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Executive Summary

Previous ANL head loss tests!2 for Al(OH)g' precipitates that can potentially form in
sump solutions with high levels of dissolved aluminum (Al) have been performed with

surrogates proposed by industry or by forming precipitates in situ with aluminum nitrate,
Al(NOg)3 as the source of dissolved Al. In a post-loss of coolant accident (LOCA) environment,
however, the precipitates would be formed in situ with the source of the Al being dissolution of
Al by corrosion of Al metal and NOs~ would not likely be present in amounts comparable to
those encountered when Al(NO3)s is the source of dissolved Al. The current head loss tests
were performed with the source of Al being- corrosion from Al alloy plates. The objective of
these tests was to compare head loss associated with precipitate formation from aluminum
coupon corrosion with those using WCAP-16530-NP precipitates or with precipitates formed in
situ as a result of chemical injection. '

The head loss tests were performed in the ANL vertical loop with 6061 Al alloy and
“commercially pure” 1100 Al plates immersed in borated solution. The Al release rate from
6061 Al alloy in borated water at pH=9.35 (@room temperature) and 140°F with the flow rate of
0.1 ft/s was similar to predictions based on data from bench top tests and low-flow rate tests
with 1100 and 3003 Al alloys. However, the Alloy 1100 corrosion rate is higher than
predictions based on data from benchtop tests and appears to be flow dependent.

Alloy 6061 allowed to corrode in a flowing loop created a significant head loss at an Al
concentration of 116 ppm with a pH of 9.35 and a temperature of 140°F. An additional
increase in the head loss was observed when the temperature was lowered from 140 to 80°F.
Post-test examination revealed that grayish black particles were trapped in the glass fiber bed.
Stagnant bench top corrosion tests with Alloy 6061 also showed grayish black particles, which
were released from the coupon surfaces rather than being generated as a precipitate from the
solution. Based on microscopic analyses, it was concluded that the grayish black particles are
intermetallic particles present in the alloy that are released by corrosion of the alloy matrix.
The intermetallic particles are primarily (FeSiAl) ternary compounds ranging in size from a few
tenths of a micrometer to 10 ym. ANL bench top tests and other loop tests show that the
solubility limit' for Al(OH)3 at pH=9.35 (@room temp.) and 140°F is significantly greater than
116 ppm Al. This indicates that the head loss at 140°F was induced by the intermetallic
particles present in the 6061 Al alloy. As the temperature of the loop was decreased additional
head loss was experienced due to the formation of Al(OH)z from the decrease in temperature i.e.
the dissolved aluminum exceeded its concentration limit at the lower temperature.

With an Al concentration of 118 ppm in the loop from corrosion of 1100 Al plates, no
significant increase in head loss was observed at 140°F. Post-test examination for the glass
fiber bed and bench top test results confirmed that Fe-Cu enriched intermetallic particles were
present in the 1100 Al, which were released and captured in the bed during the loop test. The
differences in head loss behavior associated with the intermetallic’ particles may be attributed
to the fact that the sizes of the intermetallic particles in 6061 Al alloy are typically larger than
those in 1100 Al alloy. At the Al concentration of =118 ppm no significant increase in head
loss was observed in the 1100 Al test until the temperature was deéreascd to 100°F. This
increase appears to be induced by Al hydroxide precipitation, not by intermetallic particles.
Once the head loss began to increase, a rapid increase in head loss was observed even though
the temperature was increased from 100 to 120°F.

*In this report, Al(OH)3 is used a short-hand for a family of aluminum oxyhydroxides that could form in a ‘
variety of crystalline and amorphous forms.



The Al corrosion vertical head loss loop tests with 6061 and 1100 Al plates seem to
suggest somewhat lower solubility than the chemical Al tests. It is conjectured that this may
be due to heterogeneous nucleation of Al hydroxide on intermetallic particles and/or on the
surfaces of preexisting Al hydroxide precipitates.

The test results suggest that the potential for corrosion of an Al alloy to result in
increased head loss may depend on its microstructure, i.e., the size distribution and number
density of intermetallic particles, as well as its Al release rate.

The increase in head loss due to in situ precipitation of Al(OH)3 observed in these tests
'seems reasonably consistent with that expected from the addition of corresponding amounts of
the WCAP surrogate. Per unit mass of Al removed from solution, the WCAP surrogate appears
somewhat more effective in increasing head loss than the Al{OH)3 precipitates formed in situ by
corrosion or chemical addition of Al, and thus it gives conservative estimates of the head loss
due to the precipitation of a given amount of Al from solution. However, in choosing the
amount of surrogate that should be used, consideration must be given to the potential for
additional head losses due to intermetallic particles and the apparent reduction in the effective
solubility of Al(OH)3 when intermetallic particles are present.

In-situ Al Corrosion Test with 6061 Al in Vertical Head Loss Loop

Experimental

A head loss test similar to earlier ANL tests was performed with 6061 class Al alloy plates
immersed in the loop solution as the source of dissolved Al. The chemical composition of the
6061 plates given by the ASTM B209-063 specification as well as actual analysis results for the
plates used in the test are shown in Table 1. The chemical composition was obtained by
electron dispersive X-ray spectroscopy (EDS). The Mg concentration appears slightly higher
than defined by the specification but the other alloying elements, Si, Fe, and Cr, are within the
specification. The discrepancy in the Mg results may be the result of the size of the area being
sampled. No significant Cu signal was observed in the EDS spectrum. Since EDS is not
accurate for elements having less than 1-2 wt%, the EDS data should be used for qualitative
co_rnpé.rison. '

Eight Al plates (3"X4" X1/8" thick) were machined and polished with a Scotch Brite pad
and then ultrasonically cleaned in alcohol for 10 minutes. The Al plates were stacked onto

threaded Al rods made of 6061 Al and separated by Teflon spacers (1/2" height). The Al plates
were in contact with the threaded rods. The exposed area of the rods is at most 2% of the area
of the Al plates.

