil razvoj meril ¢epljenja nasledn)i:

Od zacetka obratovanja leta 19582 do leta 1990
j& bilo uporabljano merilo 40 odstotkov pozkodbe
stene cevi, ki pa se je z letl deloma spremenilo.
Najprej se je to merilo dopolnile z merilom P*, ki
v nekaterih ceveh dopusta vse poskodbe za raz-
daljo P* pod vrhom cevne stene. Sledile so %e
man j&e sprostitve, ki pa so bile vedno utemeljene
s povetano natancnostjo kazanja tipal ECT.

Zaradi nepredvideno hitrega napredovanja ste-
vila razpok zaradl medkristalne napetostne korozi-
Je In s tem povezanega obsega Cepljenja je JEK
leta 1990 delno presla K uporabi dolzinskega merila.
To merilo dopuita obratovanje uparjalnikov z ome-
jenimi razpokami, vendar terja sprotno spremlja-
nje naslednjih parametrov:

Mechanical cleaning, using water jets com=
bined with dynamlc water vaporization, aimed at
loosening the sludge, is used in Krike NPP. The
sludge is removed from the steam generator by
means of a blowdown system. the removal of
all sludge 1s not possible since It hardens. A lot
of metal particles, such as copper In the form
of catlons, are contalned In the sludge, thus
accelerating tube wall corrosion. Chemical clea-
ning Is Important mainly because of the possibl-
lity of removing the metallle parts from the
sludge [9].

6. PLUGGING CRITERIA

Plugging criteria are based on the allowable
tube wall defect, which should satisfy nuclear
safety principles. Length and depth steam genera-
tor tube plugging criterla relate to the type of
defect. Length criteria are related to the allowable
through-wall crack length; this is based on the
»leak -before-break« approach. Depth criterla are
based on a part-through-wall defect, having
surface characteristics. Both types of criteria
consider:

— the strength of the degraded tube,
— the ECT sizing error,

— an estimate of defect propagation until the
next Inspection.

Structural analyses are performed for the
most unfavourable load cases, e.p., feed water line
break, considering fracture mechanics [16]. The
ECT sizing error is based on an ECT probe call-
bration data. The prediction of defect propagation
until the next in-service inspection is based on a
statistical analysis of past measurement results.

The length criterion requires continuous
on-line monitoring of the steam generator leak
rate and significantly reduced allowable leak rate
and secondary cooling system activity.

In the Kriko NPP case, the development of
plugging criteria has been as follows:

From the beginning of operatlon, since 1952
until 1990, a criterion of 40 % tube wall degrada-
tion was used, with minor modifications over the
vears. First, a P* criterion was added, allowing
for all defects in some tubes, provided that de-
fects are located at least P* below the top of the
tube zheet. Some minor relaxations also followed,
based on improved ECT probe accuracy.

Due to an unexpected fast growth In the
amount of intergranular stress corresion cracking
and consequently an increased plugging extent, a
partial use of length criterion was introduced by
Kriko NPP in 1990, The operation of steam pene-
rator tubes containing limited through-wall cracks
was allowed by this criterion. However, conti-
nuous monitoring of the following parameters Is
required:

— leak of the primary coolant Into the steam
generator,

— the length of cracks and their propagation,
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— puitanje primarnega hladila v uparjalnik, — accuracy of the ECT probes,
— dolzine razpok In njlhova rast, — Increased extent of inspection sample

— natanénost kazanja tipal ECT in

— povedan obseg vzorca (100 %).

Uporaba dolzinsklh meril je v JEK omejen le
na podrotje tik nad cevno steno. Za druge poskod-
be, ki nimajo znatllnostl razpoke, ta merila niso
primerna.

7. SKLEP

Obratovalne Izkugnje s cevmi 1z INCONEL-600
kazejo na to, da doba trajanja teh uparjalnikov ne
ustreza dobl trajanja jedrske elektrarne. ki je
ocenjena na 30 do 40 let. Desetletne izkuinje 1z
JEK kaZejo, da je proces staranja, kljub obratova-
nju jedrske elektrarne v okviru zahtev tehniénih
specilikactj le delne obvladljiv. lz razvoja pojavaov
razlitnih vrst procesov staranja sten cevl je raz-
vidno, da ukrepanja utinkujejo selektivno, saj se
z zmanjsanjem intenzivnosti nekaterih procesov
staranja pojavljajo druge oblike procesov.

