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ABSTRACT 

To support the design of the Advanced Neutron Source (ANS), an experimental program was 
conducted wherein aluminum alloy specimens were exposed at high heat fluxes to high-velocity 
aqueous coolants in a corrosion test loop. The aluminum alloys selected for exposure were candidate 
fuel cladding materials, and the loop system was constructed to emulate the primary coolant system for 
the proposed ANS reactor. One major result of this program has been the generation of an 
experimental database defining oxide film growth on 6061 aluminum alloy cladding as a function of a 
wide range of the several variables that influence the corrosion behavior. Additionally, a data 
correlation was developed from the database to permit the prediction of film growth for any reasonable 
thermal-hydraulic excursion. This capability was utilized effectively during the conceptual design 
stages of the reactor. 

During the course of this research, it became clear that the kinetics of film growth on the 
aluminum alloy specimens were sensitively dependent on the chemistry of the aqueous coolant and 
that relatively small deviations from the intended pH 5 operational level resulted in unexpectedly large 
changes in the corrosion behavior. Examination of the kinetic influences and the details of the film 
morphology suggested that a mechanism involving mass transport from other parts of the test loop was 
involved. Such a mechanism would also be expected to be active in the operating reactor. 

This report emphasizes the results of experiments that best illustrate the influence of the 
nonthermal-hydraulic parameters on film growth and presents data to show that comparatively small 
variations in pH near 5.0 invoke a sensitive response. Simply, for operation in the temperature and 
heat flux range appropriate for the ANS studies, coolant pH levels from 4.5 to 4.9 produced 
significantly less film growth than those from pH 5.1 to 6. A mechanism for this behavior based on 
the concept of treating the entire loop as an active corrosion system is presented. While the model and 
mechanism are speculative, most of the experimental observations are at least qualitatively consistent 
with it. Several ramifications of these results pertinent to reactor operation in either light or heavy 
water systems are discussed. 
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1. INTRODUCTION 

Although aluminum is inherently highly reactive, the pure material and its alloys are generally 
resistant to significant oxidation because of the thin, highly protective product film formed under most 
exposures. Even at temperatures approaching the melting point, the product film in gaseous oxidants 
grows only slowly and for all practical purposes remains less than one micrometer or so in thickness. 
In concordance, the physical attributes of aluminum oxide, alumina, are responsible for many 
important commercial alloys that resist oxidation and corrosion at elevated temperatures in aggressive 
atmospheres. 

The corrosion behavior of aluminum in aqueous media, however, is known to be more complex, 
and reaction rates can vary from nil to rapid, depending upon the thermal, chemical, and physical 
environment. Partly because of their low cost and ease of fabrication, as well as their favorable 
corrosion properties in certain media, aluminum alloys are the materials of choice for a myriad of 
commercial and industrial items. 

In this context, aluminum alloys were the subject of considerable interest and research during the 
development stages of many nuclear research reactors. For example, beginning in the early 1950s, a 
number of these alloys were used extensively as fuel cladding for water-cooled assemblies. Most 
reactors utilized cooling circuits of high-purity water (either H 20 or D20) at comparatively low 
temperature, and it was envisioned that aluminum alloys would provide superior properties for use in 
this environment. High thermal conductivity and good fabricability were key features, particularly for 
fuel cladding. However, as their use expanded, operational problems arose mat were associated with 
aqueous corrosion and, in particular, with the formation and distribution of the corrosion products on 
surfaces and in the primary coolant system. During diis time, a number of experimental studies dealing 
with aluminum corrosion behavior supported reactor operations; the most visible efforts were mainly at 
Oak Ridge National Laboratory [High Flux Isotope Reactor (HFIR)],1"3 Idaho National Engineering 
Laboratory (Advanced Test Reactor and others),2,4-9 and Savannah River Laboratory (Savannah River 
Production Reactor).10,11 In addition, numerous fundamental studies of aluminum corrosion behavior 
were in progress at other laboratories across the country. 

A major finding of this investigation was the fact that the aqueous corrosion of aluminum was 
influenced by the presence of a high heat flux. Corrosion product films formed under typical reactor 
conditions were often relatively thick and, because of their low thermal conductivity, could potentially 
lead to excessive temperatures in the fuel and cladding. The early experiments studied the behavior of 
film growth under heat transfer conditions for a range of coolant properties and temperatures at heat 
fluxes up to -6 MW/m2. A basic understanding of the prominent features of the corrosion process 
evolved, eventually including the means to predict the extent of reaction product film growth for a 
limited range of aluminum temperatures and coolant parameters. The Griess Correlation1,2 and the 
Kritz Correlation10'11 are two of several documented data correlations that have been used extensively 
(sometimes outside the range of their intended applicability) to predict oxide layer growth on 
aluminum cladding under reactor conditions. Comparisons of these correlations with the recent 
correlation proposed for the wide-range data set investigated for the Advanced Neutron Source (ANS) 
have been made previously.12 

The high heat flux and high coolant velocity anticipated for the ANS core were well outside the 
ranges considered by any previous correlation. Thus, the ANS corrosion test loop task was created to 
provide additional information, a more extensive database and, ideally, a modified or new film growth 
correlation. The last objective was to provide specifically a means for predicting the time-dependent 
oxide thickness during an ANS fuel cycle. This knowledge was important to reactor designers to 
define operating limits and to assign safety envelopes and margins. Because of its long history of 
satisfactory performance as a fuel cladding in experimental reactors, 6061 Al (nominal composition: 
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0.6 wt % Si; 1.0 wt % Mg; trace Fe, Cr, Mn) was the primary alloy of choice for the ANS, and the 
present main series of experiments focused on this alloy. 

While the ANS experimental results concerning the influence of coolant chemistry on the 
corrosion process for 6061 Al were not completely unforeseen, the sensitivity to small pH variations 
was surprising. Operating and research experience at the Savannah River Laboratory and Idaho 
National Engineering Laboratory in particular had suggested that coolant water chemistry played an 
important part in determining the nature of aluminum alloy cladding corrosion and in coolant turbidity. 
Tight control of primary coolant pH and coolant purity through effective bypass demineralization was 
found to be essential. Corrosion research on several aluminum alloys in test loops at Oak Ridge 
National Laboratory by Griess and associates1,2 found that important differences in the measured film 
growth rates occurred when the coolant acidity was decreased from pH 5.0 to above pH 5.7. These 
results were decisive in the assignment of pH 5 for primary coolant operation in HFIR and as a basic 
guideline for other Al-clad research reactors. 

Thus, most of the present experimental efforts using the ANS corrosion test loop were conducted 
at pH 5. During the course of testing, however, it became clear that much of the scatter in the 
observed film growth rate data could be attributed to experimental problems in the bypass loop 
resulting in inadvertent, relatively minor variations in the coolant pH. Eventually, to establish this 
point further, several tests were conducted that illustrated in a direct manner the sensitivity and the 
extent of the coolant chemistry's effect on film growth behavior. This report will present these data 
and illustrate their significance in the context of the complete ANS corrosion database. 



2. EXPERIMENTAL PROCEDURES 

The ANS corrosion test loop facility has been described in detail in earlier publications,12"16 and 
only a summary will be included here. The specimens consisted essentially of odd-cross-section 
rectangular tubes of the aluminum alloy under consideration, having a flow channel with a gap width 
of 1.27 mm (corresponding to the design width of the ANS coolant channels). Each specimen was 
instrumented on its outer side along the 165-mm active length with ten type N sheathed thermocouples 
(seven on one side, three on the other), surrounded by preformed electrical and thermal insulation and 
supplied with pressure backing plates. The specimen was welded to large aluminum electrodes 
providing coupling to the electrical and coolant systems that composed the test loop. The test loop was 
fashioned after the primary coolant system in several existing research reactors. The heat exchanger, 
pumps, piping, and allied equipment were purposefully constructed entirely of 304L stainless steel. A 
bypass system facilitated measurements of the coolant water properties, as well as permitting coolant 
water purification and chemistry (pH) adjustments as necessary. Resistive heating accompanying the 
large currents in the specimen produced the heat flux that was transferred to the coolant in the flow 
channel. As low-conductivity oxidation products formed and grew at the reaction surfaces of the 
specimen in contact with the coolant, the measured temperatures on the outer surface of the specimen 
increased proportionately. 

