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a b s t r a c t

The oxide thicknesses on aluminum alloy cladding were measured for the test plates from irradiation
tests RERTR-6 and 7A in the ATR (advanced test reactor). The measured thicknesses were substantially
lower than those of test plates with similar power from other reactors available in the literature. The
main reason is believed to be due to the lower pH (pH 5.1–5.3) of the primary coolant water in the
ATR than in the other reactors (pH 5.9–6.5) for which we have data. An empirical model for oxide film
thickness predictions on aluminum alloy used as fuel cladding in the test reactors was developed as a
function of irradiation time, temperature, surface heat flux, pH, and coolant flow rate. The applicable
ranges of pH and coolant flow rates cover most research and test reactors. The predictions by the new
model are in good agreement with the in-pile test data available in the literature as well as with the
RERTR test data measured in the ATR.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Since the main purpose of research and test reactors is to pro-
duce neutrons rather than power, they require fuels that can oper-
ate at high-power density (and, therefore, high cladding surface
heat flux) with low parasitic neutron absorption. Consequently,
aluminum alloys are used as fuel cladding material for most of
these reactors, due to its high thermal conductivity and low neu-
tron absorption cross section. Of course, the fuel must operate at
low-enough temperatures to be compatible with aluminum. For-
mation of oxides on the cladding affects fuel performance by
increasing fuel temperature. The thermal conductivity of the oxide
is �10-fold lower than that of aluminum. An oxide film of 1-lm
thickness increases fuel temperature by approximately 1 �C for a
surface heat flux of 2.25 MW/m2. If the oxide thickens excessively,
it poses a considerable performance issue.

There are oxide thickness prediction models based on out-of-
pile data [1–5]. All of them are power law models and were devel-
oped for data from out-of-pile loop tests. Irradiation effects were
not considered in these models. These models are inconsistent
among themselves. In addition, their application ranges are lim-
ited. They are applicable to limited situations with the coolant
pH, coolant flow rate, and fuel life. A major adjustment is necessary
to apply any of these models to various in-pile situations.
ll rights reserved.
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An empirical model [6] consisting of correlations predicting the
oxide film thickness on aluminum alloy cladding for both out-of-
pile and in-pile tests was developed several years ago as a function
of test time, oxide-water interface temperature, heat flux at clad-
ding surface, coolant water pH, and coolant flow rate for the rele-
vant coolant channel using the measured data from out-of-pile [1–
5,7] and from in-pile tests available in the literature [8–12]. After
this empirical model was developed, oxide thickness measure-
ments became available from the RERTR (reduced enrichment for
research and test reactors) tests in the advanced test reactor
(ATR). The model has been updated using these measured data.
However, the model with another set of parameters available in
Ref. [6] is still applicable to out-of-pile tests. The model predictions
are consistent with the RERTR test data as well as the in-pile data
in the literature.

2. Experimental data

The oxide thickness data were obtained from two irradiation
tests, i.e., RERTR-6 and 7A, in the ATR. The test samples were plates
containing a fuel meat of 81.3 � 18.5 � 0.64 mm encapsulated in
aluminum alloy Al 6061 cladding to make the final size of 101.6
(length) � 25.4 (width) � 1.4 (thickness) mm. The nominal alloy
composition of Al 6061 is Cu (0.15–0.4) + Si (0.4–0.8) + Fe
(0.7) + Mn (0.15) + Mg (0.8–1.2) + Zn (0.25) + Cr (0.04–0.35) + Ti
(0.15) + Al (remainder), where the numbers in parentheses are in
wt%. All test plates were autoclaved in water at 185 �C and 1-
MPa for 4 h to produce an oxide layer of about 1-lm thickness
prior to loading them into the test capsules; the oxidation is com-
monly called ‘prefilming’.
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Table 1
Test parameters of RERTR-6 and 7A plates

Operation parameter RERTR-6 RERTR-7A
Irradiation time (t in d) 135 90
pH 5.1–5.3 5.1–5.3
Coolant speed (vc in m/s) 2.8 10.8
Heat flux (q in MW/m2)a B2 (1 ? 0.75) B2 (2.1 ? 2.0)

B5 (1.1 ? 0.77)
B7 (0.82 ? 0.73) B7 (2.3 ? 2.1)

Oxide–water interface temperature
(Tx/w in �C)a

B2 (114 ? 98) B2 (99 ? 90)
B5 (120 ? 100)
B7 (107 ? 93) B7 (106 ? 101)

a Heat flux and oxide–water interface temperature were decreased linearly from
the beginning to the end of the test.
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Fig. 2. Schematic illustration of oxide measurement locations on a plate for RERTR-
6 and 7A tests.
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The experiment basket comprised four capsules, A, B, C, and D,
each containing eight plates in two rows. The plates were loaded in
the capsules by standing in the length direction axially and side-
ways to the reactor core so that one side of the plate width had a
higher power than the other side. The ATR has a downward coolant
flow so the coolant enters at A capsule and exits at D capsule. The
coolant flow rate in the test capsule was designed to have a flow
velocity of 2.8 m/s for all plates in the RERTR-6 test and 10.8 m/s
in RERTR-7A test. Table 1 compares the test parameters between
RERTR-6 and 7A tests. Because of the difference in flow rate,
although the surface heat fluxes are larger for RERTR-7A than
RERTR-6, oxide–water interface temperatures are similar for both
tests. The pH of the water coolant was maintained in a range
5.1–5.3 for both tests. This pH level is exceptionally lower than
those of other reactors whose results we used in this paper. The
irradiation test durations were 135 days over three cycles for the
RERTR-6 test and 90 days over two cycles for the RERTR-7A test.

