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Zirconium alloys, are usually used as fuel cladding materials in VVER (water-cooled, wa-
ter-moderated energy reactor) type reactors, mainly, due to their low neutron absorption
cross-section, desirable mechanical properties, and good corrosion resistance under reactor
operating conditions. During exposure to water at high temperature, water reacts with zirco-
nium alloys, which results in the production of an oxide layer. The entire area of corrosion
along with the accompanying absorption of hydrogen in the zirconium metal matrix has at-
tracted a lot of attention when the performance of the core components as well as the opera-
tion of the reactor is emphasized. The growth of the zirconium oxide layer plays a destructive
role in decreasing thermal efficiency of the reactor by restricting the inlet temperature and
chemical properties of the coolant. The present study aimed to develop a computer code to
predict long-term water side corrosion weight gain, oxide thickness and determine the con-
centration of absorbed hydrogen in VVER-1000 reactors during normal operating condi-
tions. The proposed model can be utilized to estimate the pre-transition and post-transition

corrosion weight gain and the oxide thickness in operating conditions.
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INTRODUCTION

Corrosion is strictly the process that results in the
deterioration of the performance of a material, the re-
sult of which is corrosion damage. Corrosion may be
defined as: a physicochemical interaction leading to a
significant deterioration of the functional properties of
either a material, or the environment with which it has
interacted, or both of these [1]. The production of al-
most all metals (and engineering components made of
metals) involves adding energy to the system. As a re-
sult of this uphill thermodynamic struggle, the metal
has a strong driving force to return to its native, low
energy oxide state. This return process to the native
oxide state is what we call corrosion and it is inevitable
[2]. Based on this explanation, metal can never be
completely protected from corrosion as long as it is re-
garded as corrosion to an acceptable level. Zirconium
alloys are widely used for fuel cladding, pressure
tubes, fuel channels (boxes), and fuel spacer grids in
almost all water-cooled reactors, including light water
reactors such as the pressurized water reactor (PWR),
VVER-1000 and the boiling water reactor (BWR).
The corrosion of Zircaloy cladding in VVER-1000 has
been more emphasized because of high fuel discharge
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burnup to reduce fuel cycle costs, high coolant inlet
temperature to increase plant thermal efficiency, and
increase of the coolant pH and lithium concentration
in order to reduce plant radiation levels. Nuclear fuels
are not directly inserted into the coolant while they are
always used as covered. The fuel cladding keeps the
coolant isolated from the fuel, which protects fuel and
prevents the expansion of fission products into the sur-
rounding environment. In addition, this cladding is
considered as a structural support of fuel which con-
tributes to heat transfer. Like the fuel, the cladding ma-
terial should possess good thermal and mechanical
properties and it should be chemically stable over the
interaction with the fuel and material of the environ-
ment. The zirconium alloy is oxidized on contact with
primary coolant circuit water. Zirconium alloys cor-
rode in high temperature water to form zirconium di-
oxide. The corrosion rate of zirconium alloys is one of
the major controlling parameters for the design of
in-core components of water reactor fuel elements [3].
Therefore, oxidation is very important in reactor
operation so it is desirable to be able to understand and
predict the oxidation process and, if possible, to slow it
down or prevent it. Further, zirconium has a low ab-
sorption neutron cross-section, high melting point,
good mechanical properties, and high corrosion resis-
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tance to water. These properties make zirconium a su-
perior material as a fuel cladding for reactors. The me-
chanical properties of zirconium and its corrosion
resistance can be improved by alloying it with a small
amount of tin, iron, chromium and nickel. The zirco-
nium alloy E110 (Zr + 1 % Nb) has been used in the
construction of fuel rods cladding in the Bushehr nu-
clear power plant [4]. The use of this type of alloy in
the fuel cladding has increased fuel burnup, as well as
the life cycle of fuel efficiency. Due to the significance
of zirconium oxidation, many attempts have been
made to examine the oxide layer in order to decrease
its growth, and calculate its thickness in the operating
conditions of a reactor. To this aim different models
have been presented to design and evaluate fuel clad-
ding operating. As in the developed codes of the Nu-
clear Regulatory Commission, the EPRI Model (de-
veloped by the Electric Power Research Institute) is
used as the most famous model in order to calculate the
growth rate of the oxide layer, the aforementioned
model is used in the present research, which has exhib-
ited desirable results [5]. The formation of the oxide
layer on zirconium metal does not have any conse-
quences on the behavior of the fuel rod although it may
increase hydrogen diffusion into the zirconium metal
which has anegative impact on the fuel rod. Zirconium
metal has a very low solubility for hydrogen and once
the solubility limit is exceeded, the hydrogen precipi-
tates as a zirconium hydride phase. As a result, the fol-
lowing effects have been reported (although not all
confirmed) to occur in the cladding: hydrogen
embrittlement due to excess hydrogen or its localiza-
tion into a blister or rim [6, 7] loss of fracture tough-
ness; delayed hydride cracking (DHC), and accelera-
tion of corrosion and of irradiation growth. Hydrogen
embrittlement impacts the mechanical resistance of
the zircaloy cladding to failure. The ductility reduction
due to hydrogen embrittlement is dependent on the
volume fraction of hydride precipitates in the cladding
and their degree of agglomeration [8, 9].