In conjunction with power and coolant flow measurements, the specimen temperatures recorded 
during the experiment served as input to computer codes that modeled heat generation and heat flow 
in the specimen and calculated the oxide film thicknesses along its length as a function of time along 
with other important system descriptors. An evaluation of the accuracy of these calculations was 
obtained at the conclusion of the experiment when direct physical measurements of these film 
thicknesses were made. Generally, the values were in excellent agreement with each other. 
Experimental attention was directed to three principal positions along the specimen: 25.4 mm from the 
coolant inlet end (position 2), at the specimen axial center (position 4), and, symmetrically, 25.4 mm 
from the coolant exit (position 6). Measurements from these three positions offer segments with a 
range of thermal parameters for study in a single steady-state test. 

A loop experiment was typically conducted under conditions of constant power to the specimen, 
constant coolant inlet temperature, constant coolant flow rate, and constant coolant pH (the latter 
controlled by water purification via mixed-bed demineralization followed by dilute nitric acid additions 
in the bypass loop). Control of the power and coolant flow during most tests was considered excellent. 
Sometimes pH control was erratic, but pH rarely varied by more than a few tenths of a unit. Most 
recent experiments were conducted with pH variations within ±0.1 pH unit, and only occasionally did 
chemistry excursions exceed this range. 

In addition to the calculation of the local temperatures, heat fluxes, and film thicknesses along the 
specimen during the experiment, a posttest examination of each specimen was made employing 
conventional analytical techniques. The thickness of the product films along each main side of the 
rectangular flow channel was first measured with eddy current devices. Segments of the specimen 
corresponding to the principal thermocouple positions were then excised in order to examine film 
morphology and to make direct metallographic cross-section thickness measurements for comparison 
with the calculated (and eddy current) values. The final film thicknesses reported in the master table in 
Appendix A were determined from the metallographic cross sections, regarded as the most reliable of 
the available measurements. X-ray analyses and electron microprobe traces were also obtained on 
many of the specimens to identify the reaction products and to characterize the distribution of minor 
elements in the alloy and the product films. Otherwise unpublished details of the individual test 
procedures and results can be found in the ANS monthly reports.17 
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3. EXPERIMENTAL RESULTS 

The major results of the ANS corrosion loop test program have been reported in ANS progress 
reports,18 ORNL reports,19"24 and open-literature publications,12-15'25,26 and will not be recounted in detail 
here except for those that deal specifically with the influence of coolant pH upon the film growth rate. 
Basically, the characteristics of film growth on 6061 Al were examined for the range of conditions 
pertinent to the proposed ANS operation. Several tests were conducted with other aluminum alloys 
including pure Al, 1100 Al, 8001 Al, and a special alloy used as cladding in the Institut Laue-
Langevin (ILL) facility, the high-flux reactor at Grenoble, France. While different behavior associated 
with spallation and internal reactions was observed for these alloys, the film growth kinetics process 
prior to spallation was essentially identical to that for 6061 Al. The key system parameters and the 
complete bounds and maximum interest range for all experiments are given in Table 3.1. In addition, a 
table containing specific information for each test in the ANS database is included in Appendix A. 

Corrosion product growth was characterized in these tests, and the important features of the 
process may be summarized as follows: 

a. A corrosion product film consisting mainly of boehmite (A1203-H20) grew at a decreasing rate 
throughout steady-state loop experiments under ANS thermal-hydraulic conditions. The films were 
reasonably uniform in thickness, particularly for layers greater than -5 pm. The good agreement 
between the measured end-of-test and the calculated film thickness values confirmed the accuracy 
of the published value for the thermal conductivity of boehmite, 2.25 W/(m • K).2 

b. At "low" coolant pH values (4.5-5.0) and "low" coolant inlet temperatures (<57°C), a thin Fe-rich 
layer was generally found on the outer surface of the boehmite. On the other hand, several 
experiments conducted at pH 6 (nominal) yielded comparatively high film growth rates and little, 
if any, iron enrichment of the outer boehmite layer. The existence of the Fe-rich layer was 
consistently associated with lower film growth rates, and its action as a corrosion barrier was 
proposed. The effect of water chemistry (pH) and test section inlet temperature T d (or the 

Table 3.1. Range of experimental parameters in ANS corrosion loop tests 

Parameter Experimental range 
(nominal) 

Maximum interest 
range 

Coolant, pH" 4.5-6.0 5 ± 0.2 
Coolant velocity (Vc), m/s 9-28 25-27.6 

Coolant inlet temperature (Tci), °C 39-80 44-49 

Local coolant temperature (Tc), °C 45-101 50-90 

Local interface temperature* (T^), °C 95-208 100-200 

Local heat flux (<|>), MW/m2 5-20 5-12 

Experiment duration, d <35 <21 

"Mixed-bed demineralizer plus HN0 3 additions in bypass stream. 
^Calculated via Petukhov27 forced-convection heat transfer coefficient. 
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temperature in the cooler stainless steel portion of the test loop) on the film growth rates could 
then be qualitatively explained by invoking the known solubility characteristics of iron oxide 
species in aqueous solutions in the coolant circulating continuously in the test loop. 

c. System temperatures and heat flux were important factors that controlled the growth rate of the 
oxide for given coolant conditions. 

d. The oxide growth for typical experiments could be described by a semiempirical rate equation with 
a single rate constant. The rate constant was eventually specified in terms of the local interface 
temperature (T^) and heat flux (<)>), thus providing a correlation that could be used in conjunction 
with the rate equation to describe and predict oxide growth. Limited testing of the model 
confirmed that a reasonable predictive capability exists even for changing thermal-hydraulic 
conditions. 

e. Spallation of the boehmite films was observed toward the end of some of the more aggressive loop 
experiments. Metallographic examinations of 6061 Al and pure Al specimens showed that 
spallation was followed by the onset of severe internal reactions in the metal beneath the oxide. 
Such internal reactions were negligible for 8001 Al 1 6 , 2 6 and the similar ILL alloy containing Ni and 
Fe.24 The presence of this reaction zone is clearly detrimental to efficient heat flow as well as 
structural integrity and should not be allowed to occur in reactor fuel cladding. The steady-state 
experiments indicated that spallation did not occur on 6061 Al if the temperature drop across the 
growing oxide film was less than 119°C.12,22 Moderate levels of temperature cycling were found 
not to induce spallation unless the films were already at or near the spallation point. 

A first-principles analysis of the film growth rate curves is complicated by the fact that isothermal 
conditions in the boehmite film do not exist in a typical steady-state experiment in the corrosion test 
loop. While the interface temperature (T^, the temperature of the oxide layer in contact with the 
flowing coolant) does remain essentially constant during a test, the heat flux causes a temperature 
gradient across the growing layer. As the layer thickens, the total temperature difference across the 
layer increases, and the inner regions of the film and the metal specimen get hotter. As a result, the 
observation of a simple kinetic response (for example, parabolic growth) would be unlikely if a 
diffusion process were rate controlling. 

Examination of the film growth kinetics for numerous experimental conditions resulted in the 
preliminary formulation and assignment of an appropriate semiempirical rate equation that produced 
the correct shape of the rate curves for the time spans typical of the ANS loop experiments. 
Subsequently, the rate constants obtained on this basis were then used in the development of several 
working correlations. The progress of these analytical treatments was published over the course of this 
program.12'15,22 

The integrated form of the rate equation used to fit the film growth data, generally based on least-
squares treatments of the data, is 

*, - ( V 3 5 1 + 1-351 xjfcxr)°-7*um , (1) 

where 
x, «= film thickness at time t, in um, 
*o - film thickness at time 0 (t0), in um, 
k = rate constant, pmL3SVh, 
t - time, in h. 
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Using the above rate equation, the present correlation of choice, Correlation II, expresses the rate 
constant for film growth, limited to reactions in pH 5 coolant with a range of coolant inlet 
temperatures (Tci) between 39 and 52°C, as 

k = 6.388E7 e x p f - a ^ / ^ + 1.056 x <]>)] umU 5 1/h , (2) 

where 
T^c " local interface temperature, in K, 
<j> = local heat flux, in MW/m2. 

The form of Correlation II is similar to that of the Griess Correlation,1,2 based on the film-coolant 
interface temperature, but modified to account for the influence of heat flux. Unlike the Kritz 
Correlation,10,11 which includes heat flux as a linear term in the rate constant equation, Correlation II 
places the heat flux term in the exponential, where it acts to modify the effective reaction temperature. 
Thus, the film growth rate is expressed as an Arrhenius function, a common form for many rate 
processes. It should also be emphasized that the interface temperature in this instance is that 
temperature calculated from the Petukhov forced-convection heat transfer coefficient27 using the local 
heat fluxes, coolant temperatures, and coolant velocities. 

