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Abstract

For the ewaluation of the corrosion behavior of the aluminum cladding in the KMRR(Korea Multi
-purpose Research Reactor) fuel, a modified Griess cormelation was derived by introducing a heat
flux factor derived from the comparison of the measured in-reactor corrosion data with the predic-
tion of the Griess comrelation. As a design criterion on the corrosion to maintain the KMRR fuel in-
tegrity, prevention of the oxide spallation was conservatively selected, which is conservatively
assumed to occur when the temperature difference across the oxide layer exceeds 114°C. A
bounding power history of the KMRR fuel was determined by examining all the power histories of
the KMRR fuel from cycle 1 to equilibrium cycle, and used to predict the maximum possible cor-
rosion. Results of the corrosion prediction of the KMRR fuel with the bounding power history
showed that the maximum local thickness of the oxide layer would be below 50um and the design
criterion on the oxide spallation would be satisfied with a factor of two margin. Therefore, it can be
said that corrosion of the cladding will not impair the integrity of the KMRR fuel. Nevertheless, the
applicability of the modified Griess correlation to the KMRR needs to be further verified through
the KMRR fuel corrosion surveillance.
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1. Introduction

Aluminum alloys have been widely used as the
cladding material of the research reactor fuels for
good thermal conductivity, high ductility and low
neutron absorption characteristics as well as high cor-
rosion resistance in the high purity water. As shown
in Table 1, several kinds of the aluminum alloys are
commercially available for the fuel cladding material.
For the KMRR fuel [1], an aluminum alloy, AA-1060
is used as a cladding material, which has been used
for more than thirty years as the cladding material in
NRU reactor [2].

Corrosion rate of the aluminum alloy cladding is
influenced by such variables as the temperatures of
the cladding and the coolant, coolant chemistry (pH,
additives and impurities, etc.), surface heat flux and
corrosion layer thickness. Effect of the corrosion of
the aluminum alloy cladding upon the fuel perform-
ance are the temperature increase of the fuel and
the cladding due to the very low thermal conductivity
of the aluminum oxide, which can lead to the loss of
the creep resistance of the cladding and the thermal
expansion of the fuel, and the fuel failure by the per-
foration of the cladding due to the excessive cor-
rosion. As the corrosion layer of the aluminum clad-
ding increases above a certain limit, the spallation of
the corrosion layer could occur, which may be fol-
lowed by the severe localized attack in the form of a
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subsurface woid. As a design limit of the cladding oxi-
dation to maintain the integrity of the KMRR fuel,
oxide spallation was conservatively selected even
though it does not directly results in fuel failure.

In this study, the corrosion behavior of the alumi-
num cladding of the KMRR fuel will be evaluated.
Test data and correlations on the aluminum cladding
corrosion will be reviewed to find an appropriate cor-
rosion prediction method for the KMRR fuel. Then,
the bounding power history of the KMRR fuel will be
determined to predict the maximum possible cor-
rosion layer thickness to find whether the spallation
of the oxide layer would occur.

2. Aluminum Alloy Corrosion
2.1. Literature Survey
A. Griess Correlation

Griess correlation [3, 4, 5, 6] has been developed
from the data of the aluminum alloy corrosion tests
performed in an out-of-pile test loop of the Oak
Ridge National Laboratory (ORNL) to evaluate the
corrosion of the aluminum cladding in the High Flux
Isotope Reactor (HFIR) and the Advenced Test Re-
actor (ATR) conditions [3, 4, 5, 6). The test
conditions of the experiments are shown in Table 2.
Majority of the tests were performed at the pH 5.0

Table 1. Chemical Composition of Aluminum Alloys

Element (wt. %)
Alloy
Ni Fe Mg Si Cu Cr Zn Al
AA-1100 045 0.04 0.11 balance
AA-6061 041 115 039 024 0.18 003 balance
X-8001 1.14 0.55 0.03 balance
AA-1060 0.35 0.03 025 0.05 0.05 balance
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which is the operation condition of the HFIR and the
ATR, and only several tests were performed at the
pH range of 5.7-7.0. Three kinds of the aluminum
alloys such as AA-1100, X-8001 and AA-6061 were
tested, and it was found that there was no significant
difference in the comrosion behavior among them.
Tests at the pH 5.0 showed less corrosion than those
at the pH 57-7.0. The test results at the pH 5.0
showed the dependence on the cladding surface
temperature and the time, and the test results at the
pH 5.7-7.0 showed the same dependence. From the
analysis of the test results, Griess derived the follow-
ing correlation.

