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THE DE3ELOPMEHT OF A PRELIMINARY CORRELA?aBN 
OF DATA ON OXIDE GROWTH ON 6061 ALXJMINUM 
UNDER A%;IS THE.R.MAL-~RAWC CONDITlONS 

R E. Pawel 
6. E. Yuder 

C. D. West 
B. €3. Montgomery 

The corrosion of aluminum alloy 6061 is being studied in a special test loop 
facility under the range sf thermal-hydraulic conditions appropriate for fuel plate 
operation in the Advanced Neutron Source (AN'S) reactor core. Exgerimental 
measurements describing the growth of the boehmite (Al,O,H,O) films on the 
exposed aluminum surfaces are now available for a range of coolant conditions 
and heat fluxes, and these results have been analyzed to demonstrate the in- 
fluence sf several important experimental variables. A subset of our data base 
particularly appropriate to the A N S  conditions presently anticipated was used to 
develop a preliminary corelution based on an empirical oxidation mode!. This 
analysis, based on tests with coolant inlet temperature behveen 39 and 49°C and 
coolant velocities between 

where 

W d t  = 

n =  
k =  
T, = 
b , "  

x =  

2s and 28 m/s, resulted ia the following expression: 

rate of layer growth, pm/h; 
layer thickness, pm; 
constant, 0.351; 
6.892E5 exp[-759U(TC + lo@)] ~mL3lS1/h; 
local coolant temperature, K; 
local heat nux, MW/m2. 

This expression will predict the oxide thickness (and thence temperature changes 
in the cladding and fuel) at given points of the clad surface as a functitsn of their 
t hermal-hydraulic his tory, 

In addition, data analyses of ail tests with a pH of - 5  and a heat flux of 
-11 MW/mZ shows that the growth rate increases rapidly with local coolant 
temperature in those tests where the inlet temperature was 57°C or higher and 
that for tests with inlet temperatures befow 50°C the  growth rate remains low 
even at higher local temperatures. From this observation, we have recommended 
that the reactor designers maintain the reactor primary inlet coolant at <50"C. 
Also, on the basis of our tests performed under approximately steady-state 
coolant and power conditions, we have proposed that spallation oE the oxide film, 
an undesirable event for A N S  fuel cladding, takes place only when the tempera- 
ture at the oxide-metal interface has increased by more than 114°C or when the 
temperature drop across the oxide film exceeds 11YC (which is an almost 
equivalent condition). 

Experimental efforts are continuing, It is expected that an expanded data 
base in conjunction with improved oxidation models and analysis will provide a 
more complete correlation €or film growth as well as greater understanding of 
this complicated reaction. 
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Previous extensive experimental efforts at ORNLU examined the corrosion behavior of 

several aluminum alloys in flowing pH 5 to  pH 7 water under heat transfer conditions expected 

in the High flux Isotope Reactor (HFIR)- For heat fluxes from 3 to 6 MW/mZ and coolant 

flow rates from 10 to 15 d s ,  the corrosion product, which was shown to be boehmite 

(A1203 * H,O), gf%w at a rate that was virtually independent of heat flux and coolant velocity. 

The oxide growth rate was proposed, in the famous "Criess Correlation," to be a function only 

of the beehmite-coolant interface temperature and the pH of the water. The assemblage of 

these data into the Griess Correlation has since been widely used to predict the extent of 

aluminum corrosion under various reactor conditions. 

The limited range of variables addressed in the earlier work, although appropriate to the 

needs of the IE-PFIR design team, required that supplementary experiments be performed under 

the more extreme thermal-hydraulic requirements of the Advanced Neutron Source ( A N S )  core. 

Cknsequentiy, we have paid particular attention to the possible effects (direct or indirect) of 

high heat flux and coolant velocity on the corrosion rate and have afso investigated the 

influence of coolant pM and coolant temperature. So far, we have employed heat fluxes from 

about 5 to 20 MW/mZ and coolant velocities From 10 to 28 m/s and have investigated the 

corrosion effects on 6061 aluminum alloy, the reference material for the A N S  fuel dadding. 

The basic objectives of the corrosion test program are (1) to ensure that excessive fuel and 

clad temperatures due to corrosion product buildup do not occur during the lifetime of the 

A N S  core and (2) to ensure that the corrosion/erosion processes do not compromise the 

structural properties and containment capabilities of the fuel cladding. In order to utilize the 

evolving experimental information to meet these objectives, it is necessary to include a consid- 

eration of the influence of oxide film growth in the thermal-hydraulic aspects of the core design. 

A critical part of this procedure is the calculation of the layer thickness at any point on the  fuel 

cladding as a function of its thermal-hydraulic history. An efficient technique to this end is to 

develop a viable oxidation "model" and to express the rate factor(s) as an analytical function of 

the operating system parameters, that is, to devise a new correlation, valid over the range of 

interest to the ANS design tean, between the oxide growth and the operating conditions. 

At this stage, all our experiments have been performed out-of-pile in the corrosion test 

loop, a specially built, high-pressure heated loop (Figs. 1 and 2) with light water. In-pile tests 

at the HXslR and out-of-pile tests with heavy water are planned for later in the program. 
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2 QUA,IXTA'IIW OBSERVATIONS 

The oxide growth rate in particular conditions of heat flux, pH, inlet temperature, and flow 

rate is approximatdy time independent, as indicated by Fig. 3, which shows thickness vs heat flux 

times time results for two different test conditions. For each set of conditions, the increase is 

approximately linear over the range covered. The implication is that the growth rate, at least 

over this range of conditions, is almost independent of the instantaneous oxide thickness, which 

for a wholly isothermal test would suggest that diffusion through the oxide layer is not a rate- 

limiting step; however, since the average temperature of the oxide increases with time, diffusion- 

controlled growth is more complicated. In Fig. 4, where the conditions were restricted to 

measurements from one particular run, and at one particular thermocouple location, we see that 

the growth rate b really oniy approximately constant, tending to decrease with tine. 