The rate constants determined from an appropriate group of ANS corrosion loop tests are plotted 
according to the tenets of Correlation II in Fig. 3.1. Only tests through CT-28 were included in making 
this formulation, although the results of later tests within the range of applicability were generally 
consistent with it. These data were obtained from experiments in which the coolant pH was controlled 
to nominally 5.0, with variations as noted below that correlate qualitatively with their relative positions 
on the plot. The three data points representing each test were based upon data retrieved from the three 
principal thermocouple positions on the specimen. Coolant inlet temperatures for the Correlation II 
data set ranged from 39 to 49°C, although most of the tests were conducted at 49°C. In order to 
achieve a suitably wide range of system temperatures, the coolant velocity was varied between 9 and 
25.7 m/s. Within this range, there appeared to be no independent influence of the coolant velocity 
upon the corrosion behavior. Additionally, these velocities produced no measurable erosion of the 
corrosion products, at least for the time scale and geometry involved in the experiments. 

Obviously, the equation given for Correlation n, Eq. (2), is not a conservative estimator for all the 
data in Fig. 3.1; it does, however, represent the data in a reasonable fashion over the entire range of 
these variables. And, as noted above, several of the upper lines on this plot could be associated with 
known pH variations during the experiments that biased the effective pH over the entire experiment. 
The conclusion that several of the larger deviations from the prescribed Correlation II line in Fig. 3.1 
resulted from poor coolant chemistry control during the test warned of the high sensitivity of the film 
growth process to these factors. At the highest values of the rate function (least aggressive), the 
tendency of the data to lie above the Correlation II curve may be subject to two additional 
explanations. First, the very low film growth rates for these tests were difficult to measure accurately, 
and their placement via a log scale magnified these errors. Second, a common characteristic of 
experimental Arrhenius rate representations is upward curvature of the line at low temperatures 
compared with extrapolation from the higher temperature data. In either instance, the present 
divergence is considered a minor difficulty, particularly because it occurs where the corrosion rates are 
extremely low and unlikely to present a serious corrosion issue. 

In addition, examination of the results of tests conducted with different coolant inlet temperatures 
(Td) unexpectedly showed that this parameter was an independent variable affecting film growth.15,18 

Therefore, the coolant inlet temperature could not be used mdiscriminately as a tool to widen the range 
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of interface temperatures available to our loop system for a given set of thermal-hydraulic parameters. 
For a given heat flux and interface temperature on the specimen, variations in coolant inlet temperature 
and coolant pH acting individually or in concert were observed to change the rate of the film growth 
appreciably. Figure 3.2 presents data from tests where either or both the inlet temperature and pH 
differed from those values stipulated for the Correlation II data set. This information is labeled 
alongside the rate data in the plot and compared with the dashed line, which represents the 
Correlation II values. The filled circles represent data from tests where the interface temperature (Tci) 
was greater than 55°C; where either pH or Tci information is not listed, the pertinent coolant pH was 
nominally 5, and the Tci's were mostly 49°C. In addition to the ANS test loop data, a recalculation of 
the original data set upon which the Griess Correlation1,2 was based is also presented in terms of the 
ANS model. Despite the lower heat flux and coolant velocity employed for the Griess data, they seem 
to fit the general trend and lie above the Correlation II prediction, as would be expected because of the 
higher coolant inlet temperatures used in the Griess experiments. 

The range of the thermal-hydraulic rate function on die abscissa in this graph (and in Fig. 3.1) 
represents essentially the whole range of practical interest to the ANS reactor design. The location of 
average performance temperatures and heat fluxes proposed for the ANS reactor operation lies on the 
far right side of the figure; die very aggressive thermal conditions that are given by the left extreme 
would occur only as a result of severe off-normal conditions and uncertainty factor considerations. The 
middle section of the graph represents the zone of characterization of certain more realistic hot-spot 
and hot-streak ANS core behavior, including ever-present safety margins. The whole range of rate 
constants associated with this wide extent of thermal-hydraulic parameters that is predicted for film 
growth by Correlation II, stipulating pH 5 and 49°C coolant inlet temperature, is over two orders of 
magnitude. If these conditions were applied without relief, the resulting film growth for a given 
unchanging rate function then varies from superficial to virtually catastrophic in the sense of a fuel 
plate's surviving an extended fuel cycle. 

It is important to note from Fig. 3.2 that the same range of rate constants predicted by the 
correlation from variations anticipated in the thermal-hydraulic rate function also occurs at constant 
interface temperature and heat flux by varying the coolant pH and interface temperatures appropriately. 
The maximum pH variation for all of the tests presented is only from 4.5 to 6.0, clearly a very modest 
acidity range. The singular effect of a 20- to 40-degree variation in inlet temperature (Td) is also 
apparent from the figure. Additionally, tests widi 8001 Al conducted at pH 5.4 and 6 were also 
consistent with the 6061 rate behavior. 

To achieve appropriate bulk coolant temperatures, the initial experiments in this program all 
involved high coolant inlet temperatures, well above that anticipated for the actual ANS reactor. 
During these tests, aside from the comparison of measured rate data from separate experiments 
conducted with pH 4.5 to pH 6 coolants, the first direct dramatic indication of the impact of coolant 
chemistry on film growth was obtained in CTEST 7, in which the pH was changed several times. 
Figure 3.3 illustrates the changes in film growth rates at the three principal specimen positions for the 
first three segments of this test. In the figure, where film thickness to the 1.351 power is plotted versus 
time, the rate constants are proportional to the slopes of these lines [see Eq. (1)]. By making the pH 
changes during a single continuing experiment, while holding other test parameters essentially 
constant, most experimental errors mat could otherwise contribute to data scatter are normalized, and 
the confidence in the change-in-rate observations is strengthened. 

CTEST 7 was carried out with a coolant inlet temperature (Td) of 80°C, an average heat flux (<J>avg) 
of 11.6 MW/m2, and a coolant velocity (Vc) of 27.5 m/s. For the first -50 h of die test, the pH was 
controlled at 5.0, and these conditions combined to produce a high film growth rate, substantially 
higher than that predicted by Correlation n. The pH was then rapidly decreased to 4.5, with all other 
test parameters unchanged. A corresponding drop in the rate constants of almost one order of 
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3-8 

magnitude quickly followed for all three principal positions on the specimen. After an additional 250 h 
of testing at the new condition, the pH was returned to its original value of 5.0 and allowed to 
continue for an additional 100 h. Slowly, the film growth rates along the specimen increased, not by 
an order of magnitude to their original values, but by a factor of approximately two. It is possible that 
the rates were still continuing to increase at the end of this part of the test. From this experiment, it 
appeared that rate changes upon decreasing coolant pH were more rapid (and perhaps larger) than 
those following an equivalent pH increase. 

Similarly, Fig. 3.4 plots rate data for CTEST 41, conducted at the high average heat flux of 
15.3 MW/m2 and 49°C coolant inlet temperature. Changing the pH from 5.05 to -4.8 resulted in a 
factor of 5 decrease in the rate constant for film growth at all three specimen positions. 

Subsequently, a similar test was conducted at comparatively low interface temperatures and heat 
flux, corresponding to "average" ANS reactor conditions, or "maximum" HFIR conditions. The coolant 
inlet temperature was constant at 49°C, and the initial coolant velocity was 15.5 m/s. The rate curves 
for this test (CTEST 47) are shown in Fig. 3.5. The precise positioning of these curves is somewhat 
complicated by a computational problem that arose during startup and the first several hours of the 
test. The coolant pH for the initial 60 h was controlled at about 5.05; at this point, the pH was 
increased to 5.3 (all other parameters unchanged) without a significant alteration in die film growth 
rate. This lack of large response to small increases in pH had been noted previously in several tests 
where intentional increases in pH had caused only very slow and small increases in the kinetics. 
Apparently, the nature of the slowly growing film in lower pH environments has some degree of 
persistence when the pH is increased. 

After 180 h, while all other imposed conditions were maintained, the coolant velocity for this test 
was intentionally decreased from 15.5 to 11.2 m/s. Because of the poorer heat transfer, this change 
caused the interface temperatures (T^) along the specimen to rise by -20 to >30 degrees, and a sharp 
increase in film growth at all positions was observed. The films were allowed to grow until 290 h, 
when the pH was lowered to 5.0 (all other parameters unchanged). As expected, me rates quickly 
dropped, by a factor of almost 5, as was the case for CTEST 41. 