Xs{t) =11252 7 exp(—4600/K), pH 5.0
30480 t°7™ exp(—4600/K), pH 5.7-7.0

where,

Xs{t) =corrosion layer thickness (um)

t  =time (hour)
K  =cladding surface temperature (K).

Griess correlation could be best used in the range of
the heat flux between 3.15MW/m? and 6.3 MW/m?
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[6). It was also found [6] that at the heat flux below
3.15MW/m?, significantly lower oxidation of the
aluminum alloy than the prediction of the Griess cor-
relation was measured such that the corrosion rate at
the heat flux of 1.6 MW/m? was about half of that at
the heat flux of 3.15-6.3MW/m2 It needs to be
noted that a majority of the corrosion tests were
performed above the heat flux of 4.7 MW/m? which
was considered to be the peak heat flux of the ATR.
(6]

B. ANSR Correlation

ANSR correlation [7, 8] was developed from the
results of the AA-6061 aluminum alloy corrosion
tests performed in the out-of-pile test loop in ORNL
to evaluate the corrosion of the fuel cladding in the
Advanced Neutron Source Reactor (ANSR) [7]. As
shown in Table 2, the tests were performed at the
condition of high temperature and high heat flux
which was comparable to the operation condition of
the ANSR. ANSR correlation which predicts the cor-
rosion of the AA-6061 aluminum alloy as a function
of the temperature, heat flux and the time is as

Table 2. Comparison of Test Conditions which the Corrosion Correlations of the Aluminum Alloys are
Based Upon with the KMRR Operation Condition

coolant surface

coolant

heat flux  duration aluminum  reference
correlation pH temperature temperature  velocity (MW/m2) {days) place alloy reactor
(o] °C) {m/sec)
AA-6061
Griess 50 and Tooal out-of -pile HFIR
- 6-15. 2-6. -17 -
fon 57.70  =54.121 121204 76-152 3263 10-1 loop AA-1100 ATR
X-8001
ANSR Tin=39-49 out-of -pile
Y - 25.28 . 24 -
comelation 50 T.u=44.99 96-201 62-202 2-2 foop AA-6061 ANSR
Han: AR
son 50 NA 794121 137 45 92479 operaton AA6061  ATR
correlation
data
Kritz SRP
. 50 N/A N/A N/A 22{max) N/A operation  AA-6061 SRP
correlation
data
KMRR
) Tn=35 127(avg.) KMRR
operation 55-65 Tou=45 50-125 72 3.15(max 180-210 operation AA-1060 KMRR

condition
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follows.

XA(t) =[an+1 + (n + 1) kt]l /(n+1)

where,

X,(t) =comosion layer thickness {um)
X, =initial corrosion layer thickness (um)

t  =time (hours)
k  =rate constant {yzm™*!/hour)
n  =constant

The rate constant, k defined as a function of the
local coolant temperature and the heat flux is

k =6992x10° expl —7592/(T.+10®)]
4 [ hour

where,

T. =local (bulk) coolant temperature (K)
® =heat flux (MW/m?)

And a time exponent, 1/(n+1) is derived as 0.

74 +0.07 from the test results. Then, when the initial

corrosion layer thickness is zero, a nominal ANSR
correlation becomes

XA(t)=2.64 % 10* t°7* exp[ —5618 / (T.+ 10d)],

where,

X,{t) =corrosion layer thickness (um).

C. Hanson Correlation

Hanson correlation [9] was developed through the
statistical analysis of the measurement results of the
corrosion of the AA-6061 aluminum alloy cladding
irradiated in the Advanced Test Reactor (ATR).
Nineteen measured data points were obtained from
the high burnup fuels of which the cladding
temperatures were about 250°F (121.1°C) and 175°F
(79.4°C) during the irradiation and the irradiation
time ranges from 220 hours to 1150 hours. Hanson
correlation which predicts the corrosion of the alumi-

num alloys as a function of the cladding surface tem-
perature and the time is as follows.

Xy((t) =60.782 t°*™ exp(—2412.5/R)

where,

Xu(t) =corrosion layer thickness (um)
t  =time (hours)
R =cladding surface temperature (R)

It was reported [9] that the standard deviation was
about 31% when the prediction of the Hanson corre-
lation was compared with the measured cormosion
data.

D. Kritz Correlation

Kiitz correlation [10] was developed for the appli-
cation to the Savannah River Production Reactor
(SRP) and has a similar form to the Griess corre-
lation except for a different activation energy and an
additional term correcting variation in heat flux.