It should be noted that, on the graphs, the thickness means the thickness deduced from the 

measured temperature rise at the thermocouples attached to the aluminum test  specimen. 

Figure 3 also shows that the oxide growth rate is very dependent on the coolant water pH. 

The data sets plotted in this figure were taken under approximately the same conditions of heat 

flux, inlet temperature, and flow rate, but with two different values of pH. 

Analysis shows that a very thin iron-rich layer appears on the surface under some 

conditions and is usually associated with very low oxide growth rates. Figure 5, an electron 

microprobe scan of one such layer, indicates that the iron appears at the oxidehater interface 

and not throughout the film. In conjunction with the results noted in the first paragraph of this 

section, this may imply that events at the water interface, not at the alurninum/axide one, are 

limiting. Of course, the fact that iron and very low growth rates appear together does not 

prove, although it suggests, that the iron is responsible for the inhibition; the iron and the low 

growth might both be consequences of a single, so far unknown, cause. 

Figure 6 shows that the oxide growth rate vanes with position along the specimen for a 

given set of loop control parameters. In this figure, thickness vs time is plotted for a pH 4.5, 

medium heat flux run. For a fied inlet temperature, heat flux, and coolant veIocity, the local 

coolant temperature the average temperature oE the water across the coolant channci gap 

at the point oE measurement) increases along the length oE the test specimen as do the 

interface temperature, heat flux, and oxide temperature. When the data points from different 

thermocouple positions (Le.? different bulk temperature) are identified, clearfy separated growth 
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rate curves appear. In fact, these differences among different thermocouple positions account 

for much of the scatter seen in Fig. 3. In Fig. 7 plots of oxide thickness at a single thermo- 

couple position (TC-4) for each test are shown and the scatter is visibly less than that in Fig. 3. 

Since the growth rate is approximately independent of instantaneous thickness under the 

conditions reparted here (see above), a measure of growth rate is given by the slope oE a 

straight line drawn through the thickness vs heat flux times time points The results of such a 

calculation on the CTEST 6 data leads to Fig. 8 which adds further weight to the evidence for 

a strong growth ratejtemperature correlation. In Fig. 8, the slope of the straight lines in Fig. 6 

is plotted against local coolant or bulk water temperature. The slope in Fig. 8 indicates a 

doubling of growth rate for a temperature increase from W C  to 101°C. It should be noted 

that in this, as in some other plots, the cumulative product of' heat flux and elapsed time was 

used in place of time as one variable to provide some compensation for the slight variations on 

heat flux imposed by the loop's automatic control system. 

At a given pH and heat flux, the inlet water temperature has a strong influence on the 

growth rate observed at a particular thermocouple position, as indicated by Fig. 7, which plots 

the oxide thickness at thermocouple (TC) 4 vs time for the same pH and heat flux but different 

inlet temperatures and coolant velocities. The inlet temperature afkcts the local bulk tempera- 

ture in direct proportion; so Fig. 7 does not, of itself, prove that inlet temperature has an effect 

separate from that of local temperature. However, in Pig. 9, there is further evidence that the 

growth rate also depends upon the inlet temperature; the results appear to fall into two groups, 

according to whether the inlet temperature is low (39°C to 50°C) or high (57°C to 80°C). 

3. CORRELATION PROCEDURES 

Although it is not appropriate or practical to define a sophisticated oxidation model and 

data correlation based on the present data or a first-principles analysis, an empirical treatment 

that reasonably describes the oxide film growth data would be a valuable product for predictive 

purposes. The nature of the empirical approach is clearly somewhat subjective, and several 

efforts by those involved are still in progress. One form of an acceptable correlation is pre- 

sented here for present use by the reactor designers. Improved versions will be prepared, 

documented, and issued as the experimental and analytical work continues. 

In addition to film growth rates, it is important to have a predictive capability for the onset 

of spallation or sloughing of the film since this is followed by severe degradation of the metal 
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beneath the remnants of the spalled film (Fig. 10). The depth of the reaction zone can be 

large; therefore, spallation is considered unacceptable for A N S  fuel cladding. A preliminary 

estimator for the initiation of spallation is also presented. 

The det2ils af the computational schemes employed to reduce the raw corrosion loop data 

will not be discussed here. Simply, two quite different computer programs (OXCAL and 

MSDAT), developed completely independently, give very goad agreement in calculating rate or 

growth curves; and we have tended to use these sets of results interchangeably. For data 

analyses, the ANSDAT results have been used chiefly to examine the instantaneous iayer 

growth rates, Wdt,  in terms of several oxidation models, particularly those that account 

explicitly for the temperature increases of the oxide film during an experiment. The 0XCA.L 

results have SQ far been utilized to investigate empirical models that account for the increases in 

film temperature only implicitly. 

4. ASSIGNMENT OF DATA BASE 

Of the 16 corrosion loop tests (CTESTs) conducted so far, we have chosen a basis set of 

11 that have the following features :,nd parameter ranges (a subset of this basis set was chosen 

to formulate the preliminary data correlation advanced in this report): 

Material: 6061 bu (initially T6 temper). 

Coolant PEP: 5.0 (generally 20.1 with isolated exceptions). 

Coolant velocity, V, : 12.8 to 28.0 d s .  

Coolant inlet temperature, T, : 39 to 80°C. 

Local coolant temperature, Tc : 44 to 99°C. 

