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The modification of the secondary side water
regime so§§€sted-by_the-autbofs-and started in

|1997/ias been completed, Jtbus=s±ecfijthe summer
(of ye;ar 2000, each of the four unijs has been

V /

operating using the new water regime. The
ej j je j i ^^ results

of this modification,, on the basis of data obtained
from six reactoryears ff&fe4y

X?
toyears

''•+•

Table 1
Event

Modification of water
regime

Old water regime
2. chemical cleaning of

steam generators
New water regime to 2.

chemical cleaning
New water regime from 2.

chemical cleaning

Uni t i
1999

17. reactoryear
16 reactoryears

2000.

1 reactoryear

0 reactoryear

Unit 2
2000

17. reactoryear
16 reactoryears

1998.

0 reactoryear

0 reactoryear

Unit 3
1997

12. reactoryear
11 reactoryears

1999.

2 reactoryears

1 reactoryear

Unit 4
1998

12. reactoryear
11 reactoryears

2000.

2 reactoryears

0 reactoryear

1. Reasons for water chemistry modification

The water chemistry modification was primarily
justified by the risk of stress corrosion cracking
(SCC) of steam generator (SG) tubes because of
the followings:

- austenitic steel 08H18N10T containing 9 to
11 % nickel - the material of SG tubes - is
sensitive to transgranular stress corrosion
cracking (TGSCC);

- the local tensile stresses developed in tubes
are not known;

- in dead areas and cracks, the local
concentration of SCC activators and oxidizing
agents present in the water that evaporates in the
shell side of the steam generator may reach levels
causing SCC;

- the incubation time needed for development
of SCC has elapsed (10-15 years of operation).
To date there has not been a uniform theory for
SCC yet. Two approaches are known:

- the stress sorption
- and the anodic or active-path mechanism.

The presence of impurities is a key factor in both
theories. Impurities causing corrosion in the SG
tubes are the followings:

- Disperse corrosion products of iron creating
an environment i.e. cracks that interfere the flow
of water (pores of deposits, crevices under
supports of the bundle and sludge accumulated at
the bottom of the SG and reaching lower tubes).

- SCC activators (chloride and sulfate ions)
which, by accumulating in the cracks, cause - in
addition to tensile stress - SCC of tubes:

• According to the stress sorption mechanism,
the chemisorption of chloride ions loosen
chemical bonds between metal atoms, which
under tensile load results in the propagation of
cracks mechanically. The chloride concentration
initiating SCC of austenitic steel is 1 ug/cm2 on
the surface, which may occur at local SG water
concentration of at least 105 ug/kg.

• According to the anodic mechanism, due to
the local concentration of anions the SG water
becomes acidic (pH<3 to 4) which accelerate
anodic dissolution of metal, and propagation of
cracks is r-esulted from anodic dissolution of metal
occurring at tips. One prerequisite for crack
propagation is that sufficient amount of oxidizing
material (dissolved oxygen and corrosion products
of copper) penetrating to the crack and the
reduced products be allowed to leave the crack.

The specific amounts of chloride, sulfate and
copper- calculated for magnetite - removed from
individual SG units during the chemical cleaning
of SG in the Paks NPP, as well as the data
obtained after tube plugging demonstrate the
correlation between contaminants and SCC of
tubes [Figure 1).

-1 -



c

Specific amounts of Cu-, Cl- and SO4-ions
removed at chemical cleanings
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Figure 1

Data show clearly, that chloride ion is a major
contributing factor to SCC damage of SG tubes
[4]. In SG with higher chloride content of
deposited magnetite (units 2 and 3), one order of
magnitude more tubes have been plugged than
those with lower chloride content (units 1 and
partially 4). Chloride content in SG of unit 1
remained under 1 g/kg Fe3O4 (threshold value?),
and number of indications bellow the supports
evidently relating to SCC was less than three,
which is 5% of the 63 tubes plugged due to
indication. In SG of unit 4, in addition to tubes
plugged due to chloride content of 1,4 to 1,7 g/kg
Fe3O4 and 38 indications, number of indications
below the supports was 28 (74%). In SG of units 2
and 3, in addition to tubes plugged due to chloride
content of 2 to 4 g/kg Fe3O4 and 726 indications,
number of indications below the supports was 658
(90%). The less importance of sulfate ions
compared to chloride ions is demonstrated by the
fact that with considerable sulfate ion content
observed during the first chemical cleaning of unit
1 only a few tubes has been damaged.

Data - in addition to the role of chloride ions -
show also the effect of copper upon SCC. Copper
content in the four SG of units 1 to 3 was around 3
g/kg Fe3O4 while in two units (SG 1, 3, 5 of unit 2
and SG 2, 4, 6 of unit 3) it was markedly high (8
and 6 g/kg Fe3O4 respectively).