One additional test worthy of documentation here is CTEST 49, conducted at relatively low heat 
flux and coolant velocity, where the pH change during the test was kept purposefully small (-±0.1 pH 
unit). The test results, shown in Fig. 3.6, are similar in kind to those of CTEST 41 despite the 
different thermal-hydraulic conditions. In this case also, the response to the decrease in coolant pH is a 
corresponding decrease in film growth rates. 

The results of the above four tests showed conclusively that coolant pH is an important and 
independent variable in determining the growth rate of the corrosion product films under the 
conditions of our tests. The large influence of small changes in coolant pH between -4.5 and 5.5 was 
apparent over a wide range of coolant conditions, interface temperatures, and heat fluxes. While in all 
cases the film growth rates were quickly decreased by decreases in pH, increases in rate with 
increasing pH were more sluggish, suggesting that a certain persistence of the protective attributes 
from the low pH exposure lingered. The rate constants calculated for these four tests are compared to 
the Correlation II curve in Fig. 3.7, which shows the changes in rate constants brought about by the 
various changes in coolant pH. While the Arrhenius slopes for the individual data sets seem to follow 
that of the correlation, the relative positions are clearly dependent upon pH and additionally, in the 
case of CTEST 7, upon the coolant inlet temperature. 

Several attempts have been made to quantify the effect of coolant pH, per se, upon the film 
growth behavior and rates. A number of plots and cross-plots were created that suggested ways to 
express the influence of the nonthermal-hydraulic parameters. In many of these, in order to simplify 
the presentation of the functional relationships, the rate data for each ANS CTEST was "normalized" 
by comparing the calculated rate constants to those predicted by Correlation II (where T d - 49°C and 
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coolant pH = 5 are assigned) for the particular interface temperature (T^) and heat flux (<|)). Therefore, 
in the following plots, the basis for comparison—the "rate factor"—is the average value of the 
measured rate constant divided by the Correlation II prediction for the particular thermal-hydraulic 
conditions of the test under consideration. For simplicity and expediency, this procedure does not 
include any consideration of the influence of the degree of divergence from or disagreement with the 
1.351 rate exponent that is assumed to apply for each case or, for that matter, of any other side issues, 
such as the conditions of the particular test being outside the range of the correlation's database. This 
is simply a method to normalize the effect of the thermal-hydraulic parameters for the sorts of 
comparisons being sought. 

Figure 3.8 plots the rate factors for a large number of tests as a function of the measured effective 
coolant pH. As indicated, these data apply only for tests conducted with coolant inlet temperatures less 
than 53°C, but wide ranges of coolant velocities, interface temperatures, and heat fluxes were involved. 
The extended variable range and the inherent errors in the pH and rate factor measurements 
undoubtedly contribute to the large scatter in the data, particularly near pH 5, where most of the 
experiments were conducted. However, it is clear that a large difference in growth rates exists for a 
single unit variation in the pH. The arbitrary curve through the data has been drawn to emphasize the 
concept of a dramatic change in growth rate in the vicinity of pH 5. The data from the three applicable 
experiments described above where pH variations were imposed during the test are shown in the figure 
as filled data points. These data are particularly supportive of the concept that a region of high pH 
sensitivity exists, leading to striking changes in rate as the pH is increased from slightly less than 5 to 
slightly more than 5. 

Although only a few applicable data points are available, an analogous plot of rate factor vs pH 
for tests where the coolant inlet temperature (Td) was nominally 80°C showed similar behavior. 
Figure 3.9 presents these data and, further, suggests that a similar sigmoidal curve is at least not an 
inappropriate way to express the rate dependence. The results of the two parts from CTEST 7 are 
shown as solid circles and agree well with the rest of the experimental data. 
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4. DISCUSSION 

Boehmite (A1203-H20) was consistently the predominant species composing the corrosion product 
films formed during experiments in the corrosion test loop. This identification was achieved mostly 
through X-ray pattern analyses and comparisons but was often complicated by the small amounts of 
material present and by the small grain size of the products (which caused line broadening). In 
addition, small peaks resulting from bayerite (A1203*3H20) were sometimes found in the patterns, 
while numerous weak lines in the background remained unidentified. It is probable that a poorly 
crystalline form, "pseudoboehmite," also existed and that this was more common at the cooler inlet 
end of the specimen. Generally, the heat fluxes were sufficiently high in the present set of tests to 
ensure that boehmite was the stable product at the reaction temperature. The boehmite films formed on 
the corrosion test specimens were often transparent to the naked eye, always adherent and, at least for 
films thicker than ~5 pm, reasonably uniform in thickness on a microscopic scale. Thus, the 
morphology and structure of the corrosion product, at least prior to spallation, could be described in 
simple terms. 

Early in the ANS corrosion test program, however, it was apparent that the visual appearance of 
the test specimen after exposure depended sensitively upon the coolant pH as well as upon the 
thermal-hydraulic parameters of the test. Even the coolant inlet temperature was found to be 
significant. Specimens could appear silvery gray (metallic) with little visible evidence of a boehmite 
product film as noted above, or they could exhibit a gold-brown color ranging from light straw at the 
coolant inlet end to deep gold and brown at the exit end. Coolant pH's greater man 5 and coolant inlet 
temperatures greater than 60°C favored the former description. 

The very color of many of the surfaces for tests widi pH 5 and coolant inlet temperatures less than 
50°C suggested the presence of iron or iron oxides and, when the electron microprobe was used to 
examine cross sections of the specimens, this fact was confirmed. The distribution of iron in the 
boehmite films on 6061 Al and the other alloys was interesting and significant in that it appeared to be 
concentrated only in the outermost micron or two of a film that was perhaps 15 or 20 um in total 
thickness.1546 Although 6061 Al contains as much as 0.25 at. % Fe, there was no evidence of a 
diffusion profile through the film that might suggest that the alloy itself was the source of die Fe in 
the outermost regions of the film. Instead, maximum Fe concentrations above 10 at. % have been 
measured in the outer layer of the boehmite film, hence the term "Fe-rich layer," which has been 
discussed in previous reports. 

The fact that the Fe-rich layer always remained on the outermost surface of the growing boehmite 
film without an obvious diffusion source has several interesting ramifications. First, this morphology 
implied that the source of the Fe was external to the specimen, e.g., the stainless steel piping in the 
remainder of the loop. Second, the fact that the Fe remained at the outer surface rather than becoming 
smeared or partially buried during film growth implied that the mechanism of oxide growth involves 
predominantly anion diffusion. In a real sense, the Fe layer serves as a classical "marker" for this 
diffusion determination. It has been speculated that either OH" or O" ions are the likely diffusing 
species with the hydroxyl ion being the most likely because it could supply the necessary hydrogen for 
boehmite growth at the oxide-metal interface, with some left over to be involved perhaps in some 
aspect of the spallation and/or internal reaction phenomena. Finally, the fact that substantial quantities 
of Fe accumulate on the surface during the test despite the observation that some of the reacting 
aluminum (perhaps as high as 30%, at least when little or no Fe-rich layer is present2) ends up in the 
coolant, implies that Al also diffuses through the Fe-rich layer to go into solution in the coolant. Thus, 
to be consistent with all the observations, it appears that some level of both anion and cation diffusion 
probably takes place and that a complete description of the film growth mechanism may be very 
complicated. 
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The characterization of the extent of the Fe-rich layer, based largely upon electron microprobe 
examinations of selected specimens, remains incomplete and only semiquantitative: (1) the iron is 
concentrated in the outer tenth or so of the film regardless of its thickness, and (2) the maximum Fe 
concentration recorded by the probe can vary by more than an order of magnitude, up to >10 at. %. 
For the record, Table 4.1 presents a compilation of the electron probe results, giving the maximum 
measured Fe concentration in the Fe-rich layer along with other test attributes for the group of 
specimens selected for examination. Since the probe has an effective spot diameter of -1 um and the 
traverses were accomplished by a programmed raster in 1-um steps, the possible error or variation in 
the maximum Fe concentration can be large and increases with decreasing layer thickness. No attempt 
has been made in Table 4.1 to account for diis effect in the recorded Fe concentration values. 
Although the association between film growth rates and the maximum iron concentration is certainly 
not as consistent or as striking as the pH effect, it appears that some feature of this layer does serve to 
impede the growth of the boehmite, and its presence is thus important from a kinetics standpoint. 
Earlier, it was proposed that the Fe layer served as a diffusion barrier,15 thus affecting film growth 
rates. While it is probable that this mechanism is still a logical, simplistic description, there is a clear 
need for additional details and a deeper understanding. 