Lacal interface temperature, Tdc : 95 to 201°C. 

Local heat flux, @ : 5 2  to 20.2 MW/m2. 

Details are given in Table 1. CTESTs 1 and 2 are excluded because they were not conducted 

as data-gathering experiments but as part of the loop conditioning when loop parameters were 

unstable. 

The sWSDAT program considers the film growth at h e  active thermocouple positions 

(TCs 2-6) equidistant along the specimen length €or each experiment. The OXCAL program 

considers only three positions (TCs 2, 4, and 6) ,  the ones for which separate measurements are 
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available on both sides of the specimen (TCs 8, 9, and 10). For purposes of this data base, we 

consider the film growth at each position to be a "separate experiment" or "data set" since 

different conditions always exist (Le., there are axial temperature gradients). An important 

consequence of the axial temperature gradient in the metal is that the heat flux is greater at the 

hot end (outlet) than at the cooler end (inlet) because of the temperature dependence of 

aluminum's electrical conductivity. Because the reaction products thicken more rapidly at the 

hotter end, the extent of the variation in heat flux over the specimen increases during an 

experiment. Only at a position near the axial midpoint will the heat flux remain essentialty 

unchanged throughout the test.. While thi; efFect will, in principle, influence the accuracy of 

certain of the empirical models based on the use of "average" parameter values in describing 

many of the data sets, we have assumed that the effect is smalf. (The ANSDAT data for 

instantaneous growth rates do not require this approximation.) 

In addition, in both QXCAL and ANSDAT, tRe film thicknesses are derived from calcu- 

lations ol the temperature drop across the film, assuming a thermai conductivity of 2.25 

W/m K While we will eventually calculate an experimental value of the thermal conductivity 

of the product film based on our measurements, the present value appears to be quite accurate, 

and no rneaningfrlil loss in accuracy of subsequently calculated temperatures and changes in 

temperature would result from a different conductivity value, provided consistent values are 

used in interpreting the results as in applying them. 

5. BASIC EMM2ICA.L APPROACM 

From our data sets, it has been observed with Eew exceptions that the thickness of the 

product film at a given point on  the specimen increases at a slightly decreasing rate (e.g., see 

Fig. 11). While it was apparent that ideal "parabolic" growth was not occurring, perhaps 

because of increasing temperatures in the oxide film, the curves generally appeared consistent 

with a typical rate equation: 

dddt = w , 
where 

x = film thickness, pm; 

t = time, h; 

k = rate constant, pm"+'/h; 

n = constant ("mechanism number"). 
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The fact that many oxidation systems seem to follow this simple rate equation explains its 

popularity, and the kinetic result of complicated changes in diffusion behavior in a growing film 

can often be accounted for empirically by noting that n is not equal to 1 and/or is time 

dependent. In addition, the influence of changing film temperatures as in the present experi- 

ments can be practicaliy accounted €or in this manner. The Grim Correlation invoked a 

p w t h  equation of this form. 

If Eq. (1) applies, then a correlation of the data may be achieved by determining the best 

values of the parameters k and n as a function of the system conditions (temperature, heat 

flux, coolant velocities, etc.). This can be accomplished by (A) working directly with "rate data" 

(a direct output of the ANSDAT program) as in Eq. (1) or (B) working with some form of the 

integrated equation assuming that neither parameter is expticitly time dependent (using output 

data from either ANSDAT or OXCAL). The integrated equation takes the form 

x, = Ex:+* 9 (n+l)kt]"("+') , 

where x, is the film thickness at time t (pm) and x, is the film thickness at t = 0 (pm). Both 

approaches are being followed. Method (A) is relatively straightforward but requires assump- 

tions for the form of the dependencies of the factors k and n on the experimental variables. 

Method (3) requires similar assumptions but may be less sensitive to the particular manner in 

which the data are smoothed because n and k are determined separately. For Method (B) to 

be most useEul, n should be representative of all data sets or at least that group of data sets 

that were taken under reactor-like conditions. 

Method (A), the more sophisticated approach, is in progress, but results are incomplete at 

the time of writing this report, The approach taken here is to perform a statistical anaiysis of 

the ANSDAT data for the 11 CIESTs and, separateiy, certain subsets thereoE (using the SAS 

program) on a model derived from Eq. (1). 

In (Wdt) = In k - n la x (3) 

where k is considered to be a function of several specified system parameters as well as the 

continuously changing film temperature. The value of n can be determined by a least-squares 

ana!ysis, or else it can have a preassigned value. FOP the case oE ideal, diffusion-controlled layer 

growth, n would be equal to unity (the parabolic growth law), while k would be directly related 

to a chemical. diffusion coefficient and thus would vary exponentially with the mean film 

temperature according to an Arrhenius equation. 



Method (B) has been used to produce the first preliminary correlations. In this instance, 

the OXCAL outputs for film thickness as a function of time for the f l  tests times three 

thermocouple positions (Le., 33 data elements) included in the data base were involved.' 

Subsets based o n  tests having common coolant inlet temperatures, similar to those expected in 

the ANS reactor, were also examined. Note that our experimental results show, we believe for 

the first time, that the inlet temperature is an independent variable, influencing the oxide 

growth rate dfrectly as well as through its influence on coolant temperature in the test section. 

The steps in the analysis were as fallows: 

Bf. Determine if a single value of n in Eq. (2) was a suitable approximation for use with 
the entire data set; it" so, then 

B2. determine k in Eq. (2) for each of the experiments of the data set; and finally 

B3. find an empirical correlation between. k and the system parameters (temperatures, etc.) 
that conservatively describes all the data. 

With a conservative correlation, the reactor designers can feel secure that they are within a safe 

operating region. 