We found during the period of 1994 to 1996,
that the concentration of impurities in the
secondary water of Paks NPP - contrary to the
opinions of domestic experts - is almost one order
of magnitude higher than the achievable minimal
value, and after the incubation time elapsed
increases the number of tubes damaged by SSC.
Experiences gained since that time have justified
the motivations of our suggestion made then [1],
[2]: "Neither the number of plugged SG tubes so
far nor the availability of equipment experienced
so far justify the modification of the secondary
water chemistry. At the same time, applying the
new philosophy of reliability for PWR SG to the
SG in Paks and analyzing the risk of their
corrosion it can be stated that there exists a risk of
cracks of SG tubes by SCC. To a certain known
or not known extent the effects of all the three
factors of TGSCC with long incubation time has to
be taken into account. The threatening
consequence of further operation of the existing
secondary water regime is that the reliability of
units providing near 50% of the Hungarian
electrical energy may not be guaranteed
permanently. Furthermore it is uncertain, what
proportion of the fitted materials has been already
used by the current water regime locally.
Therefore the long-term risk of corrosion of SG
tubes should be decreased to a minimum."

Until 1996 the tube plugging statistics for SG in
Paks was excellent (from 48 tubes 27 plugged
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due to indication). But since the high number of
tubes damaged by stress corrosion (from the 918
tubes 827 had to be plugged due to indication
until the year of 2000), this favorable situation
changed during the last four years. We will get an
overall picture of tube damages caused by the
previous water regime only after the entire
inspection of SG tubes (9 SG had been entirely
inspected until 2000).

2. Requirements and the components of the
water chemistry modification

In order to minimize the risk of stress corrosion
in operating SG, the concentration of impurities in
the SG water - in compliance with the principle
ALARA (As Low As Reasonably Achievable) -
must be reduced to as low level as reasonable
achievable. But reduction of the amount of
impurities entering the SG can be achieved in the
feedwater and steam systems!

• Iron corrosion products
The specified total iron concentration of feed

water entering the steam generators was 15
ug/kg, which the previous water regime was not
able to achieve. Concentration of the suspended
(<0,45 urn) iron corrosion products - according to
data measured on steam turbine No. 12 during
the period between January 05 and June 05 in
1989 - varied between 24 and 166 ug/kg. We
found that the excess above the expected value
resulted from the erosion corrosion of carbon steel
(Szt20) surfaces.

In order to reduce the corrosion caused by the
flow of the working medium in equipment made of
unalloyed steel, the feed water pH should be
increased from 7,5 to 8,5 - which ensures a
minimal corrosion of copper surfaces - to 9,6 to
9,8 which ensures a minimal erosion-corrosion of
unalloyed steel surfaces. The advantageous
effects of high pH are the following:

- erosion corrosion of the tube side in high-
pressure preheaters reduces by one order of
magnitude,

- corrosion of the shell side in high-pressure
preheaters and separator-reheaters reduces,

- erosion effect of wet steam slightly
moderates;
and thereby the concentration of suspended
corrosion products of iron in the feedwater
entering the steam generator reduces nearly by
one order of magnitude.

• Chloride and sulfate ions
Chloride concentration measured by the ICP

method in the blow-down of SG varied between
30 and 60 ug/kg, but occasionally exceeded even
the value of 100 ug/kg, while the sulfate

concentration was 50 to 100 ug/kg. Although the
chloride concentration was only 6 to 12% of the
limited value that time (500 ug/kg), this
concentration already exposed the SG tubes to a
risk of SCC. With a chloride concentration above
10 ug/kg of the SG water, such local
concentrations may be developed in the pores of
deposits, construction crevices and in the sludge
that give rise to stress corrosion in the austenitic
steel tubes.

The chloride content of the make-up water in
NNP Paks usually lower than 1 ug/kg (maximum 1
to 2 ug/kg). if it is no cooling water inleakage and
the working medium is not in immediate contact
with the ion-exchange resin, then the chloride
concentration in the blow-down of SG is 1 to 8
ug/kg (the lower level occurs with a continuous
and periodic, while the higher level occurs with a
continuous blow-down). In case of cooling-water-
tight condensers, chloride concentrations
measured by ICP (25 to 30 ug/kg) or IC (unit 1,
16th cycle: 18 to 20 ug/kg) in the SG water show
that there is a chloride ion source in the
secondary circuit, which can only be the resin of
mixed-bed ion exchangers of the condensate
polisher. In case of cooling water ingress however
the ion exchangers reduced the amount of ions
entered the SG, it was not sufficient, because by
cooling water ingress, the CI' concentration of SG
water always increased compared to the 25 to 30
ppb measured by ICP.