Some of the irradiated plates were cut and metallographically
examined. An example of oxide film morphology is shown in Fig.
1. The scanning electron micrograph in the inset [12] shows that
numerous thin cracks were visible in the cross section of the oxide.
Similar cracked oxide morphology was also observed frequently in
other reactor tests [8–11,13]. The cracks seem to be uniformly dis-
tributed on the oxide surface [13]. The cracks in the oxide films are
believed to form during irradiation by hydration of the oxides.
More importantly, the oxide in Fig. 1 appears to be composed of
different phases with different brightness.

After irradiation, using the eddy current method [14], oxide
thickness was measured at 9 locations on both sides of the plates,
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Fig. 1. Oxide morphology on cross section of C7 plate from RERTR-7A test. The microg
as shown in Fig. 2. The oxide thickness measurements for all test
plates of RERTR-6 are given in Table 2 and those of RERTR-7A are
given in Table 3. We have noticed that the thickness data tend to
be more scattered and irregular measurements occur more fre-
quently for uneven plate surfaces than the smooth ones and for
thinner oxides than 10 lm. The monolithic fuel plates have more
uneven plate surfaces than the dispersion fuel plates. The measure-
ment errors were in the range ±10% for the dispersion fuel plates
and ±25% for the monolithic fuel plates.

It is obvious that some plates have irregular oxide thickness on
the same face of the plate (see Tables 2 and 3). The reason cannot
be readily explained. The measured oxide thicknesses thinner than
the prefilm oxide thickness may be due to measurement errors or
the oxide dissolution being greater than its growth rate. At this
time, however, only more-accurate measurements can reveal the
real reason. Therefore, the less-than-1-lm oxide thicknesses are
considered tentative.
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raph in the inset is from the SIMONE LC-04 test showing cracks in the oxide [12].



Table 2
RERTR-6 oxide thickness measurements at 18 locations shown in Fig. 1

Plate ID Fuel type Oxide thickness (lm)

Front
Rear

A
A

B
B

C
C

D
D

E
E

F
F

G
G

H
H

I
I

A2 Da Front 2 2.2 1.5 2 2.7 1.9 1.7 2.6 2
Rear 0.4 2.7 3.2 0.8 2.8 1.6 3 2.4 4.4

A4 Mb Front 1.3 1.7 2.2 1.2 0.4 5.3 0.8 0.4 6.9
Rear 1.6 3 5 2.1 3.2 2.4 3.8 3.3 2.9

A5 D Front 2 2.5 2.6 1.7 3.4 2.1 2.3 3.2 2
Rear 1.2 1.9 1 1.8 1.3 2.3 1.3 2.2 0.7

A6 M Front 5.6 6.4 4.7 4.1 6.1 4.4 5.6 7.1 4.1
Rear 5.4 2.8 3.6 5.2 2.3 3.4 4.7 3.2 1.6

A8 M Front 4.8 3.5 10.3 5.5 4.6 6.6 6.9 4.8 8.8
Rear 4.1 4.6 5.9 7.2 3.8 10 7 7.7 7.7

B1 D Front 3.6 3 2.2 3.8 3.2 1.9 5.2 4.4 2.2
Rear 3.6 5.3 4.2 3.8 3.7 3.8 4.6 4.4 3.4

B2 D Front 2.8 3 2.6 2.4 4.3 4.6 1.5 4.3 4
Rear 1.5 5.3 1.5 1.6 3.3 1.7 1 2.1 2.3

B3 D Front 6.7 4.2 4.2 4.5 4.6 0.4 0.4 0.7 3.9
Rear 4.6 3.8 3 4.2 5 2.2 4 3.9 4.3

B4 M Front 7 5.6 5.6 13.2 6 4.2 7.7 4.8 6.9
Rear 5.3 2.1 4.8 9 4.8 5.4 10.6 5.8 4.5

B5 D Front 3.5 5.1 3.3 2.7 3.5 1 2.4 2.7 1.2
Rear 6 4.8 4.6 4.4 5.6 5.1 4.6 4.6 2.3

B6 M Front 3.5 2.8 3.1 4.9 4.8 2.8 7.3 5.1 3.5
Rear 4.4 4.1 5.2 4.9 4.8 5.4 5.1 5 3

B7 M Front 4.9 2 1.9 6.5 3.7 4.6 2.3 3.2 3.3
Rear 3.7 3 3.3 4 4.6 1.5 4.4 6.1 3.3

B8 D Front 3.2 3.9 2.7 1.7 1.8 1 1.5 2.7 2.5
Rear 1.3 2.2 1.7 3.8 2.8 2.4 1.5 3.2 2.9

C1 D Front 1.7 5.8 3.7 4 5.4 3.2 3.4 4.7 3.8
Rear 2.5 3 3.8 1.8 1.9 3 4.8 4.1 3.2

C2 D Front 1.5 3.6 1.6 3.5 3.2 1.7 3.1 2.5 2.5
Rear 3.2 2.9 2.3 1.6 3.5 3.2 1.8 4.7 3.1

C3 D Front 5.3 2.9 3.4 2.1 5.1 4.4 4.7 4 2.7
Rear 3.8 3.7 4.2 4.3 5.1 4.7 3.2 4.1 2.9

C4 M Front 5.7 3.4 5.2 5.4 3.7 4 3 3.6 3.1
Rear 12.1 4.8 5.4 7.1 5.1 3.3 7.9 6.9 4.3