The precise mechanism by which Fe is transferred from the stainless steel components of the loop 
system is not known. Nonetheless, given the fact that the corrosion test loop is constructed and 
operated to emulate the primary coolant system of the reactor, it is entirely possible that this sort of 
mass transport would also occur in-reactor. Some in-reactor evidence of this phenomenon has been 
reported (for example, in Ref.4), although its ramifications in the present context were not discussed. 

Therefore, despite the qualitative nature of some of the observations and interpretations, a most 
important result of these tests has been the realization that the corrosion and film growth on aluminum 
alloys under the given test conditions are system dependent and cannot be considered in an isolated 
manner independent of the loop surroundings. Indeed, the primary coolant system of the test loop (and 
the reactor coolant system as well) must be considered in its chemical context. High-purity water can 
be very active chemically, particularly when operating between temperature extremes in a coolant loop 
circuit. When different materials of construction are involved, such as the Al specimen and the 
stainless steel piping, added complications arise. Some level of mass transport, similar in kind to that 
observed in heat-transfer loop systems involving liquid metal coolants, is therefore to be anticipated. In 
the loop system under discussion here, water temperatures and solubilities of the major participants are 
relatively very low, but the principles leading to mass transport between the temperature extremes of 
the loop are the same. 

One unusual feature of the ANS corrosion loop test system is that iron or an iron oxide species 
was observed to be deposited on the hot surface of the specimen, atypical of mass transport in most 
systems driven by solubility-temperature considerations. A possible explanation for this phenomenon 
based largely on circumstantial or indirect evidence, but consistent with the imposed conditions and 
observations, is as follows. Many transition metal oxide species in aqueous solutions exhibit increased 
solubility with increasing temperature for solution pH greater than about 6. At each temperature, the 
solubility exhibits a distinct minimum with varying pH, generally at slightly acid conditions. As the 
solution temperature increases, the pH at which the minimum occurs is shifted to slightly lower values. 
The crossover where solubility at the higher temperature is lower results in a transition from "normal" 
to "retrograde" solubility as the pH is decreased to a certain value, which depends upon the 
thermodynamics of the metal species-water system. In the "retrograde" regime, the solubility decreases 
as the temperature is increased. A schematic drawing illustrating this behavior is presented in Fig. 4.1, 
which gives inferred solubility values typical of iron (and chromium) oxides in aqueous solutions as a 
function of the solution pH. It should be emphasized that these curves, as drawn, are conceptually 
accurate but lack a completely quantitative foundation. Nevertheless, they are useful in explaining the 
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Table 4.1. Electron microprobe results: Fe-rlch layer 

ANSCTEST 
umber/position 

Coolant 
P H 

Inlet 
temperature 

(°C) 

Interface 
temperature 

(°C) 

Duration 
(h) 

ijl Surface 
appearance" 

Maximum 
measured Fe 
concentration 

(at. %) 

CT-10/4 5.0 ± 0.1 39 158 280 15 gd-br 0.8 

CT-12/2 5.95 ± 0.15 80 148 53 21 metgr 0.1 

CT-15/4 4.95 ± 0.1 49 144 575 7 medgd 2.7 

CT-16/4 5.0 ± 0.1 49 181 57 11 met gr-gd 0.2 

CT-18/4 5.35 ± 0.3 49 154 510 23 dkbr 2.5 

CT-19/4 4.95 ± 0.15 49 162 500 15 gd-br 9.9 

CT-20/4 5.0 ± 0.05 49 192 117 17 It or 2.1 

CT-26/6 4.5 ± 0.05 49 149 450 4 dkbr 2.1 

CT-27/2 4.95 ± 0.05 49 135 510 14 gd 2.6 

CT-27/6 4.95 ± 0.05 49 152 510 14 gd-br 15.1 

CT-29/6* 4.95 ± 0.1 49 172 1225 15 br-bl 19.8 

CT-30/6t 5.35 ± 0.2 49 138 1293 29 bl 6.0 

CT-31/6* 5.05 ± 0.2 50 163 1220 15 br-gr 8.7 

CT-32/4* 6.0 ± 0.5 65 111 1344 16 metgr 0.2 

CT-37J6b 6.0 ± 0.5 65 116 1344 21 metgr 0.3 

CT-33/6* 5.4 ± 0.2 65 172 740 60 br 6.5 

CT-34/4 5.05 ± 0.1 49 142 334 17 ltgd 0.4 

CT-35/2 4.95 ± 0.1 49 138 640 11 ltgd 0.4 

CT-35/4 4.95 ± 0.1 49 149 640 15 gd 7.2 

CT-36/4' 4.95 ± 0.1 49 139 554 12 It gd-br 1.0 

CT-37/2* 4.9510.1 49 134 523 11 met gr 0.3 

CT-37/6* 4.95 ± 0.1 49 155 523 28 gd-br 6.0 

CT-1%17? 4.94 ±0.1 49 133/146 502/720 4 ltgd 3.8 

CT-38/6'' 4.94 ± 0.1 49 146/161 502/720 5 gd-br 10.0 

CT-43/6' 5.0 ±0.1 49 152/166 380/670 28 bl-br 7.5 

"Nomenclature: It - light, med - medium, dk - dark, gd - gold, br - brown, bl - black, met - metallic, gr - gray. 
*8001 Al specimen. 
•Pure Al specimen. 
'HOO Al specimen. 
ILL alloy specimen. 
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concept of retrograde solubility and the conditions under which it occurs. Similar curves have been 
reported relative to the solubility of magnetite (iron oxide) and other oxides.28'29 Quantitative high 
sensitivity mass-spectrographic analyses of the coolant water in our test loop were difficult because of 
the generally high purity. However, iron concentrations ranging from undetected to less than 100 ppb 
were measured, wim the higher levels found in die more acid coolants. Details of these measurements 
have been reported.16 

In the ANS corrosion test loop, as well as the proposed ANS reactor, the coolant water is heated 
as it passes through the specimen (core), interacting wim the specimen surface (fuel cladding). The 
surface of the specimen is significantly hotter than the bulk coolant water because of the high heat 
flux. The coolant water leaving the specimen travels in 304L stainless steel tubing (with oxide-covered 
walls) to the heat exchanger, where the generated heat is removed. The coolant is then pumped 
through the additional 304L loop plumbing, where it is reintroduced into the specimen at the coolant 
inlet temperature (Tci). The heat exchanger is controlled to keep Tc i constant for the entire experiment. 
Tc i is considered to be representative of the minimum water temperature in the stainless steel parts of 
the loop; the hottest positions are within the specimen channel, where the coolant is heated, and 
particularly at its contact with the hot surfaces where the temperature is increased to the interface 
temperature (T^). 

In Fig. 4.1, the curves labeled T2 and T, have been drawn to represent the solubility dependence 
for me extremes of the loop temperatures, T^ (and/or Tc) and T d. In the plot, a "normal" solubility 
temperature dependence is proposed to exist for coolant pH above -5.5, and therefore in this region no 
tendency for iron oxide to be transported from the steel surfaces to the aluminum would exist. For pH 
below 5.5, some degree of "retrograde" solubility exists, and a driving force for iron transfer to the 
aluminum surface arises. While it is unlikely that equilibrium concentrations would be achieved in 
such a flow system, the general trends would be present. For example, "cold" water having a relatively 
high concentration of iron oxides would enter the specimen flow channel. As die water is heated in the 
channel, the bulk temperature might or might not get hot enough to lead to a general precipitation; 
however, the interface temperature is much hotter and would be expected to deliver the precipitate at 
or near the boehmite surface. The increasing bulk water temperatures and interface temperatures along 
the specimen, according to the tenets of retrograde solubility, would then account for the observed 
color variations and probe measurements mat indicate increasing iron concentration toward the hot end 
of the specimen. Similarly, for tests conducted at nominally pH 6, no iron transport to the specimen 
would be expected, and extremely small values were observed. As the solubility curves in Fig. 4.1 are 
drawn, they become parallel at pH's below -4.7, signifying that below this pH no extra driving force 
via a solubility difference for transfer would accrue. If Fe transport were involved in the film growth 
kinetics, this model of the behavior would support the existence of a narrow range of pH in which the 
growth rates would change appreciably. 