On the basis of a 10 to 15 years of experience
gained in operation by PWR nuclear power plants
(and conventional supercritical power plants) it
could be established that chloride concentration of
less than 10 yg/kg in the SG water (0.1 ug/kg in
the feed water) may be ensured only by a cooling-
water-tight condenser and without using the mixed
bed ion exchanger in the Condensate Polishing
System. In cooling watertight condensers, the
tube material is stainless steel (fresh water) or
titanium (sea or brackish water).

• Copper corrosion products
The main consideration in conditioning the

secondary working medium in the WER-440
power plant was to minimize corrosion of copper
surfaces (condensers, heat exchangers).
Hydrazine was dosed to the feedwater in an
amount so that feedwater pH vary between 7,5
and 8,5 by the alkalization effect of ammonia
evolved by decomposition of hydrazine. This
provided a minimal copper concentration in feed
water entering the SG (1 to 3 ug/kg), which
increased to 5 to 10 ug/kg for a short while
following switch-on of the hot condensers. In
progress of time however, even with this degree
of copper corrosion product inlet, more and more

- 3 -



copper accumulated in the steam generators.
Copper was not removed during the first chemical
cleaning of the SG (after the 8th cycle), thus it
remained on the surface of tubes, and in the next
period between two cleanings magnetite was
deposited on it.

We established that copper corrosion product
transport can not be reduced any further, and
condensers with copper tube do not remain
cooling watertight for a long time. Therefore
condenser tubes and copper surfaces contacting
with aqueous medium should be replaced by
stainless steel, and a secondary circuit made of
homogeneous steel should be established
gradually.

Components of secondary water regime
modification satisfying the above requirements
were the foilowings:

- replacement of copper tubes by austenitic
steel in condensers and removal of all copper
alloys from the secondary circuit,

- shut-down of the mixed-bed ion exchangers
of the condensate polishing system,

- increasing the feedwater pH to 9,6 to 9,8 pH
(HAVT, also with ammonia evolved by the
decomposition of hydrazine dosed into the
feedwater),

- chemical cleaning of steam generators
(removal of previously deposited corrosion
products of iron and copper).

3. Evaluation of the new water regime
To evaluate the concentration of impurities

giving rise to SCC in the SG, we analyzed data
that have been measured since 1997 in Paks
NPP [4]. Those data were the followings:

- concentrations of suspended (filtered, <0.45
urn) iron, chromium and nickei as well as
dissolved iron corrosion products in feedwater
entering the three steam generators,

- CI" and SO4
2" ion concentrations measured by

IC in the blow-downs of three SG,
- concentrations of suspended (filtered, <0.45

urn) and dissolved copper corrosion products in
feedwater entering the three steam generators,

- concentrations of dissolved corrosion
products of iron and copper in the make-up water.
Concentrations measured in the feedwater and
blow-downs were evaluated per reactoryears, and
those measured in the make-up water were
evaluated yearly. The following data were
examined:

- mean value ± standard deviation,
- number of data (which were used to calculate

mean value and standard deviation),
- range (between minimum and maximum

values).

Variation of SCC risk factors by water chemistry in
SG and steam turbine of unit 3 during three years
of operation is shown in Figures 2 to 4.
Unfortunately, the ion concentrations in SG waters
measured by IC and concentrations of suspended
iron and copper corrosion products entering the
SG have been regularly measured only since
1997, the implementation of the new water
regime, thus there are no sufficient data relating to
the previous water regime of each steam turbine.

• Corrosion products
• Transport of suspended iron corrosion product
on the secondary side of individual units and
steam turbines revealed the following differences:

- it was the lowest for unit 2 (lower for steam
turbine 21 than steam turbine 22),

- it was the highest for unit 1 (lower for steam
turbine 12 than steam turbine 11),

- data for units 3 and 4 were within data for unit
1 and 4 (lower for unit 3 than unit 4).
The difference between the suspended iron
corrosion product transport of the individual steam
turbines can be explained by the different
chromium + molybdenum content of steel Szt20
used for the equipment. The standard defines for
the (Cr + Mo) content the maximal value of 0.25%,
thus it may vary between 0 and 0.25%
theoretically, but the erosion corrosion rate for the
steel in this range with feedwater pH varying
between 7.5 and 8.5 changes by almost one order
of magnitude!