C5 D Front 3.2 5.2 3.8 4.1 5.5 7 3.1 5.7 5.4
Rear 3.7 3.9 3.2 13.4 5.1 2.9 9.7 3.9 5

C6 M Front 2.2 3.5 4.4 4.1 3 5.8 3.4 2.7 4.1
Rear 5.1 3.2 5.7 10.7 4 3.8 6.3 4 4

C7 D Front 3.5 4.3 6 4.1 4 5.9 4.4 4.8 6.1
Rear 6.7 5.7 3.3 5.8 4.8 3.6 6.2 4.5 4.5

D1 M Front 2.9 2.3 2.1 3.1 4.7 2.8 2.3 4.7 3.9
Rear 4.1 3 4.1 5.7 3 3.6 3.6 3 2.7

D2 D Front 3.6 5.1 3.7 5.4 4 3.6 6.5 6.3 3.2
Rear 5.1 4.2 2.1 3.9 3.9 2.7 3.5 4.4 4.1

D3 D Front 4.8 4.4 6.1 3.3 5.1 4.1 4.5 4.7 2.6
Rear 3.1 4 3.2 4.5 4.9 4.5 3.3 3 4.4

D5 D Front 5.4 5.3 3 4.4 6.6 3.3 5.7 4.1 6.8
Rear 1.7 3.8 1.4 3.5 3.2 2.6 4.2 2.8 1.5

D7 M Front 5.3 2.5 4.1 4.3 1.1 4 5.1 1.4 3.6
Rear 6.2 3.1 2 6.5 2.7 2.2 6.3 2.3 1.4

D8 D Front 5.5 6.9 5.3 6.6 5.4 3.1 6.5 4.8 4.9
Rear 5.2 4.1 3.9 5.3 4.6 3.4 4 6.8 3.2

a D = dispersion fuel.
b M = monolithic fuel.
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3. Model development

The rate equation for oxide growth on aluminum alloy can be
expressed by a power law such as

dx
dt
¼ kx�p ð1Þ

where x, t, k, and p are the oxide thickness, time, reaction constant
and rate-law power, respectively. The integration of Eq. (1) gives
the general form of the kinetic equation of aluminum alloy
oxidation

x ¼ xpþ1
0 þ ðpþ 1Þkt

h i 1
pþ1 ð2Þ

where x0 is the film thickness at the start of a test.
Aluminum alloys undergo oxidation if oxygen is available even
at room temperature, producing a protective oxide (Al2O3). The
growth rate saturates in a short time. The rate-law for this type
of oxidation has a high rate-law power. The protective oxide, how-
ever, degrades in water by the formation of various oxide-hydrates
at the outer surface in time, leaving only a thin protective Al2O3

layer on the aluminum surface. The most frequently found oxide-
hydrates in typical tests are boehmite (Al2O3 � H2O) and bayerite
(Al2O3 � 3H2O). Typically, the bayerite layer is found at the outer
surface of the boehmite layer. In the present work, the term ‘oxide
thickness’ generally refers the total thickness of the layers of the
protective oxide (Al2O3) and hydrated oxides (Al2O3 � H2O and
Al2O3 � 3H2O). These oxide-hydrates are soluble in water, especially
in flowing water, meaning that even the hydrated oxide becomes
less protective, further enhancing film growth. As tests of pre-



Table 3
RERTR-7A oxide thickness measurements at 18 locations shown in Fig. 1

Plate
ID

Fuel
type

Oxide thickness (lm)

Front
Rear

A
A

B
B

C
C

D
D

E
E

F
F

G
G

H
H

I
I

A5 Da Front 3.5 2.2 1.1 3.5 1.8 2.4 1.5 0.3 2.3
Rear 1.6 1.6 0.6 2.4 1.6 1.3 1.2 1.5 2.3

A6 D Front 1 3.3 1.5 1 0.4 0.2 1.3 0.3 0.4
Rear 4.6 0.5 0.7 0.9 1 0.5 3.3 0.5 0.6

A7 D Front 0.4 1 1.4 1.6 0.7 0.5 0.5 1.1 0.4
Rear 2.9 1.3 2 3.9 0.7 1.1 0.5 1.6 2.4

A8 Mb Front 2.7 1.5 3.6 6 0.8 0.4 5.6 1.2 1.2
Rear 0.4 0.5 9.3 1.9 1.3 1.2 2.4 2.1 0.6

B1 D Front 3.8 2.4 2.1 2.5 1.7 3.4 2.6 2.5 2.1
Rear 4.5 3.2 3.4 4.1 2.8 2.7 6.1 2.3 2.2

B2 D Front 5.2 3 3.2 2.2 2.8 2.2 2.5 3.2 2.5
Rear 0.4 2.5 2.8 2.6 4.3 2.5 1.2 3.4 1.7

B3 D Front 4.1 3.7 3.9 2.7 2.9 3.7 5.4 3.6 2.2
Rear 6.6 5.7 4.1 3.8 3.4 3.4 6.2 2.6 2.7

B4 M Front 4 3.8 3.2 9.6 4.7 1.4 3.9 1.4 6.6
Rear 6.1 6.6 4.3 6.1 2.7 3.5 7.2 5.4 6

B5 M Front 10.4 0.7 6.5 10.3 1 5 11.2 3.1 5.6
Rear 4.5 0.6 5.8 5.9 2.5 5.7 7 2.8 6

B6 D Front 8.2 3.2 2.2 7.4 3 2.3 12.6 4.7 4.9
Rear 7.4 3.9 4 4.7 3.1 4.1 6.4 3.5 2.7