6. ~ I x F t M C F I o N S  

As noted earlier, for isothermal oxidation experiments that tend to obey the simple rate 

equations previously discussed for n # 0, some form of diffusion control is usually acting. Thus 

the rate constant will commonly be given by an Arrhenius expression of the Form 

where 

k = oxidation rate constant; 

A = constant, appropriate units; 

Q = activation energy, J/mol; 

R = gas constant, 8.314 J/mol* K; 

T = absolute temperature, K 

'These data are available in hard copy (OXGAL outputs) in A.NS files and in disk files 
assaciated with SIGMAPLOT graphics program. 
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I t  is observed that the Griess Correlation involves a form for the rate constant identical to that 

of Eq. (41,' with the decisive temperature being taken as the oxide-coolant interface 

temperature, T,,, regardless of the other experimental vaiables. In the present investigation, 

we have seen clear evidence that'several other parameters affect the rate cf film growth4 and 

that k also may be a function of these other parameters. A parallel approach would be to 

accept the h h e n i u s  form of the rate equation but to assume that T represents an "effective 

temperature" that is a function of other parameters. 

Our experience with numerous comparisons of the observed growth rate behavior for our 

corrosion loop experiments has indicated that a tong list oE parameters is exerting an influenee, 

directly and indirectly. The list presently includes the coolant inlet temperature, T,, the local 

coolant temperature, T, the local interface temperature, Tdc, and the local heat flux, 0. For our 

test system, these are not cornpktely independent parameters. For example, both T, and T,, 
depend upon T,, cp, and V,; as mentioned previously, the efiective oxide temperature must also 

be a function of Tde Ip, and the instantaneous thickness of the film. 

However, to simplify the present "preliminary correIation," we eventually focused on a data 

base of experiments conducted with a coolant inlet temperatxe, Tu, between 39 and 49°C; 

coolant velocities, V,, between 25 and 28 m/s; and pH = 5.0. At present, the A N S  core is 

expected to operate under these conditions. The tests that fulfill the conditions are CESTs 8, 

10, 14, 15, and 16. 

7. RESULTS -OD (A)] 
As described above, this approach to correlation cf the oxide growth rate data utilized 

directly the instantaneous oxide thicknesses calculated via the ANSDAT data reduction program. 

This program uses time-dependent data generated during the course of an experiment to 

calculate oxide thicknesses at seven thermocouple locations on the corrosion test section. Each 

of the seven locations on the specimen has at least one thermocouple mofiitoring the local test 

section temperature during an experiment. In addition, coolant flow rate, coolant inlet and 

outlet temperatures, and test section power are acquired as a function of time. With these 

parameters, assuming known physical properties of the aluminum and water, acd an appropriate 

heat transfer coefficient, the local time-dependent oxide thickness is calculated at each position. 

Because positions 1 and 7 are located near the ends of the test section and are most subject to 

axial heat conduction effects, these positions are not utilized in any of the analyses described 

here. 
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Each oxide thickness-vs-time profile was then fitted to a second-order polynomial in time. 

An example of one of these profiles, along with the appropriate curve fit, is shown in Fig. 11. 

By differentiating this curve, oxide growth rate information was generated. Instantaneous oxide 

growth rate data were also calculated using the raw oxide thickness data; however, such 

calculations tend to provide information with a large amount of scatter. The curve fit 

information was therefore used in the statistical analysis presented here. 

Since the oxide thickness data were fitted with a second-order polynomial, the growth rate 

information generated from these curve fits always bad the form oE 

dxldt = b -+ ct . 
"hese growth rates were used to examine the importance oE various parameters on the 

oxidation process. Statistical analysis of the data was performed using the statistical analysis 

software package, SM. In this preliminaty analysis, only data from runs 8, 10, 84, 15, and 16 

were used. These represent runs with a pH of 5, inlct water temperatures from 39 to 49'C, 

and coolant velocities from 25 to 28 m/s. 

Many forms of correlations were examined, and only the simplest will be discussed here: 

W d t  = A xb 9' exp(D/T -t- E%$) . (6) 

This equation follows the Arrhenius form and was fit to the data using various characteristic 

temperatures, T, in an effort to determine the most appropriate instantaneous temperature with 

which to characterize the oxide formation process. Table 2 presents the results for several of 

these calculations in order of decreasing R2 (R2 represents the correlation coefficient of the 

least-squares fit). 

The resuits presented in Table 2 indicate that using a characteristic temperature 

representative of the oxide layer itself may provide the best method of correlating the data. 

This seems reasonable from a physical standpoint since one expects that the diffusion process 

through the oxide should be controlled by some characteristic temperature of the oxide layer 

rather than the fluid temperature, or even the interfacc temperature, which changes tittle with 

time. Additionally, one would not expect heat flux in and of itself to affect the growth rate 

other than the way in which it influences the physical condition of the oxide layer via tempera- 

tures, etc. The table also implies this behavior since eliminating the heat flux dependence in 

Eq. (6) only modestly reduces the effectiveness of the correlation. This tabulation, of course, is 

based on assumed models and could change if other models were examined. Far the present, if 

the mean oxide temperature is involved, we are justified in dropping heat flux from the 

correlation. 
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As an example of the performance oE these correlations, Fig. 12 shows the predicted values 

of growth rate using Eq. (6) with E = 0 and the metal temperature vs growth rate values 

derived from the data. The fit appears reasonable for the low-growth-rate tests (wbere most of 

the data lie and where one should certainly prefer to operate the reactor), although it shows 

considerably more scatter for the high-growth-rate (and higher heat flux} runs. 'Ibis could Se a 

result of several factors: experimental data scatter, the goodness of fit of the assumed 

polynomial expression for x vs time, o r  the limitations imposed by the selected form of the 

variables chosen. 