Xlt) =6.531 q" t77® exp(—1880/K)

where,

Xg{t) =corrosion layer thickness (um)
q" = heat flux (MW/m?)

t  =time (hour)
K =cladding surface temperature with the
water {K)

2.2. Derivation of the Aluminum Alloy Corrosion
Correlation for the KMRR Fuel

Since there is no corrosion data available under
the specific operation condition of the KMRR, a lit-
erature survey and analysis of the aluminum alloy
corrosion data available is performed to find an ap-
propriate corrosion prediction method for the KMRR
fuel. As explained in section 2.1, all the corrosion
correlations of the aluminum alloy, available in a lit-
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erature were developed under a specific thermal-hy-
draulic condition to be applied to the corresponding
research reactors. Corrosion of the aluminum alloy is
influenced by such variables as cladding temperature,
coolant temperature, surface heat flux, coolant chem-
sty and comrosion layer thickness, etc. Coolant
chemistry includes pH, additives and impurities. It
was reported [8] that corrosion of the aluminum al-
loy could be significantly influenced by the elements
in the coolant released from the materials in the
cooling system. Specifically, elements released from
the stainless steel in the cooling system may deposit
on the aluminum oxide to form a Fe-rich layer and
subsequently lower the corrosion rate of the alumi-
num alloy.

In Table 2, test conditions upon which the cor-
rosion correlations are based are compared with the
operation condition of the KMRR. Griess, Kritz and
Hanson correlations have the comparable thermal-
hydraulic condition to the KMRR whereas the Griess
correlation covers the pH range of the KMRR. The
ANSR correlation is based upon the heat flux much
higher than the KMRR condition.

To select the appropriate correlation for the
KMRR fuel cladding corrosion, the followings need
to be considered.

— Aluminum alloy for the KMRR fuel cladding is AA
-1060.

—pH of the KMRR coolant is 5.5-6.5.

—Surface heat flux of the KMRR fuel is 1.27 MW/m?
at average and 3.15MW/m? at maximum.

It has been reported [6] that there was no signifi-
cant difference in the corrosion behavior among AA-
6061, AA-1100 and X-8001. Therefore, considering
the relative similarity in the chemical composition be-
tween AA-1100 and AA-1060, compared with the
difference between AA-1100 and X-8001, it can be
assumed that the comrosion behavior of AA-1060,
the KMRR fuel cladding material will be similar to
those of AA-1100, AA-6061 and X-8001.

The coolant pH clearly seems to have a major ef-
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fect on the corrosion of the aluminum alloy. It was
found by Griess [6] that the corrosion rate at the
range of pH 5.7-7.0 was 2.7 times higher than that
at pH 5.0.

For the thermal-hydraulic conditions such as heat
flux, cladding surface temperature and coolant tem-
perature, it was found that surface heat flux as well
as cladding surface temperature could influence the
corrosion significantly. In Table 3 [12], corrosion
measurement from the irradiated fuels from different
research reactors were compared with the prediction
of the Griess correlation. The ratio of the measured
one to the predicted one ranges from 0.2 to 3.0
depending upon the thermal-hydraulic conditions. It
was found that the ratio strongly depended upon the
surface heat flux

Griess correlation has been widely used to predict
the corrosion of the aluminum alloy fuel cladding in
most of the research reactors since it was developed
in 1964. However, the one deficiency of the Griess
correlation is that it can not comrectly predict the ef-
fect of the heat flux upon the corrosion of the alumi-
num alloy which has been known to be significant.

The Griess
measured data of the aluminum alloy corrosion are

correlation predicion and the

compared in Table 3. It can be seen from Table 3
that Griess correlation over-predicts oxide thickness
by a factor of 5 at the heat flux of 2.2 MW/m? and
under-predict by a factor of 3 at the heat flux of 17
MW/m?, and therefore, the heat flux has a significant
effect on the aluminum alloy corrosion.

The ratio versus surface heat flux is shown in Fig-
ure 1. It was found that the ratio has a linear relation
with surface heat flux such that

flq")=—0.20836+0.18915 q”",
where,
q" =heat flux (MW/m?).

For this reason a heat flux factor was introduced
to the Griess correlation to expand the range of the
heat flux in which the Griess correlation can be ap-
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plied. To be conservative, a minimum of the heat
flux factor was set at 0.2 which corresponds to the
SRP data in Table 3. Then, a modified Griess corre-
lation with a heat flux factor becomes

X(t)=11252 flq”) t*7"® exp{ —4600/K), pH 5.0
30480 f(q") t*® exp(—4600/K), pH 5.7 -7.0

where,
f(q”) =a heat flux factor.
A heat flux factor is
flq")=—0.20836+0.18915 q", q" ) 2.16 MW/m?
02, q'<216MW/m?
where,

q” =heat flux (MW/m?).