B7 M Front 4.5 6.7 5.4 10 6 5.2 5.2 4.4 5.7
Rear 3.7 3.6 3.5 6 5.3 4.7 6.7 4.5 7

B8 M Front 3.6 3.3 3.7 3.6 2.3 3.6 4 3.2 2.6
Rear 2.6 1.3 1.5 1.7 2.5 2.1 1.4 2.1 2.7

C1 M Front 2.6 3.7 5.4 2.4 4.2 6.5 3.8 3.8 6.4
Rear 9.5 2.2 1.8 6.6 2.2 3.9 7.1 4.2 1.3

C2 M Front 4.2 11.2 4 0.8 3.4 2.6 3.3 2.7 2.3
Rear 0.8 3.5 2.9 1.3 4.2 4.2 0.7 4.6 4.9

C3 M Front 3.4 1.7 3.8 1.9 0.3 2.2 4.2 0.5 2.9
Rear 5.8 2.1 0.4 5.8 3.3 1.7 7.3 3.3 1.9

C5 M Front 5.4 2.2 5.2 6.6 2.3 5.5 10.5 4.5 6.8
Rear 8.7 3 0.8 13.8 2.1 0.9 9.3 8.3 5.9

C6 M Front 3.5 4.4 3.2 7.2 1 3.2 15.2 0.4 3.7
Rear 4.2 0.3 5.4 15.7 3.7 0.5 10.1 0.4 1

C7 D Front 1.5 1.3 6.6 2.5 1.5 2.2 0.6 4.3 1.2
Rear 7.3 0.3 0.4 8.6 1.6 0.6 15.6 2.1 1.9

C8 D Front 7.1 1.7 1.6 12.5 0.6 2.4 8 0.4 1.9
Rear 9.7 0.4 0.8 10.4 0.5 1.4 8.4 0.8 0.8

D1 D Front 15.3 5.2 2.7 19.2 4.2 3.3 12.1 3.7 1.9
Rear 7.3 3.3 3.2 4.7 2.8 1 6.5 2.5 3.3

D3 D Front 10.5 2.3 1.1 6.6 2.5 0.7 2.2 2.3 2.2
Rear 13.1 4.3 3 11.8 3.6 2.6 14.6 4.2 2.6

D6 M Front 20.8 4.6 3 20 9.8 4.5 6.8 6.1 4.9
Rear 17 7.2 10.3 18.2 8.2 8.4 10 7 8

D7 M Front 8.3 4.1 4.9 8.7 4 3.7 4.9 4.2 4.9
Rear 12 13.8 9.5 10.6 5.3 2.9 21.3 13.1 1.5

D8 D Front 1 2.5 1.1 1.5 1.6 2.1 4.4 4 4.3
Rear 2.1 2.5 1.8 3.1 2 2.5 3 4.7 4.3

a D = dispersion fuel.
b M = monolithic fuel.
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filmed samples showed [15], because boehmite has a higher solu-
bility than bayerite, dissolution is selective in the oxide. Dissolu-
tion may take place not exclusively at the oxide–water interface,
but within the oxide if cracks and fissures are available. This heter-
ogeneous dissolution or leaching action increases the porosity of
the oxide film. In addition, the coexistence of oxide-hydrates pro-
vides the cause for crack development in the oxide film. Dillon
found that oxide films tested at higher flow rates tend to have
higher porosity than those tested at lower flow rates [16].

For oxidation with degraded films, the growth law has a lower p
value than the protective oxidation case, depending on the extent
of oxide degradation. The degradation of Al2O3 and oxide-hydrates
is dependent on temperature, water pH, water flow rate, and per-
haps irradiation.

Dillon [16] showed that the oxide growth increase with in-
creased oxide solubility. Dickinson and Lobsinger [17] reported
the solubilities of oxide and oxide-hydrates as a function of tem-
perature and water pH. The higher the temperature and pH, the
higher is the solubility. They also showed that the oxide dissolu-
tion rate increases as the water flow rate increases due to the in-
creased porosity in the oxide films as well as to a lower
dissolved oxide concentration in the faster-flowing water.

For the present work, the solubility of oxide was formulated
based on the equation and data reported in Refs. [15,17], as
follows:

ln Cs ¼ � �13:79� 1211:16
Tx=w

� �
ð0:041H2 � 0:41H � 0:07Þ ð3Þ

where Cs is the oxide solubility in g/g H2O, Tx/w the oxide–water
interface temperature in K and H the pH. This solubility is for a gen-
eric aluminum hydroxide, viz., a typical combination of boehmite
and bayerite. The applicable temperature range is 25�300 �C and
the pH must be less or equal to 7.0. Note that Eq. (3) assumes an
infinite dilution of the dissolved oxide in the water at the oxide sur-
face. The flow rates in typical reactors are high enough so that this
requirement is effectively satisfied. The oxide measurement data re-
ported by Griess [2] and Pawel [5,7] were used to fit simultaneously
the rate-law power p as a function of Cs calculated by Eq. (3) and an
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augmentation factor A that accounts for the effect of flow velocity.
The data fitting resulted in the p correlation as follows:

p ¼ 0:12þ 9:22 exp � Cs

6:82� 10�9

� �
ð4Þ

No data for oxide dissolution as a function of flow velocity were
found. However, an increase in coolant velocity seems to enhance
oxide growth by degrading the oxide film integrity. The effect of
coolant velocity on oxide growth is taken into account by the aug-
mentation factor, which is correlated with the coolant velocity
using the following sigmoidal function:

A ¼ 0:43þ 3:21
1þ exp � vc�13:39

3:60

� � ð5Þ

where vc is the coolant flow rate in m/s. The range of coolant veloc-
ity fitted is 3–28 m/s. In Figs. 3 and 4 the curve fitting results are
compared with the data.