The experimental observations concerning the effect of coolant temperatures (including inlet 
temperature), coolant chemistry, coolant velocity, and heat flux upon film growth kinetics are in good 
qualitative agreement with this hypothesis, but its acceptance is recognized to be in need of further 
phenomenological evidence and additional theoretical support. In spite of the lack of a completely 
explicit model, a principal implication of these results is that this sort of mass transport is likely to 
occur in the reactor primary coolant system, and that corrosion of die fuel cladding will be affected in 
a manner similar to that found in die ANS loop tests. 

As noted previously, the results of the ANS corrosion testing are consistent widi die historic in-
reactor observations concerning me importance of water chemistry to die performance of die primary 
coolant system and to film buildup in me reactor core. Good control of me coolant at slightly acid 
levels has become an accepted specification for operation of many reactor systems. However, because 
me ANS involved a reactor moderated and cooled witii heavy water, the possibility was noted that me 
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optimum acidity (pH) for reactor operation might be different from that in light water systems. The 
ANS corrosion program was scheduled to test this prospect by conducting several scoping tests using 
heavy water (D 20) coolant in the ANS test loop, but the project was terminated first. 

The objective of the latter series of tests was to determine the particular ionic species important in 
film growth on aluminum. It is known that die dissociation constants of H 2 0 and D 2 0 are different 
(for example, at 25°C in mole/liter units, K H 2 0 « 1E-14 and K ^ Q - 1.365E-15, calculated from 
Refs. 30 and 31). Given this fact and assuming similar solubility considerations, it follows mat if the 
concentration of hydrogen (H+) ions or deuterium (D+) ions controls the film growth behavior on 
aluminum in light water and heavy water coolant systems, the required or optimum pD for the heavy 
water coolant would be the same as the pH value assigned for light water. If, on the other hand, the 
concentration of the negative ions (OH" or OD") controls film growth, then the different dissociation 
characteristics come into play, and the pD for optimum behavior would be different from the pH. The 
results of the tests to date do not address this problem and, with the cancellation of the ANS project, 
the heavy water data will not be available to make this determination directly. However, if and when 
the problem again arises, such differences should be investigated. 

Suppose it is desired to operate a heavy water coolant system according to coolant conditions 
optimized by light water corrosion results and considerations. For example, suppose that the optimum 
pH for the coolant in a light water circulating system was chosen to be 4.7, measured at 25°C and 
produced by the controlled addition of HN0 3 to the demineralized coolant water (a possible 
compromise between lowering film growth on aluminum and the stimulation of stress corrosion 
cracking in stainless steel). Then, using conventional notation and assumptions involving dilute 
solutions: 

[H +] = 1 x 10- 4 7 (= 1.995E-5) mol/L , ( 3 ) 

[OH"] = 1 x 10-9-3 (= 5.012E-10) mol/L . 

Case I, for cation control: In a heavy water coolant similarly acidified with DN0 3 , the pD would 
simply be identical to the pH (equal cation concentrations). The measurement of pD in heavy water 
solutions is equivalent to a pH measurement, and techniques and equipment exist to perform mat task. 
A common approach in a heavy water system is to use a standard pH meter appropriately calibrated 
with light water solutions. Using such a pH meter system in a heavy water solution, the pD is given 
by (Ref. 32): 

pD = pH a + 0.408 , (4) 

where 
pD -= -log [D+] (analogous to pH), 
pHj = value measured with light water meter. 

Thus, in our example that assumes equal cation concentrations, 

pD = 4.7 , or f 5 } 
pH a = 4.292 . v ' 
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Case n, for anion control: In a heavy water coolant, the pD is derived from that value for which 
[OH-] = [OD-]. For pH = 4.7, [OH-] = 1 x 10"9-3, and therefore: 

[OD-] = 1 x 10-9-3 , and (6) 
[D1 = (1.365 x 1015)/(1 x 10'9-3) = 1.995E-5 mol/L . 

Thus, 

pD = 5.565 (generally, for anion control, pD = pH + 0.865) , or p\ 
pHa = 5.157 . 

From these typical-case calculations, the optimum pD could vary by almost a whole unit 
depending upon which ion concentration controls the film growth rates. As the data in Fig. 3.8 attests, 
this probably would not be a trivial matter at least for the more aggressive corrosion conditions, and 
this aspect should come under consideration in a complete design analysis for heavy water coolants. 

It is recognized that all aspects of me influence of coolant water chemistry were not addressed in 
this experimental program. The correlation of the results and many of the analyses are empirical in 
nature and may apply only within the intended range of variables. Additionally, direct extrapolation of 
the results from the corrosion test loop to a real reactor primary system requires the acceptance of 
many assumptions that only in-reactor data and operational histories can address. While the 
experimental loop system was designed to model many aspects of the reactor system, there are clearly 
many potentially important differences. The results should be interpreted and utilized accordingly. Had 
the ANS been built, closure was to be accomplished by comparison of the correlations with 
measurements from spent core assemblies. 





5. SUMMARY 

1. Specimens of 6061 Al (and other aluminum alloys) were exposed at high heat fluxes and coolant 
velocities in a corrosion test loop designed to simulate as much as possible the proposed ANS 
reactor primary coolant system. The data for exposure in nominally pH 5 coolant were utilized to 
develop a correlation for predicting oxide film growth on aluminum as a function of its thermal-
hydraulic history. 

2. The coolant pH, slightly acid via HN03 additions, was found to affect film growth significantly. In 
addition, the coolant inlet temperature surprisingly was found to be an independent variable. 
Increases in coolant pH (from its basis level of 5.0) and increases in coolant inlet temperature 
(from its basis level of 49°C) each resulted in an increased film growth rate. 

3. Tests in which the coolant pH was varied from 4.5 to 6 showed a large effect on the film growth 
behavior and film composition. Experimental results showing an abrupt change in growth rate 
between about pH 4.9 and 5.1 were presented. A second set of data for tests conducted with a 
higher range of coolant inlet temperatures produced a similar result. 

4. A mechanism for the water chemistry effects was proposed that involved the corrosion 
characteristics of the entire loop system. While the model is speculative, most of the experimental 
observations are at least qualitatively consistent. 

5. The possible differences in the water chemistry sensitivities for heavy water coolant operation were 
examined. For "cation control" of film growth rates, there is an equivalence of pH and pD. For 
"anion control," the equivalent pD is almost a full unit higher than the designated pH. Thus 
additional information will be required prior to applying the present data directly to the case of a 
heavy water coolant. 
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Key to terminology in Table A.1 

Parameter Interpretation 

Al alloy material Specific dilute alloy used as specimen material 

Test initiated Date on which startup was achieved 

pH Average coolant pH, measured at 25°C in bypass loop 

L, uS/m Average coolant conductivity, measured as above 

V c, m/s Coolant velocity, calculated from mass flow 

T d , °C Coolant inlet temperature, probe at specimen inlet 

P, kW Total power dissipated in specimen 

<|)avg, MW/m2 Average heat flux across main reaction areas 

Duration, h Total length of test 

Local T c, °C Local bulk coolant temperature at specified specimen positions 

Local T^, °C Local interface temperature at specified specimen positions 

Local <|>, MW/m2 Local heat flux at specified specimen positions 

Rate con (k), um , , 3 5Vh Local rate constant for film growth at specified specimen positions 