Zr(H.sln' )+ H, = ZrH, ¢ or ZrH, (1)

ZIRCALOY OXIDATION MECHANISM

In general, the corrosion process of Zircaloy
starts with the formation of an adherent, thin, black ox-
ide film and grows according to a simple cubic rate
equation [10]. It is then followed by a transition to a
gray or white oxide with a linear rate eq. [10]. The first
period is called the pre-transition growth regime. Once
the oxide reaches a critical thickness (transition or
breakaway), the second period begins, which is called
the post-transition growth regime, where the corrosion
rate sharply increases due to the formation of pores
and cracks in the oxide film structure, allowing easier
access of oxygen to the oxide-metal interface [10]. A
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Figure 1. Schematic representation of the zirconium
alloy corrosion showing the pre-transition, transitory,
and post-transition regions [7]

close inspection of the oxide shows a variety of struc-
tures, depending upon the temperature attained and the
oxygen concentration [10]. A schematic representa-
tion of this pre-transition and post-transition kinetics
is shown in fig. 1 as the dashed lines. Also shown in
this graph is the more recent view that three stages can
be discriminated for zirconium alloy corrosion pro-

cesses [7].

(1) The early pre-transition regime, characterized by
the formation of a thin, black, tightly adherent cor-
rosion film that grows thicker in accordance with a
nearly cubic rate law,

(2) The intermediate stage that lies between the
pre-and post-transition stages. As initially shown
by Bryner [11] this region appears to comprise a
series of successive cubic curves, similar to the
initial cubic kinetic curve. This linear rate results
from the superposition of various regions of the
oxide layer following the pre-transition growth
rate but slightly out of phase with each other, and

(3) The linear post-transition kinetic regime.

CORROSION AND HYDROGEN
PICKUP MODEL

The VVER-1000 reactor is a 1000 MW PWR
type reactor, with uranium dioxide fuel with light water
as a coolant and moderator and consists of 163 fuel as-
semblies with 311 fuel rods. The fuel clad was manu-
factured of zirconium alloy E110 (Zr + 1 % Nb). Some
main characteristics of this reactor are presented in tab.
1 [4]. The fuel rods in a VVER assembly are arranged
on a triangular lattice and it differs from other PWR
with a square lattice which affects the thermohydraulics
and ultimately corrosion calculations. To address this
issue, we have developed a code that specifically de-
scribes the Bushehr reactor during the working cycles

! The designator (sln) is used for the substance in the solution
without specifying the actual equilibrium composition of the
substance in the solution
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Table 1. Main characteristics of the VVER-1000 reactor

No. Characteristic Value
1 Reactor nominal thermal power [MW] 3000
2 | Coolant pressure at the core outlet [MPa] 15.7

Coolant temperature at the

3 reactor outlet [°C] 321

4 Coolant heating in the reactor [°C] 30

5 | Pressure differential in the reactor [MPa] 0.381

6 Number of loops [pcs.] 4

7 Fuel assembly geometry Hexahedral
prism

Helium pressure under fuel rod
8 fla ading [MPa] 2.0+0.25
9 Outside diameter of cladding, 91

mm, nominal

10 | Inside diameter of cladding [mm], nominal 7.73

11 | Outside diameter of pellet [mm], nominal 7.57

Diameter of pellet central hole

12 [mm], nominal

1.5

of the thermohydraulics and corrosion calculations
which yields a more accurate modelling.