The oxide film develops cracks under a high heat flux due to
stress buildup, which is another mechanism for porosity increase
in the oxide film together with heterogeneous oxide dissolution.
The stress buildup is proportional to the temperature drop across
the oxide film. The cracking is the direct cause of oxide spallation
encountered frequently in thick oxide films. Neither Pawel nor
Kritz tried to predict the time of spallation; however, they noticed
that the higher heat flux reduces the apparent activation energy,
yielding a higher growth rate. Although the effect of the heat flux
is manifested by a combination of other variables such as the oxide
thickness and its thermal conductivity, they added a term to the
surface temperature proportional to the heat flux, and neglected
the effect of the changing oxide thickness. They also assumed a
constant thermal conductivity of the oxide film, viz., 2.25 W/m-K
[2,5]. For these reasons, their models cannot predict the acceler-
ated film growth as the oxide thickness increases, particularly near
spallation. In the present model, the effect of the porosity buildup
due to cracking and heterogeneous oxide dissolution in the oxide
film growth was modeled considering the following. The oxide
thermal conductivity decreases as the oxide thickens, and the reac-
tion temperature varies as a function of oxide thickness, thermal
conductivity, heat flux, and the extent of oxide degradation.

Postirradiation micrographs [1,5,8,11–13] revealed that thin
oxide films were free of cracks or pores, which suggested that
the thermal conductivity degradation of thin oxides is negligible.
As the oxide film thickened further, however, its thermal conduc-
tivity decreased due to porosity increase (or crack development).
After reviewing the data [1–5,8–13,18], the threshold thickness
was tentatively set at 25 lm. The decrease was assessed by an
empirical function of the oxide thickness at a rate giving
kT = 1.85 W/m-K at x = 50 lm, which was deduced from the data
reported by Griess [1]. The temperature dependence of the oxide
thermal conductivity was not available in the literature. Therefore,
it was considered constant with respect to temperature. Conse-
quently, the oxide thermal conductivity was formulated as a func-
tion of the oxide thickness as follows:

kT ¼ 2:25; for x 6 25;
kT ¼ 2:25� 0:016ðx� 25Þ; for 25 6 x 6 100

ð6Þ

where kT is in W/m-K and x in lm.
The temperature difference across the oxide film can be calcu-

lated by

DT ¼ qx
kT

ð7Þ

where q is the heat flux, x the oxide film thickness, and kT the effec-
tive thermal conductivity of the oxide film.

The reaction temperature governing the Al oxidation reaction in
steam is known to be the metal–oxide interface temperature
[1,17]. In this situation, the oxidant transport through the oxide
is the reaction controlling process. For thin oxides, since DT across
the oxide film is small, the use of oxide–water interface tempera-
ture (Tx/w) as the reaction temperature is considered acceptable.
However, this will cause a considerable under prediction in the
oxide thickness calculation for a situation with a high DT, which
prevails for a thick oxide with high porosity and a high heat flux.

A modification to the reaction temperature can be formulated
by adding the temperature difference across the oxide film with
a fitting adjustment to consider the porous nature of the oxide.
The effect is correlated in the reaction constant k as follows:

k ¼ 3:9� 105 exp
�6071

Tx=w þ AB qx
kT

 !
ð8Þ

where Tx/w is the oxide–water interface temperature in K, q is the
surface heat flux in MW/m2, x in lm, and kT in W/m-K. The pre-
exponential factor and activation energy were fitted to the out-of-
pile data available in the literature. The augmentation factor, A, is
added as a multiplier to take into consideration the effect of coolant
velocity. The augmentation factor increases as the coolant velocity
increases, as can be seen in Eq. (5). Because of the water access
through the defected oxide, the effective distance that the oxidant
migrates through the oxide to the metal–oxide interface decreases.
A correction factor, B, is needed to account for the reduction in the
‘oxide thickness’ for oxidant migration. The best fit using the in-pile
data [8–12] resulted in B = 0.37. The fitting results with B = 0.37 are
compared between the in-pile data and the model predictions in
Figs. 5–10.

It should be noted that because x and k are coupled, the equa-
tions were solved iteratively. The time interval in fitting Eq. (8)
was set to 24 h, and the value of x at the previous time step was
used to avoid endless iteration.

In Figs. 5 and 6 the measured data from the UMUS tests in HFR-
Petten [8,12] are compared with the predictions. The measured
film thickness data were obtained from the optical metallographic
pictures of Ref. [8]. Temperatures were calculated based on the
power histories of HFR-Petten. The axial heat flux distribution
was obtained based on the gamma scan result, and the plate pow-
ers were available from ANL-CEA joint work [9]. The coolant enters
from the top of the core in the UMUS and SIMONE tests [8,12].