EOT film thk, um End-of-test measured film thickness at specified specimen positions 

sp; c Spalled or partially spalled; isolated craters 

=>; <= Arrows signify "continuing" or "approaching"; read left or right 

NA Not available 



A-4 

Table A.l. Effective test parameters for ANS CTESTs 3-50 

Parameter CT-3 CT-4 CT-5 CT-6 CT-7A CT-7B CT-7C 

Al alloy material 6061 6061 6061 6061 6061 «= <= 

Test initiated 6/88 8/88 9/88 12/88 1/89 ^ <= 

pH 5.9 5.0 5.0 4.5 5.0 4.5 5.0 

L, uS/m 135 405 465 1300 540 1400 500 

V c,m/s 27.1 27.7 12.8 24.2 27.5 <= <= 

T °C 80 79 75 80 80 <= <= 

P.kW 41.6 41.2 19.0 41.6 41.6 <= <= 

*„,, MW/m2 11.6 11.5 5.3 11.6 11.6 ^ «= 

Duration, h 70 116 340 220 60 =*320 =*410 

Local Tc, °C 

Position 2 83 83 79 84 83 *= *= 

Position 4 90 90 85 93 91 ^ <= 

Position 6 96 97 92 101 99 <= <= 

Local T^, °C 

Position 2 147 146 136 156 148 <= <= 

Position 4 155 154 143 164 156 <= <= 

Position 6 163 163 150 173 165 *= <= 

Local <|>, MW/m2 

Position 2 11.3 11.0 5.2 11.4 11.2 <= *= 

Position 4 11.6 11.5 53 11.6 11.6 *= «= 

Position 6 12.0 12.5 5.5 12.0 12.1 ^ <= 

Rate con (k), pm'-357h 

Position 2 0.688 0.389 0.0844 0.0248 0.262 0.0287 0.0607 

Position 4 0.955 0.597 0.131 0.0384 0.370 0.0418 0.0632 

Position 6 1.259 0.991 0.187 0.0657 0.522 0.0727 0.0979 

EOT film thk, pm 

Position 2 20.5 18.5 10.6 5.2 => ^ 16.9 

Position 4 sp sp 15.0 10.5 =* =^ 20.1 

Position 6 sp sp 19.9 10.8 =» ^ sp 
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Table A.l (continued) 

Parameter CT-8 CT-9 CT-10 CT-11 CT-12 CT-13 CT-14 

Al alloy material 6061 6061 6061 6061 6061 6061 6061 

Test initiated 3/89 3/89 4/89 5/89 6/89 7/89 8/89 

pH 5.0 5.0 5.0 5.0 6.0 5.0 5.0 

L, uS/m 530 490 510 520 160 615 465 

Vc, m/s 25.4 25.5 25.5 19.2 28.0 27.8 25.6 

T °C 43 57 39 39 80 67 49 

P, kW 42.0 43.4 55.6 42.7 42.3 38.0 22.2 

<|>,vg> MW/m2 11.7 11.5 15.5 11.9 11.8 10.6 6.2 

Duration, h 330 240 280 360 52 340 460 

Local T c, °C 

Position 2 47 61 45 44 84 71 51 

Position 4 56 70 56 55 92 78 56 

Position 6 64 78 67 66 99 84 61 

Local T^, °C 

Position 2 127 136 146 147 148 131 95 

Position 4 135 146 158 155 156 139 99 

Position 6 143 156 175 164 166 147 103 

Local <(>, MW/m2 

Position 2 11.3 11.4 14.5 11.6 11.4 10.1 6.2 

Position 4 11.7 12.1 15.5 11.9 11.8 10.6 6.2 

Position 6 12.1 12.7 17.2 12.3 12.4 11.1 6.2 

Rate con (k), um l 3 5 1 /h 

Position 2 0.0154 0.0955 0.0391 0.0159 0.992 0.0977 0.005 

Position 4 0.0196 0.181 0.0918 0.0304 1.266 0.142 0.005 

Position 6 0.0349 0.287 0.192 0.0620 1.636 0.181 0.005 

EOT film thk, um 

Position 2 7.6 10.9 7.4 4.5 20.8 18.6 4.1 

Position 4 7.6 21.7 15.4 7.5 sp 22.0 4.2 

Position 6 9.8 sp sp 12.6 sp 28.2 4.4 
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Table A.1 (continued) 

Parameter CT-15 CT-16 CT-17 CT-18 CT-19 CT-20 CT-21 

Al alloy material 6061 6061 6061 6061 6061 6061 6061 

Test initiated 9/89 10/89 11/89 12/89 1/90 3/90 4/90 

pH 5.0 5.0 5.0 5.4 4.9/5.0 5.0 5.1 

L, uS/m 550 540 500 325 500/430 450 370 

V c, m/s 25.6 25.6 25.5 10.0 20.1 15.1 25.6 

T- °C 49 49 49 49 49 49 49 

P, kW 44.8 67.0 21.8 22.6 45.0 45.0 44.7 

$,,,,, MW/m2 12.5 18.7 6.1 6.3 12.0 12.6 12.4 

Duration, h 570 58 380 504 504 119 497 

Local Tc, °C 

Position 2 53 56 51 55 55 57 53 

Position 4 62 69 56 66 66 72 62 

Position 6 71 82 60 77 77 87 71 

Local T„c, °C 

Position 2 136 169 94 145 152 180 134 

Position 4 144 181 100 154 162 192 142 

Position 6 152 201 104 164 176 208 153 

Local <(>, MW/m2 

Position 2 12.3 17.3 6.1 6.2 12.1 12.3 11.9 

Position 4 12.6 18.2 6.1 6.3 12.5 12.7 12.3 

Position 6 12.8 20.2 6.1 6.5 13.4 13.5 13.2 

Rate con (k), um U M /h 

Position 2 0.0126 0.166 0.004 0.0907 0.0381 0.249 0.0407 

Position 4 0.0193 0.246 0.004 0.125 0.0637 0.337 0.0563 

Position 6 0.0280 0.608 0.004 0.181 0.118 0.601 0.103 

EOT film thk, um 

Position 2 6.0 7.5 3.5 20.0 7.2 11.9 8.9 

Position 4 6.8 10.9 3.8 23.0 14.7 17.2 11.9 

Position 6 8.6 sp 4.5 31.6 sp sp 24.0 
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Table A.1 (continued) 

Parameter CT-22A CT-22B CT-23 CT-24 CT-25 CT-26 CT-27 

Al alloy material 6061 «= 6061 6061 6061 6061 6061 

Test initiated 6/90 7/90 10/90 1/91 2/91 5/91 6/91 

PH 5.1 5.0 5.0 5(7) 5(?) 4.5 5.0 

L, uS/m 380 450 420 280 285 1800 550 

Vc, m/s 25.7 «= 9.0 35.6 22.3 25.6 25.6 

T °C 49 «= 49 49 49 49 49 

P, kW 22.2 44.6 20.5 52.6 43.2 44.5 45.0 

•u,, MW/m2 6.2 12.4 5.7 14.7 12.1 12.4 12.6 

Duration, h 477 =>822 505 383 160 480 504 

Local T c, °C 

Position 2 51 54 55 53 54 53 53 

Position 4 56 62 66 60 63 62 62 

Position 6 60 70 77 68 73 70 70 

Local T^, °C 

Position 2 95 136 144 126 142 137 135 

Position 4 99 142 152 134 149 143 142 

Position 6 102 149 162 142 160 149 152 

Local <(>, MW/m2 

Position 2 6.2 12.3 5.6 14.0 11.7 12.3 12.1 

Position 4 6.2 12.4 5.7 14.7 11.9 12.4 12.5 

Position 6 6.2 12.6 5.9 15.3 12.6 12.5 13.2 

Rate con (k), urn1-351/!! 

Position 2 0.012 0.0327 0.0237 0.0614 0.207 0.0025 0.028 

Position 4 0.014 0.0297 0.0381 0.0871 0.242 0.0024 0.034 

Position 6 0.017 0.0418 0.0597 0.123 0.358 0.0039 0.054 

EOT film thk, um 

Position 2 =* 8.9 8.5 10.9 14.1 3.4 9.2 

Position 4 =* 11.9 11.1 15.1 14.3 3.0 9.89 

Position 6 =* 24.0 16.0 sp 23.5 4.2 14.4 
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Table A.1 (continued) 

Parameter CT-28 CT-29 CT-30 CT-31 CT-32 CT-33 CT-34 

Al alloy material 6061 8001 8001 8001 8001 8081 6061 

Test initiated 7/91 8/91 11/91 2/92 4/92 7/92 4/93 

pH 5.0 5.0 5.4 5.0 6.0 5.4 5.1 

L, uS/m 450 400 160 370 50 180 380 

V c, m/s 23.6 6.1 7.6 3.0 3.0 7.2 25.8 

T °C 
l c i > *-' 

49 49 49 50 65 65 49 

P,kW 52.5 16.2 13.7 8.25 3.63 16.1 45.0 

<()„,, M W / m 2 14.7 4.5 3.8 2.3 1.0 4.5 12.5 

Duration, h 143 1225 1293 1220 1344 740 334 

Local Tc, °C 

Position 2 55 56 53 55 68 71 54 

Position 4 66 69 62 68 73 81 62 

Position 6 77 82 70 80 78 92 70 

Local T^, °C 

Position 2 154 152 123 144 106 148 133 

Position 4 164 161 130 152 111 158 142 

Position 6 176 172 138 163 116 172 154 

Local <(>, MW/m2 

Position 2 14.0 4.4 3.7 2.3 1.0 4.3 11.8 

Position 4 14.6 4.5 3.8 2.3 1.0 4.5 12.4 

Position 6 15.4 4.6 3.9 2.4 1.0 4.8 13.5 

Rate con (k), um'-35'/!! 