Resuits of these anaiyses are considered preliminary; however, a technique of predicting 

instantaneous growth rates using local conditions should provide the proper means of correlating 

the oxide growth rate data. In addition these results presently point to internal oxide 

temperatures as being a significant correlating parameter. 

8 R E S U L T S ~ O D ( B ) ]  

In order to test the relevance of the assumed rate equation, plots of In x vs In t were made 

and examined for all of the OXCAL data sets. If there were no film on the specimen surface 

initially (q = 0), then these plots ideally should be linear with a slope oE l/(n+l>; that is, n = 
(l/slope} - 1. However, for the case of an initial film, assumed with justification to be 2 prn for 

our surface-treated aluminum specimens, such a plot will not be linear but will simply approach 

linearity at longer times. 

All of our plots exhibited this curvature. The choice of the limiting slope was reasonably 

straightlosward except perhaps for CTESTs 8 and 14, in which film growth was relatively slow. 

FCIP each CTEST, a single value oE the slope was picked from all three data sets. Even 

considering the personalized manner in which the slopes were determined, a relatively narrow 

range was found. These values are given in Table 3. The slope values range from 0.65 to 0.88, 

with a mean of 0.74 and a standard deviation ot" 0.071. Therefore, we designated n = 0.351 

and proceeded to step (B2), as described previously. The subset under consideration here, 39°C 

5 T, 149°C and 25 mfs SV, 528 mfs, which includes CTESTs 8, 10, 14, 15, and 16, exhibited 

essentially the same average value for n. It should be reemphasized that in this assignment of 

n, we presume to account implicitly €or changes in the effective temperature of the product film 

during its growth. On the other hand, Method (A), which examines the rates a€ growth, can 

formulate other assumptions or assignments of n and can explicitly consider the consequences of 

the changing oxide temperatures. 



The determination of the rate constant, k, values for each of the data sets required 

additional plotting. From Eq. (2), it is evident that plots of d'+l vs t should be h e a r  with a 

slope of (n+l)k. In each of these cases, a straight line satisfactorily described the data, and a 

linear least-squares analysis was used to arrive at the proper dope and thence the value of %e. 

Currelation coeffjcients or R-values" for these lines varied from 0.983 to 0.999, with an average 

of 0.995 and a standard deviation of 0.0045 (the plots for CTEST 14 were omitted from this 

set). Tabk 4 presents a tabulation of the data sets, values of the designated parameters, and 

values of the derived sate constant, k, for each of the sets. 

A number of empirical models were assessed with regard to their ability to predict the rate 

constant as a function of the four system variables given in Table 4. Initially, in order to assist 

in the analyses, a general statistical summary, inciuding computation of the correlation 

coefficients for ail the factors, was performed. Despite the fact that certain experimental results 

tend to remain outliers regardless of the model, satidactoty correlations were found for some 

variabie combinations. In addition, it was observed that the chosen model sometimes grouped 

the data better than that indicated by the particular "R-squared" value (coefficient of 

determination) for the direct or linear fit. This implied that the variable combination was 

significant, even though the particular model was not optimal. 

Almost identical levels of correlation were found for the three models: 

k = AT, + + - Q/(T:) + E ,  
k = AT4 f BT, + _cf,, f I& + E ,  

and 

k = &Tu + BTc + Ddc2 + Q(T,,.Cp) + &* + E , (9) 

where the underlined multipliers ,A through E represent the coefficients determined by a least- 

squares analysis. The R-square values for these linear fits were only 0.71 to 0.72; yet the 

plotted results grouped the data reasonably well, indicating that nonlinear fits based on these 

particular models would be more appropriate. 

Better linear fits were obtained for models suggested by statistical methods available with 

SA$ (e.g., the backward selection procedure). These models included the following: 

"These numbers were obtained via the statistics package associated with the SIGMAPLOT 
Graphics Program (Jandel Scientific). They are stated to be "square roots of the coefficients of 
de termination". 
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and 

The R-square values for these models wcre 0.91 and 0.92, signifying a better linear fit but not 

necessarily better data grouping, which has seemed to be roughly equivalent for any reasonable 

model optimized by least-squares that involved all four parameters. 

However, for the purpose of establishing apreIiminary comIariOn on& for the rate constant, 

k, that can be used by the designers to predict on a conservative basis the thickness of the local 

product film on a fuel plate as a function of its therrnal-hydraulic history, a simpler strategy was 

chosen, making use only oE those data sets (CfESTs 8, 10, 14, 15, and 16) obtained under the 

anticipated A N S  coolant conditions listed below. 

1. Since for constant T, and V, the variables T,, 9, and T#< in our experiments are 

interrelated, it is reasonable to expect that a correlation for k could be constructed on the basis 

of any two of them. The precise formulation in the present context is unknown, but a passable 

data grouping was obtained (without statistical aid) with several combinations. 

2. A useful correlation of the rate data €or CTESTs 8, IO, 14, 15, and 16 was obtained 

using the simple equation 

In k = A f W(T, + IO$) . (12) 
A plot oE the logarithm of the experimentally determined rate constants €or these tests vs the 

rate function l/(Tc + lo@) is shown in Fig. 13. The majority of the data is acceptably grouped. 

For unknown reasons CTEST 15 exhibits lower growth rates than others of this set on this 

correlation basis and also on most correlations that were tested. The k values for CIEST 9 are 

also shown on this figure as an example of the higher oxide formation rates observed with 

higher coolant inlet temperatures. 

