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This work is a study of changes in cool ant ac tiv ity due to cor ro sion prod ucts of ex tended
burn-up cy cles of 18-24 months du ra tion, in a typ i cal pressurized water reactor, un der pH
and bo ric acid vari a tions. It deals with non-lin early chang ing cor ro sion rates cou pled with
pH ef fects. The CPAIR-P com puter program was mod i fied to ac com mo date for time-de -
pend ent ris ing cor ro sion and ef fects of cool ant chem is try. These sim u la tions sug gest that the
ef fect of an in crease in pH value for an ex tended 24-month cy cle on a spe cific ac tiv ity, in the
form of a de crease in the said ac tiv ity, is smeared by the ris ing cor ro sion.  The new sat u ra tion
val ues for ac tiv ity at the end-of-cy cle are lower than with a re ac tor op er ated at con stant low
pH/nat u ral bo ric acid in the cool ant. For a non-lin ear rise in the cor ro sion rate cou pled with a
pH rise from 6.9 to 7.4 and the use of en riched bo ric acid (30%-40%), cool ant ac tiv ity first
rises to a peak value dur ing the cy cle and then ap proaches a much smaller sat u ra tion value at
the end of the cy cle, when com pared with the ac tiv ity for the sys tem hav ing a con stant low pH
value (6.9) in the cool ant. In this work, we have shown that the use of en riched bo ric acid as a
chem i cal shim ac tu ally low ers pri mary cool ant ac tiv ity when higher pH val ues, rather than
nat u ral bo ric acid, are em ployed in the cool ant. For mul ti ple long-term op er at ing cy cles, the
sat u ra tion value of cor ro sion prod uct ac tiv ity in creases in the first two cy cles and be comes
con stant in sub se quent ones, due to the high op er a tional pH value for en riched bo ric acid
(40%) as a chem i cal shim.

Key words: com puter mod el ing and sim u la tion, cor ro sion prod ucts, pH value, en riched bo ric acid,
pres sur ized wa ter re ac tor, ex tended op er at ing cy cle

 IN TRO DUC TION 

Sev eral stud ies on pressurized water reactors
(PWR) have shown that en riched bo ric acid (EBA) re -
duces the needed con cen tra tion and el e vated value of
pH (~7.4) can be achieved by us ing an ac cept able 2.2
ppm of lith ium with out cor ro sion crack ing prob lems
[1-4]. Then the dis charged burn-ups can be sub stan -
tially in creased to 40-50 MWd/kgU, as com pared to
pre vi ous  gen er a tions  hav ing  an av er age burn-up of
33 MWd/kgU. Such long-term op er at ing cy cles are
based on higher ini tial en rich ments and/or higher fuel
load ing and better neu tron ab sorp tion at the be gin ning
of the cy cles.

More over, it was also per ceived that cor ro sion
prod ucts were mostly com posed of mag ne tite (Fe3O4)
in the pri mary loop. How ever, re cent stud ies have
shown that cor ro sion prod ucts are mainly com posed
of nickel-fer rite (NixFe3-xO4) [5]. There fore, for such
sys tems, higher pH lev els of 7.4 are more suited, as
com pared to the pH value of 6.9 for the pri mary cool -
ant. It has also been ob served that cor ro sion prod uct
ac tiv ity can be min i mized by us ing high pH val ues.
The pri mary cool ant in PWR be comes very cor ro sive
due to high prev a lent val ues of tem per a ture and pres -
sure in the sys tem and the de com po si tion of wa ter by
ra di a tion fur ther in creases its cor ro sive na ture. Cor ro -
sion prod ucts may orig i nate as sol u ble and in sol u ble
ox ides or in a num ber of other forms. The rate of cor ro -
sion in the re ac tor's pri mary sys tem keeps in creas ing
as the time of its op er a tion at full power in creases [6,
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7]. How ever, high pH val ues can min i mize the cor ro -
sion rate and cor ro sion prod uct ac tiv ity in the pri mary
cir cuit.

In the re ac tor core, cor ro sion prod ucts be come
ac ti vated due to neu tron ir ra di a tion and their sub se -
quent buildup in the core, the pri mary cool ant and on
pip ing in ner sur faces tak ing place due to their life long
ex po sure. Large end-of-cy cle ra dio ac tiv ity can pro -
hibit prompt ac cess to the pri mary pumps, valves and
their vi cin ity. The build-up of ac tiv ity in the cir cu lat -
ing cool ant, in ner sur faces of the cool ant pip ing and
the core sur faces does, in deed, cre ate prob lems re -
gard ing the op er a tion and main te nance of the re ac tor
in terms of ac ces si bil ity de mands [8-11]. 

Cor ro sion prod uct ac tiv ity in PWR is pri mar ily
due to the short-lived 56Mn and 24Na. Nearly all of the 
long-lived ac tiv ity in the cool ant is due to iron, mo -
lyb de num, and co balt, the most sig nif i cant
radionuclides be ing 59Fe, 99Mo, and 60Co. Var i ous
nu clear prop er ties of these nuclides are sum ma rized
in tab. 1 [12]. 55Mn has an ac ti va tion cross sec tion of
13.4 b for the ther mal neu trons to pro duce 56Mn. The
neu tron ac ti va tion of struc tural 27Al and the ac ti va -
tion of 23Na from salt im pu ri ties in wa ter can pro duce
24Na. The use of high-pu rity wa ter, de min er al iza tion
of wa ter and the pres ence of fil ters keep the amount
of dis solved salts to less than 0.05 ppm [9]. How ever,
the half-lives of the dom i nant cor ro sion prod ucts are
lon ger than two hours. There fore, the pri mary cool -
ant re tains the ac tiv ity for sev eral hours, even af ter re -
ac tor shut down, and any tran sient con di tion dur ing
op er a tion can fur ther in crease the end-of-cy cle cool -
ant ac tiv ity [10, 11].