Feedwater of high pH equalizes the transport
of suspended iron corrosion products between the
individual steam turbines, since with pH of 9.6 to
9.8 the erosion corrosion rate for the steel slightly
changes within the (Cr + Mo) content range of 0 to
0.25%.

• During the first two reactoryears, working
medium of high pH for units 3 and 4 - compared
to the previous water regime - raised the
transport of suspended iron, which also was
indicated by the increase of the amount of
magnetite removed during the second chemical
cleanings of SG. We have already pointed out that
the feedwater of high pH cleans the surfaces in
the secondary side from the loosely adhering
corrosion products deposited as magnetite. We
did not think however that this process would
continue in the second operational year, and this
means by 200 to 300 kg more magnetite carrying-
in to the SG. Since for this unit the SG was
cleaned after two years with the new water
regime, this excess was also removed. Since the
third year concentrations of suspended iron
corrosion products in the feedwater entering the
SG have stabilized at the expected value of
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between 10 and 20 jjg/kg, and its standard deviation has significantly reduced (1 to 10 pg/kg).

Suspended iron corrosion product concentration
in feedwater entering three steam generators
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Soluted copper corrosion product concentration
in feedwater entering three steam generators
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Concentration of suspended iron in feedwater
entering the SG of units 1 reduced to the
expected value already in the first year with new
water regime, and was practically equal in both
steam turbines (14,3±4,4 and 15,1±5,0 ug/kg
respectively). Accordingly, cleaning of the
surfaces in the secondary circuit did not occurred
in this case.

Concentration of dissolved iron in the
feedwater has reduced to one half or one third
which also indicates the reduction of corrosion
product transport.

• Transport of suspended chromium and nickel
has reduced to one third or one quarter with the
new water regime in spite of that the steel surface
contacting with the working medium has
increased - together with the shell-side surface of
28,660 m2 of the condenser - to more than double
of the original value.

•With the new water regime, probably the ratio of
the corrosion product sources has also changed.
While with the previous water regime, the larger
proportion (56%) of suspended iron (chromium
and nickel) corrosion products originated from the
feedwater side, with the new water regime -
equally to the PWR nuclear power plants - its
larger proportion now originates from the wet
steam side.

• Chloride ions
Chloride concentrations measured in the blow-

downs of the three SG evidently prove the
necessity of a cooling watertight condenser.
Values for a large number of chloride
concentrations measured by IC during the six
years of operation with the new water regime
were generally less than 10 ng/kg (237 from 283
measurements, which is 83% of the measured
data). Chloride concentrations above this
(additional 48 data, i.e. 17%) were usually
measured following start-ups.

Out the six operational years, five were carried
out with deposited SG surfaces where chloride
ions diffuse from the deposits into the SG water of
low chloride concentration. This process
especially takes place at low temperature during
lay-outs. The effect of the deposited surfaces is
shown by the fact that the average concentration
of sulfate ions in the SG water was more than 10
ug/kg with larger standard deviation during three
years of operation, whereas the chloride and
sulfate concentration of the make-up water was
nearly identical (max. 1-2 ug/kg). For this reason,
the amount of chloride and sulfate ions removed
during the second chemical cleaning of the SG do
not characterize the real chloride and sulfate
content of the magnetite depositions in the
previous water regime, because in the new water
regime their amounts decreased (units 3 and 4 -
cycle2, unit 1 -cycle 1).
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• Copper corrosion products
Although the transport of the copper corrosion

products significantly decreased, it did not
became zero. In the feedwater inlet of SG, the
concentration of the dissolved copper decreased
to one third or one fourth, and the concentration of
the suspended copper decreased to one fourth or
one fifth of the original value. The copper sources
are the followings:

- make-up water,
- corrosion of auxiliary copper equipment

remained in the secondary circuit.
- in five reactoryears, redissolution of copper

from the deposits in the SG - due to the high pH
of the water.
The latter two sources can be eliminated by the
copper removing chemical cleaning of the SG and
by establishing a homogeneous steel secondary
circuit. But the make-up water remains (with a
copper concentration of 0.1-7 ug/kg), therefore
copper remains present in the water of the
secondary circuit.

On the basis of the measured data it can
unequivocally be stated that by introducing a new
water regime in the NPP Paks, the concentration
of the impurities in the SG water became quite
low; accordingly its purity has reached that of the
PWR nuclear power plants constructed in the
1980s which contain unalloyed steel preheaters:

- the suspended iron concentration of the
feedwater entering the SG is 10-20 ug/kg,

- the chloride concentration of SG water is
steadily lower than 10 MQ/kg,

- the total copper concentration of the
feedwater entering the SG is 0,3-0,5 ug/kg.
In this manner, the corrosion risk of the stainless
steel SG tubes is minimal.