Fig. 5 shows the prediction result for the sample section
(12 � 19 mm) cut at 90 mm from the bottom of a lower power
plate (U7MQ2005) irradiated from the UMUS test, where the
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Fig. 6. UMUS U7MR3505 (MEU) sample at 274 mm from plate bottom. The test
parameters are Tx/w = 107.4 �C, q = 2.5 MW/m2, pH 6.5, and vc = 8.3 m/s. The
prediction is made with B = 0.37 in Eq. (8).
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Fig. 7. SIMONE LC-04 plate tested at HFR comparison at the center of plate. The
additional test parameters except temperature and heat flux are pH 6.5 and
vc = 6.6 m/s. The prediction is made with B = 0.37 in Eq. (8).
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Fig. 8. Miniplate A101 irradiated in ORR. The additional test parameters excep
temperature and heat flux are pH 5.5–6.3 and vc = 8.5 m/s. The prediction is made
with B = 0.37 in Eq. (8).
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Fig. 9. Comparison for U7MTBR06 (right plate) from FUTURE test in BR-2. The
measured oxide thickness is for the peak oxide at 12 mm right of the centerline. The
test parameters are vc = 12 m/s, Tx/w = 122 ? 109 �C linearly with time,
q = 3.2 ? 2.7 MW/m2 linearly with time, pH 5.9 ? 6.2 linearly with time [9,10].
The prediction is made with B = 0.37 in Eq. (8).
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Fig. 10. Comparison for U7MTBR06 (left plate) from FUTURE test in BR-2. The
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measured oxide thickness is for the peak oxide at 12 mm left of the centerline. The
test parameters are vc = 12 m/s, Tx/w = 128 ? 116 �C, q = 3.4 ? 2.9 MW/m2, pH
5.9 ? 6.2 [9,10]. The prediction is made with B = 0.37 in Eq. (8).
oxide–water interface temperature was 82.6 �C, heat flux 1.7 MW/
m2, coolant flow velocity 8.3 m/s and pH 6.5. The error bar indi-
cates the range of the minimum and maximum of the measured
data at six locations, three on each surface, in the sample section.
Another prediction was made for a higher power plate
(U7MR3505) from the UMUS test, as shown in Fig. 6. The sample
section (12 � 19 mm) was cut from the plate 274 mm from the
plate bottom, where the power had been the highest in the plate.
Oxide spallation was observed at the center region of the sample
section [9]. The measurement at the oxide spallation was excluded
from obtaining the error bar. The oxide spallation behavior was
well simulated by the model; the accelerated film growth in a short
time at the final stage of the test indicates the possibility of
spallation.

For the SIMONE LC-04 test [11,12], a prediction was made and
shown in Fig. 7. The measured data were obtained from the optical
metallographic pictures contained in Refs. [11,12]. The oxide–
water interface temperature and heat flux were calculated based
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on the power histories, coolant flow condition, and inlet tempera-
tures available in the literature.

A calculation for the miniplate test from ORR was made, and the
result is shown in Fig. 8. The test was conducted by ANL with col-
laboration with ORNL in mid-1980s. The miniplate A101 is approx-
imately one-fifth of the standard plate in length, in contrast to the
curved shape of the standard plates. Five modules including the re-
duced-length plates were stacked in a module holder. The oxide
thickness was measured at the center of the plate. The heat flux
and surface temperature of the A101 plate at the center location
for the module were calculated based on the power history. The
coolant pH was varied in the range of 5.5–6.3. The prediction
was made assuming that the pH changed from 5.5 to 6.3 linearly
with time.

Predictions for two FUTURE test plates were also made and
compared. In Fig. 9, a prediction for U7MTBR06 (right plate) from
the FUTURE test in the BR-2 reactor [9,10] was made using the
coolant velocity of 12 m/s and varying the plate surface tempera-
ture, heat flux and pH, from 122 to 109 �C, from 3.2 to 2.7 MW/
m2 and from 5.9 to 6.2 linearly with time, respectively. The heat
flux and temperature are at the location where the oxide thickness
was measured. The oxide thickness was measured on the parallel
line 12 mm apart to the right of the plate axial centerline. In Fig.
10, a prediction for U7MTBR06 (left plate) from the FUTURE test
in the BR-2 reactor [9,10] was made using the coolant velocity of
12 m/s and varying the plate surface temperature, heat flux and
pH, from 128 to 116 �C, from 3.4 to 2.9 MW/m2 and from 5.9 to
6.2 linearly with time, respectively. The measured oxide thickness
was obtained on the parallel line 12 mm apart to the left of the
plate axial centerline.

In general, the model calculations are close to the measured
data, which confirms the validity of the correction factor B = 0.37
in Eq. (8) and the model as well. However, for some cases, there
were inconsistencies of the model predictions to the measured val-
ues. These are assumed to result from inaccurate input data, i.e.,
oxide–water interface temperature, heat flux, pH and coolant flow
Table 4
Comparison of oxide thickness between measured and predicted for RERTR-6 and 7A
test plates (lm)

Fuel type Measured Predicted

RERTR-6
B2 (R2R020) Dispersion 4 ± 0.4 4.1
B5 (R3R030) Dispersion 5 ± 0.5 6
B7 (L1F040) Monolithic 4 ± 1.0 4.7
RERTR-7A
B2 (R2R040) Dispersion 4 ± 0.4 4.1
B7 (L1F140) Monolithic 6 ± 1.5 4.7

Table 5
Oxide thickness data and predictions by models (lm)

Measured Griess (RF = 2.7)a Kritz

UMUS LEU 90 mm 16 ± 5 14.1 13.5
UMUS MEU 274 mm 61 ± 7 32.9 28.1
SIMONE LC-04 43 ± 7 41.9 21.4
ORR A101 14 ± 2 40.5 35.7
FUTURE right plate 21 ± 3 36.7 32.4
FUTURE left plate 27 ± 4 44.8 37.0
RERTR-6 B2 4 ± 0.4 45.9 18.1
RERTR-6 B5 5 ± 0.5 81.2 24.6
RERTR-6 B7 4 ± 1.0 58.4 17.2
RERTR-7A B2 4 ± 0.4 38.2 32.7
RERTR-7A B7 6 ± 1.5 47.3 38.3

a A rate factor (RF) of 2.7 was multiplied to the rate constant in Eq. (10) as suggested
b A rate factor (RF) of 16 obtained from Fig. 3.9 of Ref. [7] was multiplied to the rate
rate as a function of time. If an accurate power history is given, the
oxide–water interface temperature and heat flux are calculated
accurately. However, coolant flow rate and pH are generally stated
as a range, so average values were used. This leads to inaccurate re-
sults, because the model is sensitive to these input data in the pH
range of 5–7.