Ex per i men tal data on Cor ro sion Prod uct Ac tiv -
ity (CPA) is gen er ally in ac cu rate due to prob lems re -

lated to the with draw ing of rep re sen ta tive sam ples
from the PWR pri mary cool ant through long sam pling
lines. The mea sured val ues of con cen tra tions of some
cor ro sion prod ucts, (e. g., sol u ble 60Co, 58Co, and
54Mn), are strongly de pend ent on the sam pling flow
rate, pH val ues and bo ron con cen tra tion [13, 14]. Op -
er at ing pa ram e ters of the re ac tor also strongly af fect
the types of radionuclides formed, lev els of sat u ra tion
ac tiv ity reached and the rates at which sat u ra tion is
achieved. These pa ram e ter in clude the com po si tion of
ma te ri als in con tact with the cool ant, the amount and
types of  im pu ri ties pres ent in the cool ant, re ac tor
power, res i dence time of the cool ant in the core, tem -
per a tures, pres sure, cool ant flow rates, cor ro sion rates, 
fil ter ef fi ciency and de po si tion rates of ra dio ac tive el e -
ments in the cool ant.

Sev eral stud ies on cool ant ac ti va tion in PWR
and the ef fects of flow rate and power per tur ba tions
were car ried out. Sim u la tions of low and high-flux
sys tems have shown that tran sients un der re ac tiv ity
and loss of flow lead to the peak ing of the neu tron flux
in the re ac tor and the pro duc tion of ac tiv ity in the cool -
ant [8, 15]. This strongly af fects cool ant ac tiv ity and
cor ro sion rates. The void co ef fi cient, Dopp ler co ef fi -
cient and the tem per a ture of the mod er a tor ex hib ited
sig nif i cant ef fects on power peak ing in a non-uni form
man ner within the core.

Venz et al. have shown that, in ex tended op er at -
ing cy cles of PWR, the chem is try of the re ac tor cool -
ant plays an im por tant role and that the dose in the pri -
mary cool ant cir cuit at the nu clear power plant
Beznau was low ered when the pH level was in -
creased to 7.4 [16]. Also, the eval u a tion of cor ro sion
prod uct ac tiv ity in PWR as a func tion of vari a tions in
the pri mary cool ant chem is try for a long-term op er at -
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Ta ble 1. Var i ous prominent ac ti va tion prod ucts and their re ac tion properties*

Corrosion
products

Reaction and neutron
energy

Activation cross-section
and half-life 

g-ray energy MeV
(intensity %)

24Na

27Al(n, a)24Na 
(En > 11.6 MeV)

23Na(n, g)24Na
(En is thermal)

6×10–32 m2

5.3989×104 s
0.53×10–28 m2

5.3989×104 s

1.368 (99.994)
2.754 (99.855)

56Mn
55Mn(n, g)56Mn
(En is thermal)

1.34×10–27 m2

9.2808×103 s

0.8467 (98.85)
1.8107 (26.9)
2.1131 (14.2)
2.5231 (1.02)

59Fe
58Fe(n, g)59Fe
(En is thermal)

0.9×10–28 m2

(1.6018×105 s)

0.1426 (1.02)
0.1923 (3.08)
1.0992 (56.5)
1.2916 (43.2)

60Co 59Co(n, g) 60Co 
2×10–27 m2

(1.6638×108 s) 

1.1732 (99.85)
1.3325 (99.98)

99Mo
98Mo(n, g) 99Mo 

En > 3.1 MeV
0.45×10–28 m2

(2.3751×105 s)

0.1811 (6.14)
0.3664 (1.20)
0.7395 (12.26)
0.7779 (4.3)

* In ter ac tive chart of radionuclides NuDat 2.6, NNDC da ta bases, Brookhaven Na tional Lab o ra tory  
..(http://www.nndc.bnl.gov/nudat2/chartNuc.jsp)



ing cy cle was done by Song et al. [17]. The pro gram
in volves the mod el ing of CRUD, a col lo quial term
for cor ro sion prod ucts and rust & wear par ti cles
which be come ra dio ac tive as they pass through a
prev a lently neu tron field in side the core of a nu clear
re ac tor. The au thors used the COTRAN code based
on a two-layer model and pre dicted that ev ery sub se -
quent gen er a tion of CRUD will in crease as the op er a -
tion cy cle du ra tion in creases. They also pre dicted
that en riched bo ric ac ids in the cool ant re duce the
amount of CRUD and that high pH op er a tion pe ri ods, 
thus, be come pos si ble.    

For acid-free cool ants, the mod el ing of time-de -
pend ent CPA due to cor ro sion prod ucts in the pri mary
cool ants of PWR un der var i ous per tur ba tions were
car ried out in or der to in ves ti gate the ef fects of flow
coast down and lin ear dec re ment of flow for con stant
cor ro sion rates [18].  The ef fects of cool ant chem is try
were not taken into con sid er ation. Com puter code
CPAIR was de vel oped in FOR TRAN -77, so as to cal -
cu late the spe cific ac tiv i ties due to 24Na, 56Mn, 59Fe,
60Co, and 99Mo in pri mary cir cuits of light wa ter re ac -
tors.  It was shown that the min i mum value of cool ant
ac tiv ity strongly de pends on the slope of the lin ear
dec re ment of the flow rate. The pro gram was fur ther
im proved to in cor po rate the ef fects of power per tur ba -
tions on cor ro sion prod uct ac tiv ity in the cool ants of a
PWR [18]. The com puter code was then mod i fied as
CPAIR-P/PH and the ef fects of fast and slow tran -
sients on dose rates due to cor ro sion ac tiv ity in the
cool ant were stud ied. All of these stud ies as sumed a
con stant and uni form cor ro sion rate and fixed pH val -
ues, dur ing and af ter tran sients. How ever, the cor ro -
sion rate does in crease slowly with plant op er a tion; it
also in creases with tem per a ture and pres sure. The rate
of in crease in cor ro sion de pends on the in te grated ef -
fects of the neu tron flux, re ac tor op er a tion cy cle
length, re ac tor tem per a tures and cool ant chem is try. 