3. The dashed line in Fig- 13 is drawn so as to yield conservative (higher) values for the 

rate constant (with the exception of the very low growth rates of CIEST 14, which in any case 

is so low as to pose no problems to the designers) . The analytical representation of this line is 

given in ciassieal Arrhenius format in an expression that constitutes our preliminary correlation. 

Xt is applicable under the restrictions discussed above: 

k = 6.992E exp(-7592/(Tc + lOc$)] j~rn'.'~'/h . (13) 
4. A useful test of the correlation is to compare its predictions with the original film 

growth rate curves from which it was derived. Figures 14 to 17 illustrate these comparisons for 

CESTs 8, 10, 15, and 16. As anticipated, because the correlation was chosen tu give 
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conservative values of k, most of the thickness predictions were also conservative. The few that 

appear slightly nonconservative are best explained by the relatkely poor conformance OE that 

particular data set to the assigned model. For example, Fig. 17 shows an. underprediction in the 

early stages of growth for CTl3T 16 that seemed to be associated with start-up problems for 

this particular test, probably due to the very high power level in the specimen. It is noted in 

Fig. 18 that somewhat better agreement is obtained if it is assumed that the initial film 

thicknesses at the start of the experiment were slightly higher than 2 pm. Figure 19 shows the 

comparisons for CTEST 9, which was not included in the subset data base because of its higher 

coolant inlet temperature, 5 7 T .  As expected, the predicted rates in this instance were clearly 

higher than those in our correlation, based on lower inlet temperatures; this is one of the 

reasons why the A N S  primary coolant system will be designed to provide a low inlet 

temperature. 

An overview of the predicthe. capability of the preliminary correlation with respect to its 

data base is given in Fig. 20. In this figure, the measured film thicknesses on the test 

specimens at TC positions 2, 4, and 6 (calculated by OXCAL Erom the raw data) at several 

times during each test are plotted vs those values determined from the preliminary conelation. 

For the film thickness range of greatest practical importance, greater than 10 pm, the 

correlation is clearly conservative. 

5. The applicability of the Arrhenius relation to describe these rate data may be 

coincidental, but it also reinforces the idea that the rate parameter T, $. lOrp is essentially an 

"effective temperature" for the rate process, as discussed earlier (note that T, + 104 is a rough 

estimator of the interface temperature, TdJ 

6. The values oE k computed from this correlation wouM be used in the stepwise 

integration of Eq. (a), with n = 0.351, to yield the local oxide thickness for any history oE the 

two thermal-hydraulic parameters at a point on the cladding surface in the reactor core (within 

the range of the present data). While we express some concern that the interrelationships oE 

the important thermal-hydraulic variables in the reactor core are different from those of Gui 

corrosion test loop, the overall differences are thought to be small. A larger data set involving 

a wider range oE parameters will become available in the future and will be essential in defining 

a more accurate and a more generalized correlation. 

It should be mentioned that an important assumption has not yet been addressed experi- 

mentally: that is, that the form of the basic rate equaticn itself does not change with time and 
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fluctuations in parameters and that the reactive characteristics of the product film of a given 

thickness are independent of the. manner in which it reached that thickness. Future corrosion 

test loop experiments wdi deal with this issue by conducting tests with varying parameters similar 

to those expected at a position of the fuel cladding in the A N S  core. 

9. ItESULn [SPAELATON (3UTERlOw 
It  was known from previous experiments performed during the development of the HHR 

design that oxide thickness does not continue to increase indefinitely. Once a certain thickness 

is reached, the oxide layer spaIlls or slough oEf. In the HFIR experiments, it was surmised that 

spalling occurred when the oxide thickness reached about 50 pm (2 mils). At first thought, the 

spalling would seem to be a desirable effect, since it limits the thermal resistance of the oxide 

layer and hence limits the increase of hel temperature. However, our experiments, as did the 

HER experiments, have shown that the oxide spallation is followed by severe deformation of 

the aluminum. surface and extensive subsurface voiding (see Fig. 10). Such damage reduces the 

effective thermal conductance of the dad  and may even threaten clad integrity. Therefore, one 

would prefer to set operating conditiord such that the oxide does not spa l  during the life of the 

core. Such an approach, however, requires a knowledge of the conditions that result in spalIing, 

and our tests on the A?% corrosion loop have demonstrated that the notion oE spalling at a 

particular thickness is fake; the oxide thickness at which spalling takes place depends on other 

variables, including the heat flux- 

We have now established a preiiminary Eorm of the conditions that lcsd to spalling, and 

although not yet complete, the new howfedge is sufficiently important to warrant inclusion in 

this report. 

We have observed a very strong correlation between the increase in metal-oxide interface 

temperature and spallation. A similar limit was observed for the temperature drop across the 

oxide film, which is numerically almost equivalent since the metal temperature increase is due 

almost entireiy to the thermal resistance of the oxide film. In 13 tests, with data gathered at a 

total of 61 different positions an 13 different specimens, there were 

the 44 cases where the metal temperature had riser! less than 114°C; conversely, out of 17 

measurements with metal temperature increases of 115°C or more, only 3 did not spa11 (Fig. 21). 

Stated in terms of ternperatwe drop across the oxide layer, the upper limit to avoid spallation is 

119°C (Fig. 22). These results are based on tats carried out with pH ranging from 4.5 to 6.0, 

cases of spallation in 



heat flux from 5 to 20 MW/m2, and test section inlet temperatures from 39 to 80°C. The only 

data excluded from tests carried out after the 100p was in full working order were those from 

CTEST 7, during the course of which the pH was deiiberately varied several times. We have, 

therefore, tentatively established the limits of operation to avoid spallation; it t u r n  out that in 

nearly aU cases, avoiding spallation sets a more stringent requirement than does the fuel temp- 

erature h i t .  Tables 5 and 6 list the data on which the limit is based. 