4. Model predictions for RERTR test plates

Several predictions were made for plates from the RERTR-6 and
7A tests and the results are given in Table 4. The measured data for
the corresponding plates used for predictions are also given in Ta-
ble 4 for comparison with the predictions. The average values are
given between the front and rear surface measurements at location
E shown in Fig. 2. Considering the measurement errors, the predic-
tions are fairly consistent with the measured values. Discrepancies
are found for B5 dispersion fuel plate from the RERTR-6 test and B7
monolithic fuel plate from the RERTR-7A.

The input data needed for model predictions are the test dura-
tion, coolant pH, coolant flow velocity, cladding surface heat flux,
and oxide–water interface temperature. The coolant pH and flow
rate are considered to be relatively accurate because they were ob-
tained from the reactor operation parameters. Since they were cal-
culated by a computer code PLATE [19] based on the assumption
that the fuels were uniformly loaded in the plate, the cladding sur-
face heat flux and temperature data cause most uncertainties. Post-
irradiation examination showed that fuel loading in some
dispersion fuel plates, particularly from the RERTR-7A test, is irreg-
ular in relative to the monolithic fuel plates. Because of fabrication
difficulty, however, monolithic fuel plates have less uniform clad-
ding thickness than the dispersion fuel plates.

5. Discussion

5.1. RERTR test data

The oxide thickness data from the RERTR-6 and 7A tests are
substantially lower than other in-pile test data measured at foreign
reactors (see Table 5). The growth is even less than out-of-pile test
results from Refs. [1–5,7]. The low oxide buildup is partly attrib-
uted to the effect of prefilming, but it is probably more due to
the effect of low pH in the ATR. The pH in the ATR was controlled
in the range 5.1–5.3 and other reactors analyzed in this study were
at 5.9–6.5. However, in the pH range of 5.0–6.0, the oxide growth
rate is very sensitive to pH [7]. A slight error in pH reading can re-
sult in a significant change in the calculated oxide thickness. This is
probably one of the main reasons that the test results in this range
typically show the most uncertainty. The effect of pH on oxide
thickness growth in the present model is shown in Fig. 11.
Pawel (RF = 16)b Present study Ref. for measured data

6.3 13.6 [8]
22.3 56.7 [8]
12.1 33.7 [11,12]
19.5 9.0 Present study
29.1 22.5 [10]
39.1 34.5 [10]
22.4 4.1 Present study
52.5 6.0 Present study
31.8 4.7 Present study
21.3 4.1 Present study
29.3 4.7 Present study

by Griess [2] for the pH range of 5.7–7.0.
constant in Eq. (13) to compensate the pH effect.
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5.2. Model validation

The Griess model was developed in 1960s [1,2]. It used the ki-
netic equation given in Eq. (2) with p = 0.28535

x ¼ x1:28535
0 þ 1:28535kt

� �0:778 ð9Þ

where x, x0, t are film thickness (lm) at time t, film thickness (lm)
at time zero, and time (h), respectively. The rate constant k is

k ¼ 1:2538� 105 exp
�5913

Tx=w

� �
ð10Þ

As seen in Eq. (10), the rate constant is only dependent on oxide–
water interface temperature. The other variables, which affect the
growth rate, were assumed fixed. The Griess model is applicable
for pH of 5, water flow rate of �12 m/s and short duration of
10�20 days. The model was recommended to be applicable for
the pH range of 5.7–7.0 by using a pre-exponential factor of
3.3853 � 105, viz., a factor of 2.7 multiplied to k in Eq. (10).

The Kritz model [3] has the same kinetic equation as the Griess
model, i.e., Eq. (9). The rate constant, however, is different, i.e.

k ¼ 8:686q1:28535 exp
�2416:5

Tx=w

� �
ð11Þ

where q is heat flux at the oxide–water interface in MW/m2. The
Kritz model is intended to be applicable for pH 5.0.

An updated version of ANS Correlation II was reported by Pawel
et al. [4–6]. They adopted the same kinetic equation given in Eq. (2)
with p = 0.351

x ¼ x1:351
0 þ 1:351kt

� �0:74 ð12Þ

The corresponding rate constant was

k ¼ 6:388� 107 exp
�9154

Tx=w þ 1:056q

� �
ð13Þ

where q is heat flux at the oxide–water interface in MW/m2. In this
model, the reaction temperature is allowed to increase by adding a
heat flux term to the oxide–water interface temperature. Pawel et
al. also studied the effect of pH on oxide film growth [7]. A rate fac-
tor as a function of pH can be obtained from Ref. [7] that is to be
multiplied to the rate constant in Eq. (13).
The reaction temperature of Griess and Kritz models is the tem-
perature at the oxide–water interface although they use the rate
constants fitted to the oxide thickness data. As seen in Eq. (13),
the reaction temperature of the Pawel model was obtained by add-
ing a term linearly proportional to the heat flux to the oxide–water
interface temperature. The reaction temperature of the Pawel
model is independent of the oxide thickness and property. Since
it relies on a constant proportionality on heat flux, this model tends
to produce over predictions for thin oxides and under predictions
for oxides thicker than �20 lm.