This work is aimed at in clud ing the ef fects of the
pH value and chem i cal shim so as to sim u late the be -
hav ior of cor ro sion prod uct ac tiv ity in a typ i cal PWR
over ex tended cy cles. In it, cou pled ef fects of both an
in crease in the cor ro sion rate due to nor mal cor rod ing
pro cesses and de creases due to cool ant chem is try, are
con sid ered in the pri mary cir cuit. The said changes
were su per im posed and the com puter pro gram CPAIR
[18] mod i fied to in cor po rate both the lin ear and non -
lin ear rise in cor ro sion rates and the ef fects of pH /bo -
ron con cen tra tions in the cool ant. Us ing dif fer ent
cool ant pH/chem i cal shim val ues, we have first an a -
lyzed CPA due to the non-lin ear ac cel er at ing cor ro sion 
rates cou pled with cool ant chem is try ef fects in an ex -
tended op er at ing cy cle. The re sults for var i ous cor ro -
sion prod ucts of pos si ble pH/bo ron per tur ba tions are
also re ported here. Fi nally, the be hav ior of time-de -
pend ent cor ro sion prod uct ac tiv ity us ing high pH con -
cen tra tions and en riched bo ric acid is also pre sented
for mul ti ple long-term op er at ing cy cles.

LONG -TERM OP ER AT ING CY CLE AND
COOL ANT CHEM IS TRY

Sev eral stud ies have shown that the light wa ter
re ac tor's op er at ing cy cle can be ex tended to av er age
batch burn-ups of 45 MWd/kgU for PWR and to about
40 MWd/kgU for BWR. Long-term op er at ing cy cles
(18-month to 24-month cy cles) were shown to in -
crease the ca pac ity fac tor from 3% to  7%. They also
re sult in an in crease of 5 to 7% in fuel fab ri ca tion costs, 
cou pled by an over all de crease in the elec tric power
gen er a tion costs [1-4]. 

In gen eral, a 12-month cy cle has 1200 ppm of
bo ron at the be gin ning of the cy cle  and a  max i mum of
2.2 ppm of lith ium is needed to sat isfy the need for a
pH value of 6.9 in the pri mary cool ant. How ever, for a
long-term op er at ing cy cle of 18-24 months, much
higher ini tial bo ron in the range of 1500 to 1900 ppm is 
needed and that puts the pH val ues in much higher re -
gimes. While on the one hand a higher pH con cen tra -
tion re sults in an in crease in the re lease rate of var i ous
metal ions, on the other, it de creases the sol u bil ity of
the cor ro sion prod uct. Both of these ef fects shape the
buildup of cor ro sion prod uct ac tiv ity over a long-term
op er at ing cy cle and, in this work, we have aimed at es -
ti mat ing the said ef fects of ac tiv ity buildup. A typ i cal
PWR uses nat u ral bo ric acid (NBA) as a sol u ble poi -
son or chem i cal shim. Bo ron-10 has a very high ther -
mal ab sorp tion cross-sec tion (»3800 barn); how ever,
nat u ral bo ron has only a 20 atom per cent of B-10,
while 80% is B-11 (hav ing a very small ab sorp tion
cross-sec tion of about 0.005 barn). Sev eral stud ies
have shown that EBA re duces the needed con cen tra -
tion and that an el e vated pH value of 7.4 can be used in
the cool ant with 2.2 ppm of lith ium for ex tended op er -
at ing cy cles [1, 2]. 

In PWR, along with bo ron, the level of lith ium is
ad justed to keep the pH val ues near 6.9, where the sol -
u bil ity of im pu ri ties in the cool ant is high. Sev eral
stud ies have in di cated that a high value of pH close to
7.4 min i mizes nickel fer rite pre cip i ta tion in the core
[1]. Sev eral PWR used lith ium at 3.5 ppm and a pH
value of 7.4 and have re ported lower out-of-core ra di -
a tion fields. How ever, el e vated lith ium pro grams were 
in ter rupted due to con cerns over the pri mary wa -
ter-based stress cor ro sion crack ing of al loy 600 and
zircaloy clad ding cor ro sion due to the pro longed use
of lith ium at a level of 3.5 ppm.

An ex tended cy cle needs the so-called “mod i fied
cool ant chem is try” in which the re ac tor op er ates with the
cool ant hav ing a pH value of around 6.9 at the be gin ning
of the cy cle with high bo ron and lith ium con cen tra tions,
un til the lith ium drops to 2.2 ppm. At that point, the pH is
steadily raised to 7.4 and kept at this value un til the end of 
the cy cle, as in the case of en riched bo ric acid. The trend
for pos si ble en rich ments of bo ric acid in a typ i cal PWR,
vs. ef fec tive full-power days, is shown in fig. 1(a).  Also,
the pH value as a func tion of ef fec tive full-power days
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(EFPD) is shown in fig. 1(b), per tain ing to ex tended op -
er at ing cy cles [17]. Var i ous pos si ble cool ant chem is try
sce nar ios are shown in fig.  1. The first case cov ers the
use of nat u ral bo ric acid (NBA) in which lith ium is kept
at a 2.2 ppm level and the ini tial pH re mains close to 6.9.
In the sec ond case, en riched bo ric acid (EBA) of 30% is
used: lith ium is kept at a less than 2.2 ppm value and pH
vari a tions are shown in fig. 1(b). Sub se quently, EBA
equal to 40% is em ployed with a Li-con cen tra tion value
less than 2.2 ppm. The pH vari a tions start at 7.02 and are
al lowed to in crease to 7.35 within approx. 300 days, as
shown in fig. 1, re spec tively.