The preceding paragraph is a statement of our observations. It is presumed that stresses in 

the oxide film associated with various growth processes, the temperature gradient, or stresses 

between. the fdm and the underlying metal, are responsible for the spalling. The influence of 

heat flux was first discussed by W. R. Gambill’, who pointed out that in the far smaller number 

of observations then available, including some WFIR and Advanced Test Reactor (ATfp) data, 

oxide spallation took place when the temperature drop across the oxide reached 120 to 130°C. 

He suggested that differential expansion within the film might be responsible. We plan Eurther 

experiments to investigate whether this effect, differential expansion between metal and oxide 

(as suggested by C. De West), or some other mechanism is responsible. 

10. c o N c z u s I o N s  
1. A greliminasy correlation for conservative calculations of oxide thickness, and thence 

temperature increases in the cladding and fuel, under a certain range of A N S  thermal-hydraulic 

conditions has been constructed. This correlation is 

Oxide film growth rate = dxdt = Iclx” pmih , 114) 

n = 0.351 , (W 

k = 6.W2E5 exp[-7592/(TC f lo@)] pmLJ5’k , (16) 

where the: exponent n and the rate constant k are given by 

and 

where 

k = rate constant. from Eq. (1) and Eq. (2) for n = 0.351; 

T, = Local coolant temperature, K; 

@ = Local heat flux, MW/mZ. 

2. Continuing efforts to expand the data base and construct physically based GIm growth 

models and analyses will be essential to provide increased understanding of this complicated 

reaction, as well as to provide better predictive capability for a variety of conditians. 
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3. It has been found that spallation of the oxide fih (a highly undesirable process) does 

not take place if the increase in metal temperature at the oxide-metal interface during the test 

is Iess than 114°C. The increase in metal temperature is largely due to the temperature drop 

across the oxide film, and the criterion for avciding spailation is therefore a function of heat 

Rux as well as film thickness. 
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Table 2. Evaluation of characteristic temperatures in Eq. (6) 

Parameters included in calculation 
Temserature Heat flux %de thickness Ex2 

X 

X 

X 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0,868 

0.868 

0,866 

0*81;6: 

0.865 

0.86 1 

0.860 

0.857 

0.855 

0.853 

0.852 

0.846 

0.845 

0.844 

0.826 

0.826 

0.808 

0.984, 
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Table 3. Measured slopes of fn x vs In t curves 
from OXCAL 

Slope 
CTEST No. 1Nn + 1) 

4 
5 
7 
8 
9 

10 
I f  
13 
14 
15 
16 

Average 
Std, Dev. 
n 

0.78 
0.70 
0.65 

8.77 
0.78 
0.88 
8.74 

0,72 
0.66 

0.74 
0.071 
0.351 
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Table 4. OXCAL-generated data set For rate correlation determinations 

No. 
TC POS. 

4 - 2  
4 - 4  
4 - 6  
5 - 2  
5 - 4  
5 - 6  
7 - 2  
7 - 4  
7 - 6  
8 - 2  
8 - 4  
8 - 6  
9 - 2  
9 - 4  
9 - 6  

10 - 2 
10 - 4 
10 - 6 
11 - 2 
41 - 4  
11 - 6 
13 - 2 
13 - 4 
13 - 6 
14 - 2 
14 - 4 
14 ~ 6 
15 - 2 
15 - 4 
15 - 6 
46 - 2 
16 - 4 
16 - 6 

352 
352 
352 
348 
348 
348 
353 
353 
353 
3 16 
3 16 
316 
330 
330 
330 
3 12 
3 12 
3 12 
311 
311 
311 
340 
340 
340 
32% 
322 
322 
322 
322 
322 
322 
322 
322 

356 
363 
370 
352 
358 
365 
356 
364 
372 
320 
325.5 
337 
334 
343 
351 
3 18 
329 
340 
3 17 
328 
339 
344 
35 1 
357 
324 
329 
333.5 
326 
335 
344 
329 
342 
355 

111.0 
11.5 
125 
5.2 
5.3 
5.5 

11.2 
11.6 
121 
11.3 
If,? 
121 
11.4 
12.1 
12.7 
14.5 
15.5 
17.2 
11-6 
11-9 
123 
1a1 
10.6 
11.1 
6.2 
6.2 
6.2 
12.3 
12.6 
12.8 
17.3 
182 
20.2 

419 
427 
436 
$09 
4 16 
423 
421 
429 
438 
400 
408 
416 
489 
419 
429 
419 
43 1 
448 
420 
428 
437 
404 
412 
420 
368 
372 
376 
409 
417 
425 
442 
454 
4’34 

le 
0 

0.389 
0,597 
0.991 
0.0844 
6.131 
0,187 
0.262 
0,370 
0.522 
0,0154 
0.01% 
0,0349 
0.0955 
O.%SI 
0.287 
0.039 1 
0.@918 
0.192 
0.0159 
0,03Q4 
0.0620 
0.0977 
0.142 
0.181 
0.w5 
0.0q5 
0.005 
0.0126 
0.0193 
0.0280 
8,166 
0.2445 
0,608 
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Table 5. List of changes in metal-oxide interface temperatures 
at time of spaling or end of mn for all CIZSTs and their TO 

CEST TC Time Cbanp CTEST TC rime Change 
NO. position (h) T PC’r Svalled No. Po sition (h) T PC) Spalled 