4. Further problems
To avoid stress corrosion of SG tubes, the

most important task is to ensure a chloride
concentration lower than 10 jjg/kg in the SG
water, because on the one hand even after the
second chemical cleaning iron and copper
corrosion products can remain in the
constructional crevices under supports; on the
other hand if the concentration of the suspended
iron corrosion product in the feedwater inlet is
higher than 10 ug/kg, the excess can deposit on
the tubes. According to the measured data, a
suspended iron concentration lower than 10 ug/kg
in the feedwater cannot be steadily maintained in
Paks NPP, because of shell-side erosion of the
Szt20 steel equipment caused by the wet-steam.
(The "weak point" of our model for the transport of
iron corrosion products was the calculation of the
erosion on the wet-steam side [3]). For the time
being, it cannot be judged how the deposition on
the heat transfer surface of the SG is affected by

- the suspended iron concentration of 10-20
ug/kg in the entering feedwater,

- the fact that the new feedwater distributor is
above the water level.
(The suspended iron concentration of 5-10 ug/kg
in the feedwater inlet could only be provided by
high pressure preheaters and separator-reheaters
made of stainless steel or steel of high chromium
content.)

The chloride concentration of lower than 10
[ig/kg in the SG water is endangered by the
demineralized water system, and by the flow
problems of the cooling water side of the new
condenser.

• In case of cooling water-tight condensers, the
ion concentration of the SG water is determined
by the demineralized water system, in which
further changes are necessary with minimal cost
in order to assure the less than 0.1 ug/kg chloride
and sulfate concentration of the make-up water
entering the condenser:

- the quality of the produced make-up water
should only be slightly improved, but the
modification of the mixed-bed ion exchanger is
necessary to a Triobed mixed-bed that securely
produces extremely high purity water;

- the quality of the stored make-up water is not
acceptable, the constant recirculation of the
stored make-up water should be maintained;

- the operation of the blow-down polishing
system of the SG was appropriate, but because of
the technology producing extremely high purity
water, the anion exchanger should be modified to
a mixed-bed;

- it is necessary to identify and eliminate the
impurity sources of the auxiliary condensate.
(This is the most probable cause of the chloride
concentration higher than 10 ug/kg measured in
the SG water 48 times, because if the cooling
water were the source, the chloride
concentrations would have been over 50 ug/kg
and increasing with time).

• The design errors on the cooling water side
of the new condensers endanger our results
achieved in lowering the risk of SCC of the steam
generators. According to the international
practice, in the condensers of stainless steel
tubes with fresh water cooling - to avoid
deposition - the minimum linear flow rate of
cooling water is 2 m/s. The new condensers in
Paks do not meet this fundamental requirement.
The linear flow rate of cooling water is lower than
the minimum and the passage in the tube return is
erroneous. Accordingly depositions can from in
the dead zone of the flow at the entering tube wall
of module 2. International experience shows that
depositions initiate pitting of stainless steel
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condenser tubes. If the deposition-free operation
of the condenser on the cooling water side cannot
be maintained, tubes may corroded in progress of
time. Lifetime of condensers of stainless steel
tubes is 25 to 30 years, which is at least the
double of that of copper tube condensers. This
lifetime is endangered by the 0.7 mm wall
thickness of the terminal tubes in the tube bundle
(the international practice is 0.9-1.0 mm),
because the wet steam of 8 to 10% moisture
content entering the condenser may erode those.
By tube failures, chloride ions can directly enter
the SG and by their local accumulation they
increase the corrosion risk of SG tubes.

^ _ _ _ _ _ _ _ _
In order to extend the lifetime of Paks NPP,

and for a possible power increase it is more and
more evident that steam generators may be the
limit. For the wear-out of the SG, it is decisive that
at the end of the planned lifetime (after 25-30
reactoryears) the number of plugged tubes should
be as far as possible from the heat capacity_J|mit.L ! ~iiir
approximately 10% of the surface, i.e.
approximately 550 plugged tubes in one SG.) The
number of plugged tubes until the summer of
2000, and the concentration of impurities in the
working medium indicate that the modification of
the secondary side water regime took place in

njj£nheiLoiJuhsS-.to^plugged--.in.. the.Juture. This
decreases the wear-out rate of the SG, assuring
by this the increase of the lifetime of the nuclear
power plant without replacing the SG. We are
convinced that the cost of replacing the SG at the
end of the planned life expectancy (25 to 30
years) would have been higher by several orders
of magnitude - compared to the cost of the
modification of the secondary water regime during
1997-2000. On the basis of all these results it is
unequivocal that the modification of the secondary
side water regime was successful.
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