MATH E MAT I CAL MODEL 

Var i ous path ways lead ing to the pro duc tion and
losses of cor ro sion prod ucts are shown in fig. 2. We
have as sumed uni form time-de pend ent cor ro sion in
the pri mary cool ant cir cuit and have ig nored space dis -
tri bu tion ef fects.  The de po si tion of this ac tiv ity on sur -
faces in con tact with the cool ing wa ter is pro por tional
to the con cen tra tion of the cor ro sion prod ucts in wa ter. 
The con cen tra tions of tar get nuclides in the pri mary
cool ant on the in ner walls of the pip ing and on the core
sur faces have been de noted by Nw, Np, and Nc, re spec -

tively, in at oms per cm3. Also, the con cen tra tions of
the ac ti vated nuclides in pri mary wa ter, on the pip ing
and on the core, have been rep re sented by nw, np, and
nc, re spec tively, in at oms per cm3. In this case, the rate
of change of ac tive ma te rial con cen tra tion in the pri -
mary cool ant is [20]
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where  s is the group con stant for the pro duc tion of the
iso tope from the tar get nu clide; fe  is the ef fec tive
group flux [neu trons per cm2 per s]), Nw is the tar get
nu clide con cen tra tion in wa ter [at oms per cm3]. The
val ues of the de cay con stant (l) for each iso tope of in -
ter est are pro vided in tab. 1. The sum over j for ejQj is
given as

e e e e ej j I I p p c c F FQ Q Q Q Q
j

= + + +å (2)

where, quan ti ties eIQI,   epQp,  ecQc,  and eFQF are re -
moval rates due to the ion exchanger, de po si tion on
pipes, de po si tion on core sur faces and re moval by fil -
ters, re spec tively. The term lk is the rate at which the
pri mary cool ant loop loses wa ter from its kth leak
[cm3s–1], Kp and Kc are rates at which iso topes are re -
moved from the scale on the pip ing [cm3s–1]) and from
the core [cm3s–1], re spec tively.  For a typ i cal PWR, the
mea sured val ues of these re moval rates have been con -
sid ered [10, 11] and shown in tab. 2. Cool ant chem is -
try change per tur ba tions are in tro duced through a pa -
ram e ter h(t)

h(t) = func tional de pend ence of C(t) on
pH and cor ro sion rate (3)

The neu tron flux for a given en ergy group is av -
er aged over the ge om e try of the core and has been es ti -
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Fig ure 2. Dif fer ent paths lead ing to the pro duc tion and
loss of cor ro sion prod ucts in the pri mary cool ant cir cuit
of a typ i cal PWR

Fig ure 1. Ex tended cy cle cool ant chem is try as a func tion
of time; (a) bo ron con cen tra tion val ues and (b) pH value
of cool ant as a func tion of EFPD for var i ous in di cated
val ues of en rich ment with sol u ble bo ron



mated us ing LEOP ARD [19] and ODMUG [20] in the
CPAIR-P/PH pro gram.  The times, Tc and TL, are the
core res i dence time and loop time (re quired to com -
plete the pri mary loop once), re spec tively, which have
been in cluded. The rate of the build-up of tar get nu -
clide con cen tra tion in cool ant wa ter can be writ ten as  
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where  Np is the con cen tra tion of the tar get nu clide on
the pip ing, Nc is the con cen tra tion of the tar get on the
core, and Sw is the source term for cor ro sion. C(t) is the
mod i fied time-de pend ent cor ro sion rate [g per cm2 and  
s], in clud ing the ef fects of cool ant chem is try, S is the
area of the sys tem ex posed to cool ant cor ro sion, N0 is
the Avo ga dro's num ber (6.02×1023 at oms per g-mole),
and A is the atomic weight of the tar get nu clide [g].
Here, fn and fs, are the abun dances of the tar get nu clide
and chem i cal el e ment in the sys tem, re spec tively.

The re moval of im pu rity by the ion-exchanger,
core de po si tion and leak age are di rectly re lated to the
flow rate. Also, the rate of re-en try from the scales is
di rectly pro por tional to the pri mary cool ant flow rate.
There fore, the rate of ac tiv ity build-up on the core
scale is given by
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where Vc is the vol ume of the scale on the core [cm3]
and f0 is the ther mal neu tron flux av er age over the ge -
om e try of the core [neu trons per cm2 and s]. The rate of 
build-up of tar get nu clide con cen tra tion on the core
scale (Nc) is given by
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The rate of de po si tion of ac tive ma te rial on the
pip ing scal ing (np) can be ob tained from the fol low ing
bal ance d
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where Vp is the vol ume of scale on the pip ing [cm3]. 
Then, the rate of change of tar get nu clide on the pip ing
walls (Np) is
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Based on the cited sys tem of equa tions (1
through 9), the CPAIR-P (corrosion product activity in 
reactors) com puter pro gram [18] was mod i fied to in -
clude the ef fects of both the ac cel er at ing cor ro sion rate 
and cool ant chem is try as func tions of time.

The mod i fied CPAIR-P/PH pro gram writ ten for
personal computers in FOR TRAN-77 now cal cu lates
cor ro sion prod uct ac tiv ity as a func tion of re ac tor op -
er a tion time un der both time-de pend ent cor ro sion and
cool ant chem is try. The over all com pu ta tional al go -
rithm is il lus trated in the form of a flow chart (fig. 3).
Af ter ini tial iza tion, it cal cu lates group con stants us ing
core de sign pa ram e ters (tab. 3) in the LEOP ARD [19]
code which is a zero-di men sional unit cell-based com -
puter code with 54 fast and 172 ther mal en ergy groups. 
An early data set is used in the cross-sec tion li brary. In
this work, equiv a lent cells of a typ i cal PWR have been
em ployed to gen er ate group con stants for fuel cells
and wa ter holes. These cell-av er aged group con stants
are then em ployed in the one-di men sional multi-group 
dif fu sion the ory based ODMUG [20] code. Us ing
ODMUG, the group fluxes as a func tion of po si tion in
the re ac tor are cal cu lated. These group fluxes are sub -
se quently av er aged over the core. Both LEOP ARD
and ODMUG are treated as sub rou tines of the
CPAIR-P/PH pro gram. Then, in next step, equa tions 1
through 9 are used to find ac tiv ity val ues due to cor ro -
sion prod ucts in the pri mary cool ant, on the pip ing and
core sur face.