3.51

ANSR
2.51

Ratio
N

HFIR

sRP~ ATR

0 T T T T T T
0 2 4 6 8 10 12
Heat Flux (MW/m?)

14 16 18 20

Fig. 1. Ratio of the Measured to the Predicted Oxide
Film Thickness by Griess Correlation versus Heat
Flux

Table 3. Comparison of Measured Oxide Film Thickness with Thickness Predicted by Griess Correlation [12]

Duration  Velocit{V) Max Heat Flux(®)  &/V (LY Sox”
Case No. Years _—
No.  Reactor Coolant (days) (m/sec) (MW/m?)  (MW. sec/m?) (MW/m. sec)  (Gondoress
SRP
77 5. 22 038 . .
1 ( uction) 76-7 D0 270 8 128 02
2 ATR* ~87 wo 010 g (5 029 548 07
{max.} 4 (avg.)
3 HFIR Early 60s HO 20 152 6.3 041 95.8 10%**
(c. tests) (max.) {max)
HFIR Through
. 4 | [T
4 (100 MWID)  11/86 H0 23 162 62 0.38 100. 10
ANSR 20~30:
5 (e test 4) 88 H0 5 274 120 04 3288 279
6 AN_SR 88 D0 14-15 274 17.0 0.62 465.8 3?
{design)

*: For coolant pH ~50.

* - For ATR oxide data base being reevaluated by INEL reactor power ( 190 MWI(t) : average power ~150 MW/(t)

- £~25%

*+* . Presumed; No oxide data obtained shortly after shutdown are available.
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2.3. Verification of the Applicability of the Modi-
fied Griess Correlation to the KMRR Fuel

To check the validity of the modified Griess corre-
lation in the application to the KMRR fuel, one cor-
rosion measurement datum [13, 14] obtained from
the Canadian NRU reactor which uses the same
aluminum alloy cladding, AA-1060 and the same
coolant pH, 55-6.5 as the KMRR, and is operated
under similar thermal-hydraulic condition to the
KMRR is compared with the prediction of the modi-
fied Griess correlation. Measured thickness of the
corrosion layer was 14um at the burnup of 36 at. %
with the power history shown in Table 4. The predic-
tion by the modified Griess correlation gives 14 um
while that of the original Griess correlation gives 57.
5 um. There is one more datum from the NRU reac-
tor of which the power history is not known. It
showed that at the bumup of 814 at% the
measured corrosion layer thickness was 22um, which
can be assumed to have a similar corrosion rate to
the above-mentioned corrosion datum and far less
corrosion rate than the Griess comrelation predicts.
Although the amount of data are inadequate, there
was a good agreement between the prediction of the
modified Griess correlation and the NRU corrosion
data, which can give a limited validation of the modi-
fied Griess correlation for the KMRR fuel. To validate
the mode] with statistical significance, it may be still
necessary to validate further through the surveillance
of the KMRR fuel corrosion.

3. Evaluation of the Corrosion of the Aluminum
Alloy Cladding in the KMRR Fuel

J. Korean Nuclear Society, Vol. 26, No. 4, December 1994

3.1. Operation Condition of the KMRR Fuel

KMRR is a pool-type reactor with a forced con-
vection flow of the coolant. KMRR fuel element
consists of the Al-61.4% UsSi fuel meat cladded
with the aluminum alloy AA-1060 with 8
circumferentially distributed cooling fins to enhance
the fuel element cooling as shown in Figure 2. Two
dimensional analysis of the fuel element heat transfer
showed that the cooling fins reduce the surface heat
flux at least by 25% compared with the case without
the cooling fins. There are two kinds of the fuel
assemblies, one with 18 fuel elements and the other

STANDARD CORE
'[Ej ELEMENT
i [

Fig. 2. Schematic of the KMRR Fuel

REDUCED CORE
ELEMENT

| S

Table 4. Corrosion Test Result and Power History of the NRU EXP. FZZ-905 [13, 14]

Phase Time Power Heat Flux Fuel Centerline Cladding Surface Accumulated Bumup
{daw) (kW/m)  (MW/m?) Temperature (K} Temperature (K) (at. %)
I 42 64.5 220 421 377 184
Il 31 754 257 433 385 36
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with 36 fuel elements. Twenty 36-element fuel
assemblies and twelve 18-element fuel assemblies
are loaded in the core of the KMRR. Each fuel as-
sembly stays for 6 or 7 cycles and the duration of
one cycle is thirty days. Thermal-hydraulic conditions
of the KMRR core are summarized in Table 5.