L ustrezno lzbiro meril 2epljenja poskodova-
nih cevi uparjalnika lahko pomembno vplivame na
dobo trajanja uparjalnika. Prvotna merila éepljenja
40-odstotkov poskedovane cevi lahke na podlag
novih spoznanj = poadro®ja trdnostl in verjetnostne
mehanlke loma [16], preizkusov ter stalnega nad-
zora pudtanja uparjalnika sprostimo. £ uvedba dol-
zinskih meril je podal jfano obratovanje uparjalnl-
kovih cevi z razpokami. To je ekonomski ukrep,
ki omogota podalj8anje razmeroma kratke dobe
trajanje obravnavanih uparjalnikov.

Z uporabo dolzinskih meril se tako izognemo
po enil stranl éepljenju oziroma lzlotenju cevi in
po drugi zelo dragemu postopku vatavijanja tulcev,
ne da bi pri tem zmanjkali obratovalno varnost.
Pri tem pa ne smemo zanemariti resnice, ki go-
vorl v prid dolzinskim merilom. da se z vedanjem
ohsega cepljenja veca potencialna nevarnost utru-
jenostnega loma cevl v podrotju cevnega loka za-
radi vibracij.

Glede na dosedanja spoznanja o procesu stara-
nja uparjalnikev JEK bl lahko v najneugodnejsih
razmerah Stevilo zatepljenih cevl dosegle zgornjo
mejo ¢ez nekaj let. Vsaka zatepltev cevl uparjal-
nikov vpliva na spremembo geometrijskih in ter-
mohidrodinami¢nih razmer v primarnem hladilnem
sistemu, kar narekuje preveritev varnostnih mej
sredice,

Da bi upotasnili staranje cevi uparjalnikov,
lzvaja JEK prepretevalne ukrepe, npr. popusdan je
zaostalih napetostl in ¢iddenje sekundarne strani
upar jalnikov, lzvedeni ukrepl kazejo dolotene po-
zitivne rezultate, saj je razpolozljivost JEK v
zgornjli tretjini svetovne lestvice razpolofljivost
jedrskih elektrarn.

(100 %).

Usage of length steam generator tube plugging
criteria is allowed only for the transition Zone at
the top of the tube sheed. Length criteria are not
appropriate for tube defects which are not typical
cracks.

7. CONCLUSION

The operating experience with INCONEL—500
Steam generator tubes indicates that the life time
of such steam generators does not match the life
time of a nuclear power plant, which Is estimated
to be 30 to 40 years. Ten years of NEK experience
indicate limited control over the ageing processes,
despite operation within the technical specification
requirements. The history of different ageing phe-
nomena shows a selective effectiveness of pre-
ventive activities, the decrease of some phenome-
na intensity thus causes the appearance of other
similar phenomena.

The appropriate choice of tube plugging crite-
ria may significantly Influence the steam genera-
tor life time. The initial conservative 40 % of the
tube defect may be relaxed, based on new know-
ledge in the field of strength of materials and
fracture mechanics [16], Inspection and contiuous
on-line leak rate monitoring. By the Implementa-
tion of length eriteria, an extension of the opera-
tional life of through-wall cracked steam genera-
tor tubes has also been allowed. This is an econo-
mical measure, allowing for a prolongation of the
relatively short steam penerator life time.

By using the length criteria, first, the plug-
ging or deactivisation of tubes and second, very
expensive sleeving insertions are eliminated with-
out reducing operational safety. However, the
increased potentlal danger of tube fatigue cracks
by increasing the extent of plugging In support of
the lenght criteria implementation should not he
overlooked. Increased extent of tube plugging
caused increased tube bend vibration.

Consldering the trend of progress of the age-
ing phenomena in the Kriko NPP steam generators
and the case of the most unfavourable conditions,
the limit of the number of plugged tubes may be
reached in a few years. Each plugged SG tube
effects the geometrical and thermohydrodynamical
conditions in the primary colling system, requiring
verification of the core safety limits.

To slow down the expansion of ageing pheno-
mena in the steam generator tubes, some preven-
tive measures have been implemented by Kriko
NPP, e.g. relief of residual stresses and cleaning
of the steam generator secondary side. The pre-
ventlve measures implemented show certaln po-
sitive results, considering that the Kriko NPP
availability Is In the upper third of the world
nuclear power plant avallability scale.
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