RE SULTS AND DIS CUS SION 

A typ i cal PWR is con sid ered with the ini tial con -
cen tra tion of im pu ri ties taken to be zero [9]. Ex per i -
men tal data has been em ployed in the anal y sis of the
frac tional ex change rates (ejQj/Vq) and re-so lu tion
rates ( Kj/Vq). These val ues are shown in tab. 2. The de -
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Fig ure 3. Flow chart of the com puter pro gram



sign data val ues for a typ i cal PWR are shown in tab. 3
[10, 11]. Core av er aged group fluxes have been com -
puted us ing LEOP ARD and ODMUG codes. The
plant sur face area of 108cm2 is ex posed to the pri mary
cool ant for cor ro sion and an equi lib rium cor ro sion
rate of 2.4×10 g/cm2-s [10] ex ists af ter a year of re ac tor
op er a tion. It has a pri mary cool ant vol ume of
1.3×107cm3. We as sumed val ues of pa ram e ters fn and fs
as 1.0 and 0.5, re spec tively, for 56Mn to be on the con -
ser va tive side. Upon that, a cor ro sion rate of 25 mg/s
has been used as a nor mal equi lib rium rate in our sub -
se quent stud ies.

Sim u la tions are started at time t = 0, when the re -
ac tor is con sid ered to be op er at ing at full power, with -
out any im pu rity. The pu ri fi ca tion rate due to an
ion-exchanger, eIQI, must be large enough to take into
con sid er ation de po si tion, re-so lu tion and leak age as
sec ond-or der ef fects. There fore, an op ti mum re moval

rate of ac tiv ity by the ion-exchanger was de ter mined at 
a con stant cor ro sion rate (25 mg/s) and it was found
that the sat u ra tion value of cool ant ac tiv ity re mains
fixed when eIQI is higher than 400 cm3/s. Thus, a re -
moval rate of 600 cm3/s  in which the sat u ra tion value
is suf fi ciently low was se lected.

Five cor ro sion prod ucts (56Mn, 24Na, 59Fe, 60Co,
and 99Mo) were con sid ered in this study. Iso tope 56Mn
re mained the larg est con trib u tor to the to tal ac tiv ity
dur ing re ac tor op er a tion at full power. How ever, co -
balt iso topes dom i nate cool ant ac tiv ity even af ter shut -
down. Their ac tiv ity ac counts for approx. 36% of the
to tal cor ro sion prod uct ac tiv ity in the PWR, whereas
other iso topes, in clud ing 24Na, 59Fe, 99Mo, and 60Co,
con trib ute with about 23.4%,  29.6%,  9.5%, and 1.4%, 
re spec tively. The ac tiv ity due to 56Mn sat u rates at
about 150 hours af ter the start of the re ac tor. Its sat u ra -
tion value is 0.22  mCi/cm3 and it makes the pri mary
cool ant as a 24.531 PBq – source within 150 to 230
hours of re ac tor op er a tion at full power.

In clu sion of the time-de pend ent
pH value ef fect

The change in the sol u bil ity of a cool ant de pends 
on both pH value and tem per a ture. The de po si tion and
re lease rates of cor ro sion prod ucts de pend on sol u bil -
ity. Re spec tive bo ric acid con cen tra tions [ppm] as a
func tion of EFPD are shown in fig. 1(a) and typ i cal
changes of the pH de pend ing on re ac tor op er a tion time 
for var i ous EBA are shown in fig. 1(b). Then, the pH
level is in creased from low to high val ues in a grad ual
man ner, slowly low er ing the sol u bil ity. The tem per a -
ture co ef fi cient of sol u bil ity also be comes pos i tive.
This trans lates into a re duc tion of trans port into and
out of the core. Also, when the op er at ing cy cle pe riod
is in creased to 24 months, the gen er a tion of cor ro sion
prod ucts is af fected.

We have as sumed that the cor ro sion rate re mains 
con stant dur ing the steady-state op er a tion of the re ac -
tor and that cor ro sion prod uct ac tiv ity for the sys tem is
bal anced by eqs. 1 through 9. In ad di tion to nat u ral re -
moval by de cay and other re moval pro cesses, the
chem is try of wa ter also af fects ac tiv ity.  The said ef -
fects on cool ant cor ro sion prod uct ac tiv ity are ob -
served us ing the CPAIR-P pro gram. First, we have
com puted the ac tiv ity when a con stant cor ro sion rate
(25 mg/s) is pres ent in the sys tem cou pled with time-
de pend ent ef fects due to pH. Us ing fig. 1(b), the
time-de pend ent pH for dif fer ent en rich ments of bo ric
acid cases can be writ ten as

   pH

pH(0);  
pH(0)+slope

pH(0

( ) ( );t

t t t
t t t t t=

£ £
´ - £ £

0 1

1 1 2
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ì

í
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î
ï
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where, t0, t1, t2, and tmax are the es ti mated times from
the fig ure. The slope is cal cu lated us ing the least
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Ta ble 2. Ex per i men tal val ues of ex change rates in a
typ i cal PWR*

Rate type Value

Deposition on core, ecQc, [cm3s–1] 80.0

Deposition on piping, epQp, [cm3s–1)] 13.7

Ion-exchanger removal, eIQI, [cm3s–1] 500-781

Re-solution ratio for core, Kc, [cm3s–1] 40.0

Re-solution ratio for piping, Kp, [cm3s–1] 6.9

Volume of primary coolant, VW, [cm3] 1.37×107

Volume of scale on core, Vc, [cm3] 9.08×106

Volume of scale on piping, Vp, [cm3] 1.37×106

Total corrosion surface, S, [cm2] 1.01×108

Average corrosion rate, Co, [kg/cm–2s–2] 2.4×10–16

*  Rafique et al., 2005, and Mir za et al., 2005

Ta ble 3. De sign spec i fi ca tions of a typ i cal pres sur ized
wa ter re ac tor* 