In Table 5, the measured data from various in-pile tests and pre-
dictions by the models are compared. The Griess model with a rate
factor of 2.7 multiplied to the reaction constant predicts generally
higher than the measured postirradiation data, particularly the re-
sults for the RERTR-6 and 7A test plates are excessively overpre-
dicted. The Kritz model without any correction for the pH other
than 5.0 also poorly predicted the measured data. The Pawel model
augmented by a rate factor of 16 for the pH range of 5.8–6.5 pre-
dicted also inconsistently for most cases. These models exhibited
a similar trend; lower predictions than the measured for UMUS
and SIMONE and higher predictions than the measured for all oth-
ers. The inability of accounting for the effect of pH is the probable
reason for this discrepancy. In contrast to the existing models in
the literature, the present model predicted all test data very well.

The deficiency in the models in the literature primarily lies in
their inability to cope with various situations where a different
rate-law is required according to the extent of oxide degradation.
They all use constant rate-law powers regardless of the property
of the oxide film. As shown in Fig. 12, for example, the model
developed in the present work has a variable rate-law power.
The rate-law power, p, in the present model is considered as an
effective variable changing with the temperature and pH. As tem-
perature increases p decreases and in turn increases oxide growth.
An increase in temperature promotes oxide growth in two ways.
One is a direct increase in the oxidation reaction, and the other is
an indirect increase by degrading the protective oxide. The degra-
dation of the protective oxide effectively reduces the distance for
oxygen transport, hence increase in oxide growth.

An increase in pH increases oxide dissolution and enhances the
degradation of the oxide. This also increases oxide growth by
decreasing p. Although the boehmite has a higher dissolution rate
than the bayerite and, hence, selective leaching occurs more for the
boehmite, it is expected that the overall oxide thickness decreases.
However, in-pile test data used in this study [11,16] and fitting
results showed that a high pH favors oxide growth rather than
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thinning. The pH effect on oxide growth appears to be larger for
oxides thicker than a threshold value. Using the density of boehm-
ite (Al2O3 � H2O) of 3.02 g/cm3, Griess reported that about half of
the oxide thickness is dissolved at pH 5 [2]. This did not even in-
clude the presence of bayerite (Al2O3 � 3H2O) that has a lower den-
sity and less solubility than boehmite. This suggests that the
measured oxide thickness data are the result of combination of
continuous buildup and dissolution of the oxides. In the present
model, no attempt was made to explore the kinetics of cladding
wall thinning and oxide dissolution. Furthermore, separation of
the kinetics of oxide buildup and dissolution was not tried. The
present model is developed based on oxide thickness data after
irradiation tests. In this regard, the model predicts an ‘effective’
oxide thickness.

For thin oxides measured in the RERTR tests, the measurement
uncertainty and prediction error increase. As is evidenced in Tables
2 and 3, some oxide thickness measurements are less than the
average prefilm thickness (�1 lm). This may be due to measure-
ment errors or instability caused by oxide dissolution. This sug-
gests that model predictions for thin oxide layers are less reliable.

Acidic coolant dissolves the internal surfaces of the reactor cool-
ant system. The ions, dominantly Fe-ions, contained in the coolant
deposit on the cladding and typically found in the outer oxide
layer. The typical deposit layer from loop tests was 1–2 lm and
its buildup reduces the underlying corrosion product growth [5].
However, the deposition rate was known to be minimal for most
reactor situations where the coolant pH was higher than 5 and in-
let temperature was high enough [4]. In the present model, this ef-
fect was taken into account in the reaction rate constant k
implicitly.

The Griess data [1,2] were obtained for alloy Al 6061 and Al
1100, the Kritz data [3] were for Al 8001, and the Pawel data [4–
6] were for pure Al, Al 1100, Al 6061 and Al 8001. The authors
found no significant difference in the oxidation rate of these alloys,
although different behavior associated with spalling and internal
reactions was observed. The cladding type for UMUS, SIMONE
and FUTURE tests is AG3NE (3%Mg + Al balance) and that for
A101 and RERTR tests is Al 6061 (1%Mg + Al balance; see Section
2 for details). We saw no discernable effect with respect to alloy
types on the oxide thickness. Therefore, it is our view that the pres-
ent model is also applicable to these alloys.

Other parameters that have an indirect effect on the oxidation
rate were coolant electrical conductivity and coolant inlet temper-
ature. These parameters were not incorporated into the model be-
cause they were considered to be redundant to the variables
already in the correlations.

6. Conclusions

The waterside oxide thicknesses measured on the aluminum al-
loy cladding from the RERTR tests were substantially lower than
those measured from other reactors available in the literature. Pre-
filming may be one of the reasons. However, the main reason is be-
lieved to be due to the lower pH (pH 5.1–5.3) of the primary water
in the ATR than in the other reactors (pH 5.9�6.5).
An empirical model to predict the oxide film thickness on alu-
minum alloy cladding has been developed as a function of irradia-
tion time, temperature, surface heat flux, pH, and coolant flow rate.
The applicable ranges of pH and coolant flow rates cover most re-
search and test reactors. The predictions by the new model were in
good agreement with the in-pile test data available in the literature
as well as with the RERTR test data from the ATR. For better predic-
tions by the model, precise records of temperature, surface heat
flux, pH, and coolant flow rate as a function of irradiation time
are necessary.
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