3.2. Evaluation of the Corrosion

To predict the corrosion of the KMRR fuel clad-
ding, the power history and the coolant condition
have to be determined. To get the maximum con-
servative corrosion of the fuel cladding, all the power
histories of the fuels from cycle 1 to the equilibrium
cycle were analyzed and the bounding power history
was determined as a function of the burmup by
selecting maximum local power among all the power
histories at each burnup.

Figure 3 shows a bounding power history and a
realistic power history of the KMRR 18-element fuel
with the highest bumup. The local power of the
KMRR fuel is 104 kw/m at maximum and decreases
with the burnup. The 18-element fuel has generally

120
(60,104)

10043-51\5%
804 W

(169,74)
3
2
-
= 601 '1
o«
Q
T
-l
40+
Bounding P/H
20' —_—
$06-02 Fuel P/H

0 T T T T T T T
0 20 40 60 80 100 120 140 160
Burnup (GWD/MTU)
Fig. 3. Bounding and Representative Power Histories of
the KMRR Fuel

higher power level than the 36-element fuel. Local
coolant temperature and the heat transfer coefficient
between the cladding and the coolant was obtained
from the sub-channel thermal-hydraulic analysis with
a consideration of the axial power distribution.

The modified Griess correlation with the heat flux
factor was used to predict the corrosion of the alumi-
num cladding. Figure 4 shows the corrosion of the
KMRR fuel cladding with the bounding and a re-
alistic high burnup power histories. The maximum lo-
cal thickness of the corrosion layer of the cladding at
discharge is less than 50um for the bounding power
history and 33um for the realistic high burnup power
history. Figure 5 shows the temperature difference
over the oxide layer which depends upon the ther-
mal conductivity of the oxide layer and the heat flux.
The thermal conductivity of the aluminum oxide
layer is 2.25 +0.35w/cm? and the lower limit of 1.9
w/cm? was conservatively used in the calculation.
The maximum temperature difference is around 57°
C which is one half of the spallation limit, 114°C

50

Bounding P/H
401 -
$06-02 Fuel P/H

301

20+

Oxide Layer Thickness (um)

10+

0 g T T B T T T T
0 20 40 60 80 100 120 140 160
Burnup (GWD/MTU)

Fig. 4. Predicted Oxide Layer Thickness of the KMRR
Fuel Cladding
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Table 5. Thermal-hydraulic Condition of the

KMRR Core
Variable Value
Total Power (MW) 275
Coolant Pressure (MPa) 02-04
Coolant Mass Flow Rate (kg/s) 6530
Average Coolant Velocity (m/s} 72
Core Inlet Temperature (°C) 35
Core Outlet Temperature (°C) 45
Coolant pH 55-65
Average Linear Heat Rate (kW/m) 42
Maximum Linear Heat Rate (kW/m) 104
Average Surface Heat Flux (MW/m?) 127
Maximum Surface Heat Flux (MW/m?) 315
120
110 Spallation Limit (114 °C)
1001
90-
801 Bounding P/H
[ —a—
o S06-02 Fuel P/H
g 601
3 50
-
4 401
30+
20
10-

0 T T T T T T T
0 20 40 60 80 100 120 140 160
Burnup (GWD/MTU)

Fig. 5. Temperature Difference Through the Oxide Layer
of the KMRR Fuel Cladding

even for the bounding power history. Therefore, it
can be said that corrosion of the cladding will not
results in the spallaion of the oxide layer and
subsequently will not impair the integrity of the
KMRR fuel.
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4. Conclusion

Through a literature survey and analysis of the
corrosion data and corrosion correlations of the
aluminum alloys, a modified Griess correlation for
the aluminum alloy comrosion which can take into
account the additional effect of the heat flux upon
the aluminum alloy corrosion was derived and a lim-
ited validation of its application to the KMRR was
shown. Then, the modified Griess correlation was ap-
plied to the evaluation of the corrosion of the KMRR
fuel cladding. Evaluation was performed for the
KMRR fuel with a bounding power history. Results
showed that the cladding comrosion of the KMRR
fuel even with a bounding power history satisfied the
design criterion of the oxide spallation limit with a
factor of 2 margin. Nevertheless, the applicability of
the modified Griess correlation to the KMRR may
need to be further verified through the KMRR fuel

corrosion surveillance.
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