Parameter Value

Specific power [MWkg–1 U] 33

Power density [MWm–3] 102

Core height [m] 4.17

Core diameter [m] 3.37

Assemblies 194

Rods per assembly 264

Fuel type UO2

Clad type Zircaloy

Lattice pitch [mm] 12.6

Fuel rod outer diameter [mm] 9.5

Average enrichment [w%] 3.0

Flow rate [kgs–1] 18.3×103 

Linear heat rate [kWm–2] 17.5

Coolant pressure [MPa] 15.5

Inlet coolant temperature [oC] 293

Outlet coolant temperature [oC] 329

*Rafique et al., 2005, and Mir za et al., 2005



square curve fit ting the data. Es ti mated slopes are
0.00173 per day, 0.00138 per day and 0.00097 per day, 
for NBA, EBA (30%), and EBA (40%), re spec tively. 
Then, the ef fect on the cor ro sion rate term with a slope
(m) es ti mated from fig. 1(b) is  

h t
t

m t
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pH pH pH £ £
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The cou pled ef fects of both the con stant cor ro -

sion rate and the ef fects of pH on cor ro sion rate are
given by a mod i fied cor ro sion rate

C(t) = h(t)Csat (12)

Such a mod i fied cor ro sion rate has been em -
ployed in eq. 4 and 5, re spec tively, to sim u late the
build-up of cor ro sion prod ucts in the core, pri mary
cool ant and on the in ner pip ing sur faces. For the two
cy cles, us ing the above mod els, the pH-val ues in the
pri mary cool ant as a func tion of EFPD are shown in
fig. 4, for NBA, EBA (30%), and EBA (40%), re spec -
tively.

Non -lin ear changes in cor ro sion
and pH ef fects

A typ i cal PWR can have a non-lin ear rise of the
cor ro sion rate su per im posed by ef fects of changes in
the pri mary cool ant chem is try. We have as sumed a lin -
ear rise in the cor ro sion rate, C(t), cou pled with pH ef -
fects in the cool ant with the fol low ing model for the
first(startup) cy cle

   C t
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where m is a pos i tive con stant slope of the cor ro sion
rate in the time do main [a, b], Cs – the equi lib rium
value of the rate af ter time b, h(t) – the ef fect of
time-de pend ent pH on the cor ro sion rate as given by
eqs. 11 and 12, re spec tively, and fcs – the frac tion of
cor ro sion rate at the end of cy cle (b < t < c). In this
study we have as sumed a, b, and c as 10, 570, and 600
days, re spec tively. For the startup cy cle, fig. 5 shows
the nor mal ized cor ro sion rate vs. time for five dif fer ent 
cases of sol u ble bo ron en rich ment (from zero to 40%).
If h(t) is taken as one, then the ef fects due to pH are ig -
nored and EOC cor ro sion prod uct ac tiv ity is mush
larger. The cor ro sion rate first rises to a peak value and
then de creases to a low equi lib rium value dur ing the
first cy cle (fig. 5). 

In the sec ond burn-up cy cle, the cor ro sion rate
C(t) has a non-zero ini tial value from the first cy cle.
Then it gets su per im posed by the rise in the cor ro sion
rate and a com pet ing de crease in it due to pH. The
model for the next cy cle is

C t
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For the sec ond cy cle, we have taken val ues of c,
d, and e as 600, 1170, and 1200 days, re spec tively. The
nor mal ized cor ro sion rate vs. time for an equi lib rium
value (Cs) us ing the above model for NBA,
EBA(30%), and EBA(40%), re spec tively, is shown in
fig. 5. Here, the EOC equi lib rium cor ro sion rate value
for the sec ond cy cle (0.696 Cs) is higher com pared to
the equi lib rium value for the first cy cle (0.633 Cs). The  
DC shown in the fig ure is about 0.084 Cs in the case of
40% en riched bo ric acid. In the sec ond cy cle, the cor -
ro sion rate rises again to a max i mum value and then
starts de creas ing due to pH ef fects and gains a new
equi lib rium value, as shown in fig. 5.

Us ing cor ro sion rates shown in fig. 5, the spe -
cific ac tiv ity for 60Co from the mod i fied CPAIR-P/PH
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Fig ure 4. The pH value from model equa tions for the first 
two cy cles of a typ i cal PWR as a func tion of EFPD for
var i ous en rich ment sce nar ios with sol u ble bo ron

Fig ure 5. Ef fec tive cor ro sion rate as a func tion of re ac tor
op er a tion time for var i ous en rich ments with sol u ble
bo ron in the core, pri mary cool ant pipes and pri mary
cool ant



code as a func tion of time for the core, pipes and pri -
mary cool ant is shown in fig. 6.  The study has been
car ried out for var i ous bo ron con cen tra tion sce nar ios
that in turn change the pH val ues in the pri mary cool -
ant. When we con sider h(t) =1 (no ef fect of pH-value
on cor ro sion) then, first, only a non-lin ear rise in cor -
ro sion oc curs and it sat u rates to an equi lib rium value.
These val ues are the larg est of all cases for the core,
pipes, and cool ant re gions. In the first cy cle, the sat u -
ra tion val ues are 8.88 kBq/cm3, 3.7 kBq/cm3, and
0.629 kBq/cm3 for core, pri mary pipes and cool ant, re -
spec tively.

In all other cases with nat u ral or en riched bo ron
in the pri mary cool ant, the ac tiv ity in the first hun dred
days builds up and even tu ally sat u rates within the core
re gion. Then, due to an in crease in pH value from
pH(0) to pH(max) in steps, a de crease in the cor ro sion
rate oc curs and the re sult ing 60Co ac tiv ity also starts
de creas ing monotonically (fig. 6).  As soon as the pH
reaches the high value of pH(max), the ac tiv ity at tains
a new low sat u ra tion value. This ef fect is fur ther pro -
nounced when we test the plant for en riched bo ric acid
and a dif fer ent set of val ues for the rate of in crease of
pH val ues is em ployed.  As the pH in creases and the
cor ro sion rate de creases, dic tated by the gain and loss
terms in the bal ance equa tions, the end of cy cle ac tiv -
ity then be comes much lower when com pared with
val ues in a case where h(t) =1. This sat u ra tion can be
achieved much ear lier in case of EBA (40%) than
NBA. Sim i larly, in the pri mary pipes, the end of cy cle
ac tiv ity for NBA is about 50% lower when com pared
with the h(t) = 1 case. When we use 40% EBA, an ear -
lier sat u ra tion (within 300 days) oc curs to these low
ac tiv ity val ues.