1 4  3 
14 6 
14 2 
E4 5 
14 4 
11 2 
8 2 
6 2 
8 3 
11 3 
8 4 
15 2 
6 4 
5 2 
8 5 

16 2 
10 2 
I1 4 
6 5 
15 3 
15 4 
s 3 
6 6 
8 6 
5 4 
9 2 

15 6 
5 5 

16 3 
16 5 
11 5 

449.2 
4492 
4492 
449.2 
449.2 
351.8 
330.2 
251.4 
33.2 
351.8 
33 .2  
5 6 6  
221.4 
32’795 
3302 
57.5 

2803 
35 1.8 
221.9 
566.6 
566.6 

221.4 
330.2 
327.5 
234.3 
566.6 
327.5 
47.5 
57.5 
351.8 

32-95 

4 
4 
4 
4 
4 
16 
17 
1’7 
19 
23 
25 
26 
n 
28 
31 
32 
33 
33 
34 
34 
37 
37 
38 
41 
43 
50 
52 
54 
54 
56 
6Q 

NO 
No 
No 
No 
NO 
NO 
No 
No 
No 
NO 
NO 
NO 
NO 
Nc 
NO 
NO 
NQ 
No 
NO 

NO 
NO 
NO 
NO 
NO 
N O  
NO 
No 
N O  
NO 
NO 
NO 

5 
11 
13 
9 
10 
13 
3 

13 
12 
9 
4 
16 
12 
3 

13 
4 
3 
3 
3 
4 
4 
12 
4 
9 

13 
12 
10 
9 
12 
16 

6 
6 
2 
3 
4 
a 
2 
4 
2 
4 
2 
5 
3 
5 
S 
3 
4 
3 
6 
6 
5 
4 
4 
5 
6 
5 
6 
6 
6 
6 

327.5 
351.8 
333.5 
243 
2803 
333.6 
63.0 

333.6 
49.4 
234.3 
112.0 
57.5 
49.4 
45.0 
333.6 
112.8 
55.0 
59.3 
41.0 
36.5 
70.8 
43.8 
89.5 

234.3 
333.6 
43.4 

192.8 
211.5 
40.1 
57.5 

62 
66 
72 
47 
87 
90 
99 
99 

100 
2 0 2  
102 
106 
113 
114 
115 
119 
119 
119 
119 
122 
122 
122 
124 
134 
138 
153 
153 
153 
161 
163 

No 
No 
NO 
NO 
NO 
Ma 
NO 
NO 
NO 
No 
No 
No 
NO 

Yes 
No 

xes 
Yes 
YeS 
Yf3 
Yes 
Yes 
Yes 
YeS 
No 
No 

YeS 
YeS 
Yes 
Yes 
Ye 



24 

Table 6- List of odde temperature differences at time of spallirg 
or end of run for all CTESTs and the; TCs 

CTEST TC Time Change CTEST TC Time Change 
NO. msition (h) T,Pcn Spalled No. Po sition (h) TPC) Spalled 

14 
14 
14 
14 
14 
8 
6 
11 
8 
5 
11 
8 
6 
I5 
8 
5 
11 
6 
15 
6 
15 
5 
8 
10 
16 
5 
15 
9 
11 
5 
11 

3 
6 
2 
5 
4 
2 
2 
2 
3 
2 
3 
4 
4 
2 
5 
3 
4 
5 
3 
6 
4 
4 
6 
2 
2 
5 
6 
2 
5 
6 
6 

449.2 
449.2 
449.2 
449.2 
449.2 
330.2 
221.4 
351.8 
330.2 
327.5 
351.8 
330.2 
221.4 
566.6 
330.2 
327.5 
351.5 
221.4 
566.6 
2x4 
566.6 
327.5 
330.2 
280.3 
57.5 
327.5 
566.6 
234.3 
351.8 
327.5 
351.8 

9 
9 
9 
9 
9 
27 
2.8 
28 
30 
33 
34 
35 
36 
37 
10 
42 
42 
42 
45 
46 
46 
48 
50 
52 
53 
58 
59 
64 
64 
65 
10 

NO 
NO 
NO 
NO 
No 
No 
NO 
No 
NO 
NO 
NO 
No 
NO 
NO 
Ma 
NO 
No 
No 
NO 
N O  
NO 
NO 
NO 
No 
NO 
No 
No 
NO 
NO 
No 
No 

I6 
16 
13 
9 
13 
10 
13 
3 
4 
9 
12 
16 
13 
3 
3 
4 
3 
3 
4 
4 

12 
4 
12 
13 
9 
10 
9 

12 
16 
12 

3 
4 
2 
3 
3 
4 
4 
2 
2 
4 
2 
5 
5 
5 
6 
3 
3 
4 
6 
5 
3 
4 
4 
6 
5 
6 
6 
5 
6 
6 

575 
57.5 
333s 
2343 
333.6 
280.3 
333.6 
63.0 

1120 
2343 
49.4 
573 

333.6 
45.0 
41.0 
112.8 
59.3 
55.0 
56.5 
10.8 
49.4 
89.S 

333.6 
2343 
19-28 
2115 
43.4 
S73 
40.1 

43.8 

72 
73 
77 
88 
w 
9a 
101 
105 
108 
I10 
114 
114 
116 
119 
122 
124 
124 
12.5 
125 
125 
126 
132 
132 
137 
138 
149 
154 
159 
163 
155 

NO 
No 
Na 
No 
NO 
No 
No 
NO 
Na 
No 
NO 
NQ 
Na 

Yes 
Yes 
Ye3 
Ya 
Yer 
YeS 
Yes 
NO 

Yes 
Yes 
NQ 
NO 

YeS 
Yes 
Yes 
Yes 
Yes 
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Fig. 10. Cross section of spalled and unspalled regions of test specimen. 
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