The single-channel thermohydraulic model as-
sumes a closed sub-channel and calculates the coolant
temperature and clad surface temperature at the axial
mid-plane of each chosen axial segment of a fuel rod.
Sub-channel geometry, coolant inlet temperature, cool-
ant inlet mass flow and rod power as a function of
burn-up (or time) are regarded as the inputs for the pro-
posed model. Coolant flow is from the bottom to the top
at an axial position of the rod. The fuel rod with maxi-
mum power generation is called the 4ot fuel rod and the
sub-channel related to the hot fuel rod is characterized
as a hot sub-channel in the hot channel. Maximum
enthalpy rise does not exceed the specified values and

Hottest fuel
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=)

Cartogram of the fuel cycle BNPP for symmetry

Channel
Fuel
rod

Hot Channel in Hot Assembly Claddi

analysis is extended to the hot rod in the hot channel of
the reactor core in order to demonstrate the
thermohydraulic limits in the reactor core such as maxi-
mum cladding and fuel temperatures. Then, the hot
channel is assumed in the analysis for calculating the
oxidation layer. A schematic process of corrosion mod-
eling of the VVER-1000 fuel clad is shown in fig. 2.

In addition, the EPRI Model is selected to calcu-
late the corrosion rate in the VVER-1000 fuel clad. In
this model, the cubic rate law for corrosion-layer
thickness as a function of time is utilized to achieve a
transition thickness of 2.0 um [12].

2
el
dr 52 RTI

where S[m] is the oxide thickness, 7 [day] — the time,
A [m’d "] - the constant value 6.3-10°, 0O, —the activa-
tion energy with constant value 32289 [cal mol'],
R [cal mol™' K™']—the gas constant value 1.98, T[K]—
the metal-oxide interface temperature.

This equation is integrated in order to obtain the
following equation, regardless of the feedback be-
tween the oxide layer thickness and oxide metal inter-
face temperature

1
Sitl :{314 eXP[I;%j(tm -1 )+513T A3)

1

2

After attaining the transition thickness, a
flux-dependent linear rate law is applied, with the con-
stant rate, which is considered as an Arrhenius func-
tion of the oxide-metal interface temperature
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Figure 2. Schematic presentation of the corrosion modeling of the VVER-1000 clad
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Figure 3. Computer simulation flowchart

{Co +UM®D)*** =k, =
=11863+35-10% (191107 @)** [g(em®d) '] (5)

Because there is significant feedback between
the oxide-layer thickness and oxide-metal interface
temperature, the oxide thickness is converted to
weight gain, and the approximate integral solution
from Garzarolli, et al. [12] is used. This solution has
the form [13]

In |:1_}’Q26]2 ky exp[_QzJ
R4

-1
exl{}};%;z (Aw; )J(tm — )} (6)

0

where 7, i + 1 refers to (ends of) previous and current
time step, y=0.6789 [cm3g’1], s is the oxide thickness
[m], A—the oxide thermal conductivity [Wem 'K], Aw
— the weight gain [gem ], Q, = 27354 [calmol '], R =
=1.98 [cal mol ' K], ¢" — heat flux [Wem 2], 7, — the
oxide-to-water interface temperature [K], ®@ — the fast
neutron flux (E>1MeV) (1 cm s '], ko — the 11863 +
+3.5-10%(1.91-10 59)*** [gem ™ d '], 1 — the time [d]

The fraction of the hydrogen liberated by the
metal-water corrosion reaction that is absorbed locally
by the cladding is called the pickup fraction. For PWR
conditions, a constant hydrogen pickup fraction has
been found to be applicable [13].