For the non-lin ear rise in the cor ro sion rate, in
case of EBA (40%), the spe cific ac tiv ity in the pri mary
cool ant reaches the equi lib rium value in the short est
time of all cases (tab. 4).  The peak value in the sec ond
cy cle is higher when com pared with peak val ues in the
first cy cle. The equi lib rium or sat u ra tion CPA val ues
are also higher for the sec ond cy cle, as com pared to the 
val ues in the first cy cle for all three re gions. The equi -
lib rium val ues for EBA (40%) in the first cy cle are
6.068 kBq/cm3, 2.627 kBq/cm3, and 0.444 kBq/cm3 in
the core, pri mary pipes and cool ant re gions, re spec -

tively.  These val ues are 46%, 41%, and 42% lower
when com pared with equi lib rium val ues for h(t) = 1
for all three re gions, re spec tively. The over all be hav -
ior of CPA shows an ini tial rise in the ac tiv ity that
reaches a peak value due to the rise in the cor ro sion
rate and then falls to a low sat u ra tion value, due to
cool ant chem is try ef fects.

The short-lived 56Mn (half-life ~2.58 hours)
dom i nates the to tal spe cific ac tiv ity due to cor ro sion
prod ucts.  The spe cific ac tiv ity due to 60Co (half-life
~5.3 year) re mains low dur ing burn-up cy cles; how -
ever, it dom i nates af ter re ac tor shut down. Its EOC value 
de cides the to tal ac tiv ity af ter re ac tor out age. In the case 
of EBA (40%), we have com pared the spe cific ac tiv ity
due to 56Mn and 60Co for two cy cles and the re sults are
shown in fig. 7. In the first cy cle, the sat u ra tion val ues
for core, pipe and cool ant are 387.02 kBq/cm3, 4.625
kBq/cm3, and 3.737 kBq/cm3, re spec tively, for 56Mn. 
How ever, due to 60Co, the val ues are 6.068 kBq/cm3,
5.18 kBq/cm3, and 0.148 kBq/cm3 in the three re gions,
re spec tively.  Dur ing the re ac tor shut down pe riod (570
days < t < 600 days), 56Mn ac tiv ity be comes less than
10–5 kBq/cm3 and 60Co ac tiv ity re mains at lev els of
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Fig ure 6. Spe cific ac tiv ity due to 60Co in the core, pri mary 
pipes and the pri mary cool ant of a PWR un der dif fer ent
en rich ments of sol u ble bo ron and pH sce nar ios. Here,
the non-lin ear cor ro sion rate only case means h(t) = 1 (no
ef fect of pH-value)

Ta ble 4. Equi lib rium and peak val ues for 60Co spe cific ac tiv ity kBq/cm3 (mCi/cm3) for two cycles

Case Core Primary pipes Primary coolant

First cycle equilibrium value 6.068(0.164) 2.627(0.071) 0.407(0.011)

Second cycle equilibrium value 6.697(0.181) 2.886(0.078) 0.444(0.012)

First cycle peak:

NBA (20%) 8.288(0.224) 7.067(0.191) 0.5476(0.0148)

EBA (30%) 7.77(0.210) 6.66(0.180) 0.518(0.0140)

EBA (40%) 7.252(0.196) 6.253(0.169) 0.481(0.0130)

Second cycle peak:

NBA (20%) 9.213(0.249) 7.881(0.213) 0.6068(0.0164)

EBA (30%) 8.621(0.233) 7.4(0.200) 0.5698(0.0154)

EBA (40%) 8.066(0.218) 6.919(0.187) 0.5328(0.0144)



0.0037, 1.48, and 0.148 kBq/cm3 for the three re spec -
tive re gions.  Co balt iso topes re main the larg est con tri -
bu tors even af ter re ac tor shut down and its sat u ra tion
val ues are the low est in the EBA (40%) sce nario, even
with the non-lin ear rise in the cor ro sion rate. These re -
sults were com pared with the re ported re sults of the
COTRAN code [17] and our re sults are in good agree -
ment with end-of-cy cle be hav iors and val ues for sim i lar 
ex tended cy cles. The re sults by Song et al. [17] for ex -
tended mul ti ple cy cles showed a lin ear in crease in
CRUD and a non-lin ear rise in core ac tiv ity.

We have also com pared cor ro sion prod uct ac tiv -
ity due to the 60Co in the core, pipes, and pri mary cool -
ant for mul ti ple long-term op er at ing cy cles.  This anal -
y sis was done for EBA (40%) where the low est peaks
oc cur and rel a tively quick equi lib rium is achieved.
The re sults of the three-cy cle anal y sis are shown in fig. 
8. For the core re gion, the peak value in the sec ond cy -
cle is about 11% higher when com pared to the peak
value in the first cy cle. The value of the third cy cle
peak is only 1% higher than the sec ond peak. Sim i lar
re sults are ob tained for pipes and cool ant. They show
that no sub stan tial in crease in the peak or sat u ra tion
val ues oc curs af ter the sec ond cy cle. Thus, the EOC
val ues of the sec ond cy cle can be used to rep re sent the
sat u ra tion value for the equi lib rium core. The sat u ra -
tion val ues in each cy cle also re main a func tion of the
per for mance in dex (eIQI) of the ion-exchanger. Here,
we have as sumed the re moval rate from the
ion-exchanger as  eIQI ~ 600-900 cm3/s. If the re moval
rates of the ion-exchanger are low (eIQI ~ 100-300
cm3/s), then the ac tiv ity keeps build ing up and in sub -
se quent cy cles sat u ra tion val ues be come grad u ally
higher. How ever, when ion-exchanger per forms well
(eIQI ~ 600-900 cm3/s), then the over all 60Co ac tiv ity
re mains low and the sat u ra tion value does not grow
much in sub se quent cy cles.