Position 2 0.065 0.0327 0.0246 0.0128 0.0165 0.0899 0.0554 

Position 4 0.105 0.0447 0.0396 0.0160 0.0262 0.1824 0.104 

Position 6 0.183 0.0537 0.0583 0.0263 0.0363 0.2907 0.183 

EOT film thk, um 

Position 2 12.1 13.8 15.9 8.8 11.8 24.0 12.3 

Position 4 16.7 14.5 21.6 10.6 16.2 35.0 17.4 

Position 6 sp 14.5 28.6 15.1 21.4 60.4 24.1 sp 
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Table A.1 (continued) 

Parameter CT-35 CT-36 CT-37 CT-38A CT-38B CT-39 CT-40 

Al alloy material 6061 pure Al 8001 1100 ^ pure Al 6061 

Test initiated 5/93 7/93 11/93 12/93 1/94 2/94 3/94 

PH 5.0 4.9 5.0 4.9 5.0 4.9 5.0 

L, uS/m 480 470 520 600 540 620 520 

Vc, m/s 25.6 25.6 25.6 25.6 «= 25.4 25.7 

T- °C 49 49 49 49 ^ 49 49 

P, kW 42.7 43.0 45.1 43.0 50.1 42.7 45.1 

4>.vr MW/m2 11.9 12.0 12.6 12.0 14.0 11.9 12.6 

Duration, h 640 554 523 502 =>710 711 550 

Local Tc, °C 

Position 2 53 53 53 53 54 53 53 

Position 4 61 61 62 61 63 61 61 

Position 6 69 69 70 69 72 69 70 

Local T ^ C 

Position 2 130 131 134 133 146 133 136 

Position 4 138 139 142 139 153 139 143 

Position 6 149 149 155 146 161 146 151 

Local $, MW/m2 

Position 2 11.3 11.5 11.9 11.8 13.7 11.8 12.2 

Position 4 11.8 11.8 12.3 11.9 13.9 11.9 12.5 

Position 6 12.6 12.6 13.5 12.2 14.3 12.1 13.0 

Rate con (k), urn1 3 5 1/h 

Position 2 =».0193 0.0184 0.0323 0.0026 0.0016 0.0029 0.0096 

Position 4 =>.0283 0.0270 0.0514 0.0032 0.0024 0.0032 0.0124 

Position 6 =>.0594 0.0619 0.116 0.0042 0.0054 0.0041 0.0280 

EOT film thk, um 

Position 2 11.2 7.4 10.8 =* 3.8 3.8 5.9 

Position 4 15.1 11.8 15.3 => 4.2 4.3 7.6 

Position 6 22.4 16.2 sp 28.1 =* 5.0 5.1 10.8 
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Table A.1 (continued) 

Parameter CT-41A CT-41B CT-42A CT-42B CT-43A CT-43B CT-44 

Al alloy material 6061 <= 8001 *= ILL «= 6061 

Test initiated 4/94 4/94 6/94 7/94 8/94 9/94 11/94 

pH 5.05 4.8 5.0 t= 5.0 <= 4.7 

L, uS/m 450 700 500 480 510 520 1160 

V c,m/s 25.6 <= 25.6 «= 25.6 <= 25.6 

T °C 49 «= 50 52 49 50 48 

P, kW 54.5 «= 45.2 50.6 45.2 50.4 44.8 

$„,, MW/m2 15.3 «= 12.6 14.1 12.6 14.0 12.5 

Duration, h 56 =>157 660 =*974 384 =»669 389 

Local T t, °C 

Position 2 54 «= 54 57 54 55 52 

Position 4 65 <= 62 66 62 64 60 

Position 6 75 «= 71 76 70 73 68 

Local T*. °C 

Position 2 148 <= 135 142 136 143 136 

Position 4 161 ^ 143 152 143 153 142 

Position 6 176 <= 155 172 152 166 148 

Local <(>, MW/m2 

Position 2 14.3 ^ 12.0 11.8 12.2 13.2 12.4 

Position 4 15.2 *= 12.4 11.9 12.5 13.9 12.5 

Position 6 16.5 *= 13.5 12.2 13.1 15.1 12.6 

Rate con (k), um U 5 1 /h 

Position 2 0.175 0.0335 0.0201 0.0196 0.0323 0.0381 0.002 

Position 4 0.297 0.0581 0.0304 0.0336 0.0450 0.0525 0.002 

Position 6 0.479 0.0932 0.0656 0.0909 0.0698 0.0819 0.002 

EOT film thk, um 

Position 2 =* 10.1 =» 12.9 =» 15.6 4.0 

Position 4 => 13.6 =* 18.4 =* 20.3 4.2 

Position 6 =* 23.1 sp =» 34.5 sp =» 28.1 c 4.6 
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Table A.1 (continued) 

Parameter CT-45 CT-46A CT-46B CT-47A CT-47B CT-47C CT47D 

Al alloy material 6061 6061 

Test initiated 1/95 3/95 

PH 4.65 4.65 

L, uS/m 1100 900 

V„, m/s 25.9 15.5 

T d , °C 49 49 

P, kW 54.0 22.3 

<|>lvr MW/m2 15.0 6.2 

Duration, h 290 760 

Local T c, °C 

Position 2 53 48 

Position 4 63 55 

Position 6 73 61 

Local T*, °C 

Position 2 152 113 

Position 4 158 119 

Position 6 165 126 

Local (j>, MW/m2 

Position 2 14.96 6.0 

Position 4 15.04 6.2 

Position 6 15.18 6.4 

Rate con (k), um u 5 ' / h 

Position 2 0.003 0.006 

Position 4 0.003 0.010 

Position 6 0.003 0.009 

EOT film thk, tun 

Position 2 4 => 

Position 4 4 =* 

Position 6 5 =» 

3/95 

5.05 

450 

»920 

0.006 

0.010 

0.009 

3.1 

3.7 

3.6 

6061 

5/95 

5.05 

420 

15.5 

49 

22.3 

6.2 

65 

51 

58 

65 

116 

121 

126 

6.1 

6.2 

6.3 

0.023 

0.025 

0.023 

5/95 

5.28 

240 

=>175 

5/95 

<= 

«= 

11.2 

>280 

53 

62 

71 

136 

143 

150 

5/95 

5.0 

500 

=>375 

0.023 0.063 0.019 

0.025 0.097 0.011 

0.023 0.101 0.013 

=* =* 5.6 

=* ^ 7.0 

=* ^ 7.4 



A-12 

Table A.l (continued) 

Parameter CT-48 CT-49A CT-49B CT-50A CT-50B CT-50C 

Al alloy material 6061 6061 «= 6061 «= <= 

Test initiated 6/95 7/95 7/95 8/95 8/95 8/95 

PH 4.8 5.07 4.88 5.05 5.20 5.39 

L, uS/m 900 450 575 370 290 200 

V c, m/s 11.2 7.5 *= 7.5 <= «= 

T °C 49 49 fc 49 «= <= 

P,kW 22.4 22.3 «= 22.3 «= <= 

<l>,vr M W / m 2 6.2 6.2 ^ 6.2 <= «= 

Duration, h 92 130 =>225 100 =*180 =*240 

Local T c, °C 

Position 2 53 56 55 56 «= <= 

Position 4 62 69 69 70 <= «= 

Position 6 71 82 82 83 <= «= 

Local T^ , °C 

Position 2 136 165 164 165 <= <= 

Position 4 143 175 174 175 <= *= 
Position 6 150 187 186 187 «= <= 

Local ((>, MW/m2 

Position 2 6.1 6.1 6.0 6.0 «= <= 

Position 4 6.2 6.2 6.1 6.2 *= «= 

Position 6 6.4 6.4 6.4 6.5 <= «= 

Rate con (k), um U 5 7h 

Position 2 0.001 0.087 0.050 0.127 0.127 0.233 

Position 4 0.002 0.122 0.066 0.163 0.163 0.283 

Position 6 0.006 0.187 0.079 0.225 0.225 0.315 

EOT film thk, ym 

Position 2 NA =» 8.3 =* =* 16.8 

Position 4 NA =* 11.8 =* =» 20.2 

Position 6 NA =» 14.7 =* =* 25.2 
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