As for the Zr + 1 % Nb (E110) cladding material
used in VVER fuel rods, the hydrogen pick up mass is
calculated by

ImolZrO, 4molH 1grH

my =Pzo, Vo, -
’ > 123grZrO, 1molZrO, 1molH
(7

then
F-58D -
Hconc(ppm):miH-lo6 :6_5M.£.106
Mz 65-(D2 -D!,) 123

®)

where H . [ppm] is the hydrogen concentration, D,
[m] — the outside cladding diameter, D; [m] — the in-
side cladding diameter, # [m] — the oxide layer thick-
ness, and F' — the hydrogen pickup fraction.

The pickup fraction of 0.175 is used. The com-
puter simulation flowchart is illustrated in fig. 3.

RESULTS AND DISCUSSION

The following curves (see fig. 4 and fig. 5) indi-
cate the temperature changes of the inlet fluid of the re-
actor core and the power of the reactor during the first
cycle.

In this section, the modeling results by code are
presented. The distributions introduced in the FSAR
(Final Safety Analysis Report) are used to apply for
the axial power distribution in the hottest fuel rod. Fig-
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Figure 6. Relative power distributions by the hot fuel rod
in the first cycle of BNPP

ure 6 illustrates the curve of the axial power distribu-
tion in the hottest fuel rod at different time periods of
the reactor operation, upon which the amount of fuel
cladding oxidation is calculated [4]. Due to the fuel
burnup at the core of the reactor, the cosine curve of
relative power turns into the flat form after 20 days,
along with a gradual fall at the edges. The inlet coolant
temperature versus the axial level in the different ef-
fective days is shown fig. 7.

In addition, as show in fig. 8 and fig. 9, maxi-
mum relative power is transferred from the middle
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Figure 7. Coolant temperature in the different effective
days

1050.0

1000.0

950.0
900.0
850.0

800.0

Fuel average temperaiure [K]

7500 —#— 5 eff. days
700.0 —i— 30 eff. days |
’ —8— 100 eff. days | | \
——EOC
650.0 ! ! e
600.0 -
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Axial level [m]

Figure 8. Average hot fuel rod temperature in the differ-
ent effective days
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Figure 9. Average fuel cladding temperature in the
different effective days

area of the core to the lower heights of the core. Due to
some changes in the power level during the cycle, the
average fuel temperature and cladding are affected by
these changes in a similar manner in order to produce
thermal power. In this regard, a lot of attempts have
been made to include all the data corresponding to the
FSAR reference. Further, an increase in the power of
the reactor core and the temperature of inlet water to
the core, results in changing the temperature of the fuel
rod during the operation of this reactor until the hun-



L. Ramezani, et al.: Modeling the Water Side Corrosion and Hydrogen Pickup of ...

Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 4, pp. 334-340 339
o CONCLUSION

.E —5 eﬁecﬁ\{e days

- - - i In the VVER reactor due to the use of the Zr + 1 %

é 7O Loekoo Nb alloy (E110) and different coolant chemistry, which

£ = results in low hydrogen pick up, there is normally no ac-

% j'g celeration of the corrosion process. The maximum ox-

o ide thickness criterion used today by most regulators in-

2 =t cluding the NRC for most PWR applications is 100 pm
20 W [14]. The hydrogen content of zirconium alloys must be
10 e . ww—a——— limited to prevent brittle mechanical failures [14]. The
808 ©oF 95 4 B0 7 a9 E s present study aimed to develop a code for oxidation and

Axial level [m]

Figure 10. Axial oxidation layer in the different effective
days

75.0
i
65.0 —@- 5 effective days
=@ 30 effective days
55.0 —@— 100 effective days

=&~ ECC
T

H, concentration [ppm]
e
(4]
o

0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
Axial level [m]