CON CLU SIONS

 The shift of nu clear power plant op er a tion prac -
tice from a 12-month op er at ing cy cle to 18-24 months
long-term op er at ing cy cles re quires new op er a tional
meth ods to sat isfy long-term safety and pro tec tion.
These ex tended op er at ing cy cles have com pli cated ef -
fects on pri mary cool ant chem is try and find ing the op -
ti mum pH con cen tra tion range. From the re sults of the
mod i fied CPAIR-P/PH code, it has been ob served that
for 24Na, 56Mn, 59Fe, 60Co, and 99Mo, the spe cific ac -
tiv ity in the pri mary loop ap proaches equi lib rium val -
ues un der nor mal op er at ing con di tions fairly rap idly.
Dur ing re ac tor op er a tion, the pre dom i nant cor ro sion
prod uct ac tiv ity is due to 56Mn and post-shut down ac -
tiv ity due to the dom i nance of co balt iso topes. The pH
val ues and the op er at ing cy cle length are key fac tors
af fect ing cor ro sion prod uct ac tiv ity in the core re gion,
pri mary pipes, and pri mary cool ant.

These sim u la tions sug gest that the ef fects on the
spe cific ac tiv ity of an in crease in pH value for an ex -
tended 24 month cy cle, in the form of a de crease in the
ac tiv ity, is smeared by the non-lin early ris ing cor ro -
sion rate. The new sat u ra tion val ues for ac tiv ity at the
end of the cy cle are lower than the cor re spond ing val -
ues for a re ac tor op er ated at a con stant low pH/nat u ral
bo ric acid in the cool ant. As for the non-lin ear rise in
the cor ro sion rate cou pled with a rise in pH from 6.9 to
7.4 and the use of en riched bo ric acid (10% - 40%),
this re sults in a cool ant ac tiv ity peak dur ing the cy cle,
drop ping to much smaller sat u ra tion val ues at the end
of the cy cle, when com pared with the ac tiv ity of the
sys tem hav ing a con stant low pH value (6.9) in the
cool ant. The use of en riched bo ric acid as a chem i cal
shim ac tu ally low ers the pri mary cool ant ac tiv ity
when, rather than nat u ral bo ric acid, higher pH val ues
are em ployed in the cool ant. For mul ti ple long-term
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Fig ure 7. Com par i son of the spe cific ac tiv ity due to 56Mn
and 60Co for the core, pri mary pipes, and pri mary cool -
ant with a non-lin early ris ing cor ro sion rate and EBA
(40%) in the first two ex tended cy cles

Fig ure 8. Com par i son of the spe cific ac tiv ity due to 60Co
in the first three cy cles hav ing a non-lin early ris ing
cor ro sion rate and EBA (40%) within the core, pri mary
pipes, and pri mary cool ant of a typ i cal PWR



op er at ing cy cles, the sat u ra tion value of cor ro sion
prod uct ac tiv ity in creases in the first two cy cles and
then be comes con stant in next cy cle due to the high pH
con cen tra tion for the en riched bo ric acid (40%) used
as chem i cal shim. 
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Xavaid I. MALIK, Nasir M. MIR ZA, Sikander M. MIR ZA

PROU^AVAWE  AKTIVNOSTI  PROIZVODA  KOROZIJE,  U PWR
REAKTORIMA  SA  PRODU@ENIM  GORIVNIM  CIKLUSIMA

 Ovaj rad je studija o promenama u aktivnosti rashladne te~nosti usled korozionih
produkata produ`enog gorivnog ciklusa u trajawu od 18-24 meseca u tipi~nom PWR rekatoru, sa
varijacijama vrednosti pH i borne kiseline. Razmatra se nelinearna promena brzine korozije
povezana sa pH efektima izmewenim ra~unarskim programom CPAIR-P prilago|enim vremenski
zavisnom rastu korozije i hemijskim efektima u rashladnoj te~nosti. Simulacije sugeri{u da je
efekt porasta pH vrednosti u produ`enom dvogodi{wem ciklusu u obliku smawewa specifi~ne
aktivnosti – ubla`en rastom korozije. Nove vrednosti zasi}ewa aktivnosti na kraju ciklusa ni`e
su od onih kada reaktor radi pri konstantno niskoj vrednosti pH i sa prirodnim stawem borne
kiseline u rashladnoj te~nosti. Za nelinearni porast brzine korozije povezan sa porastom pH
vrednosti sa 6.9 na 7.4 i uz upotrebu oboga}ene borne kiseline (30%–40%), aktivnost rashladne
te~nosti najpre raste do maksimalne vrednosti tokom ciklusa i potom se pribli`ava znatno mawoj 
saturacionoj vrednosti na kraju ciklusa – u pore|ewu sa aktivno{}u sistema kod koga je vrednost
pH u hladiocu konstantno niska (6.9). U ovom radu pokazano je da upotreba oboga}ene borne
kiseline u hladiocu, umesto prirodne borne kiseline kao hemijske podloge, smawuje aktivnost
primarne rashladne te~nosti kada su ve}e pH vrednosti. Za vi{estruke dugotrajne cikluse,
saturaciona vrednost aktivnosti korozionih produkata raste u prva dva ciklusa i postaje
konstanta u narednim ciklusima usled visoke radne pH vrednosti oboga}ene borne kiseline (40%)
kao hemijske podloge.

Kqu~ne re~i: modelovawe i simulacija na ra~unaru, proizvod korozije, pH vrednost, oboga}ena
..........................borna kiselina, PWR reaktor, produ`eni gorivni ciklus