Figure 11. Axial hydrogen concentration in the different
effective days

dredth day. Then, the power and the temperature of the
inlet fluid to the core as two important factors in
changing the axial curve of the fluid temperature are
stable over the fuel rod until the end of the cycle. Gen-
erally, the oxide layer on the cladding surface grows
due to the temperature and time required for the oxida-
tion reaction. Therefore, the growth of the oxide layer
thickness increases at the higher end of the length of
the fuel rod (fig. 10). As illustrated in fig. 9, the growth
of the oxide layer on the cladding surface results in in-
creasing the average temperature. In addition, the
growth of the oxide layer becomes parabolic before
2 um while it changes linearly. The maximum thick-
ness of the oxide layer in the fuel rod cladding during
the reactor operation cycle is about 9 pm, which is less
than 60 pm in the modeled value mentioned in the
FSAR. Figure 11 illustrates the amount of absorbed
hydrogen in the cladding by the reaction of zirconium
with water and its variation with the operating time.
Further, the amount of hydrogen concentration in the
fuel rod cladding increases by increasing the oxide
layer thickness on the cladding. As shown, the concen-
tration of 25 ppm? (mgL ") in growth has a parabolic
curve, which increased linearly. This type of alloy
(E119), used in the fuel cladding in the Bushehr reac-
tor, has a high resistance to oxidation in high burnup
along with a low hydrogen absorption.

hydrogen uptake of the fuel rod in the Bushehr nuclear
power plant based on the power distribution of the fuel
rod. Based on the results, hydrogen uptake is similar to
the power distribution according to the manner of oxi-
dation power distribution. Hence a good agreement has
been observed and this confirms that the correct model-
ing of the reactor is accomplished using the code antici-
pated expectations are realized. Finally, the oxidation
valueis 9 um, (about 0.013 % of the thickness in the fuel
rod cladding), which is considerably lower than the
maximum limit of the model, (18 % of the thickness in
the fuel rod cladding).
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Jejna PAME3AHUN, Macys MAHCOYPH, Moxamag PAXTOIINAJ

MOJE/OBAIBE KOPO3UJE KOHTAKTHE CTPAHE
CA BOJOM N HAKYIIJbAIbA BOJOHHUKA Y KOMY/bUIIN I'OPUBHOT
EJEMEHTA VVER-1000 PEAKTOPA

Jlerype nupkoHHjyMa OOMYHO c€ KOPUCTE Kao KOIIyJbUIle TOPUBHUX eJieMeHaTa Yy BOJEHO
xiaheHoM u BojieHO MojiepucaHoM eHepreTckoM peakTopy (VVER peakTopy), yriilaBHOM yciej| HUCKOT
ecpHKaCHor TpeceKa 3a arncopiiyjy HeyTPOHa, MOKEJbHIX MEXaHUIKIX 0COOMHA U J00pe OTIOPHOCTH Ha
KOpPO3ujyy ycmoBuma pajia peaktopa. Tokom u3iararma BOAH Ha BHCOKO] TeMneparypu, y peakiuju Boje u
nerypa III/IpKOHI/I]yMa HacTaje Ccloj OKCHpa. Lenokynsa oGmact KOpo3uje 3ajefHo0 ca mnparehom
ancopIiyjoM BOJOHMKA Y MaTpHIy MeTala MUPKOHWjyMa NpuBiahu gocra maxkme Kaja ce TOBOPH O
nepdopmMaHacaMa KOMIIOHEHTH je3rpa U IIEIOKYITHOT pajia peakTopa. PacT cioja okcuga mupKoHujyMa nMa
[ECTPYKTHUBHY YJIOTY y CMalbetby TepMUUKe €(pUKaHOCTU peakTopa OrpaHiyaBatbeM yja3He TeMIleparype
U XEMUjCKUX OCOOMHA cucTeMa 3a xiabewme. Y 0BOM pajy mpukasaH je pa3Boj MpOrpaMcKor MakeTa 3a
npefBubame AyroTpajHOr HapacTamka KOpo3Hje KOIIyJbUlle TOPUBHOT €IEeMEHTa Ha KOHTaKTHO] CTPaHH ca
BOJIOM, fIcOJbMHE OKCUia ¥ ofipehrBame KOHIIEHTpaIyje arcopOOBaHOT BOJOHUKA Y HOPMAJIHUM yCIIOBAMA
paga VVER-1000 peakTopa. [TpeanoxkeHn Mojies MOKe ce MPUMEHNTH 32 IPOIIEHY ITopacTa KOpo3uje Tpe
U 1Oocle TpaH3ulyje u e0/buHe OKCU/A Y PaJHUM yCIOBUMA.

Kmwyune peuu: Zopusra Koutymuya, KOpo3uja, YUPKOHUJYM OKCUO, UPUKYILbAE 6000HUKA