Figure 1 shows the overall appearance of the Al bundle. The Al bundle is fixed to the top
flange of the tee port in the loop so that the bundle can be easily installed or removed from the
loop. Figure 2 shows the Al bundle being inserted into the tee port.

The test loop was filled with high purity water. The loop water temperature was raised to
120°F and 1687 g of boric acid (H3BOg, Fisher Scientific) was added into the loop, which gives
a concentration of 2500 ppm B. Once the loop water pH became stable, the loop water
temperature was decreased to 80°F. Sodium hydroxide (NaOH, Fisher Scientific) was added to
obtain a target loop water pH of 9.0-9.4. The actual pH after NaOH addition was 9.35 at 80°F.
After a stable pH value was achieved, the pH and conductivity were measured and recorded.
NUKON insulation was shredded and processed following the procedures developed in prior









predicted value according to Eq. (6-2) in Ref. 4, and a best-fit power law for the measured data
that gives a value of 0.81 for the exponent for time in the power law. The results suggest Eq.
(6-1), as modified by ANL, slightly underestimates the Al release rate ‘and that Eq. (6-2)
significantly underestimates the Al release rate. The results also suggest that the Al release:
rate is not very dependent of the type of Al.alloy. Table 2 shows the ICP analyses for loop
solution samples. In Table 2, ‘t" and ‘tex’ denote total test time from the beginning of the test
and exposure time of the Al plates. The discrepancy between two times comes from the fact
that the Al plates were taken out and reinstalled several times during the test.

After the concentration of Al in the loop water reached 100 ppm, the Al bundle was taken
out and the loop was run for 2 days at 140°F at this concentration. Samples of loop water were
taken daily and cooled for ICP analysis. A 250-mL loop water sample taken when Al
concentration reached 100 ppm became very slightly cloudy when cooled down to room
temperature. After 2 days, the temperature of the loop was reduced in steps down to ~70°F
and the loop was run over night at 70°F to try to trigger Al precipitate formation. No indication
of precipitation or increased head loss was observed over night. The loop water temperature
was increased back up to 140°F, and the Al bundle inserted to allow corrosion to increase the
Al concentration from 100 ppm to a new target value of 125 ppm. After running over night at
140°F with the Al bundle inserted, the'pressure drop started rising. When the bed pressure
drop reached 0.54 psi, water samples were taken for ICP analysis and the Al bundle was
removed. This increase in pressure drop occurred while the loop temperature was being held
at 140°F. ICP analysis showed that the Al concentration was 116 ppm (samples 05-07a and
05-07b) at this point, as shown in Table 2. The solution filtered at temperature using a 20 nm-
filter showed almost the same Al concentration (sample 05-07¢). A 250-mL flask of water was
also drawn from the loop and allowed to cool down to room temperature. The flask sample
showed visible white flake-like precipitates on the bottom of the flask and the overall solution
became slightly cloudy. The shapes of the flake-like precipitates, which were like thin plates
with lengths less than 1 mm, did not resemble those produced in the ANL bench top tests?
during the investigation of Al(OH)3z surrogates used in industry tests, which were heavily
flocculated and resembled cotton balls.

The test was continued over night without the Al bundle in place and with the
temperature held at 140°F. The bed pressure drop increased to 1.71 psi overnight, but -
appeared to be starting to level off. To maximize the capability of the loop to deal with
increasing head loss across the bed, the approach velocity was allowed to drift downward as
the pressure drop increased. Figure 4 shows the pressure drop and screen approach velocity
time history in this loop test, and the loop water temperature time history with the pressﬁre
drop is plotted in Figure 5. The decrease in flow velocity at about 180 h, shown in Figure 4,
was caused solely by the temperature change because the head loss came back to the same
value that was observed before the temperature was cycled.

As shown in Table 2, ICP analysis of a water sample taken at this time (sample 05-08a)
gave an Al concentration of 113 ppm, which suggests that the overnight increase in pressure
drop of 1.2 psi was associated with a decrease in Al concentration in the loop on the order of a
few ppm (the uncertainty in the ICP values is about 1%). The loop temperature was then
decreased to 120°F. With the decrease in temperature, the pressure drop across the bed
started to rise again. Over a day of operation at 120°F, the pressure drop across the bed rose
from 1.72 to 3.43 psi without any sign of leveling off. The loop water temperature was then
decreased to 80°F; the decrease in temperature increased the rate of pressure drop increase.
The pressure drop reached 4.4 psi and was still climbing but started to level off. The loop was
shut down after taking water samples. Aralysis of these samples (samples 05-09a and 05-09b)



showed the dissolved Al concentration at the end of the test was 109 ppm, as shown in Table 2.
Thus, the increase in pressure drop of 2.7 psi as the temperature decreased was associated
with a decrease of approximately 4 ppm in Al concentration. A solution sample taken at 80°F
and filtered by a 20 nm filter gave an Al concentration of 31.7 ppm. As expected, Al hydroxide
precipitation occurred at 80 F, and the precipitate size was bigger than 20 nm. Again, it
should be noted that the approach velocity was not held constant, but allowed to drift
downward to approximately 0.065 ft/s at the end of the test.

"To investigate the possibility of contributions from calcium and silicon to head loss, two
ICP sample results, 05-08a taken at 140°F ‘and 05-09a taken after cooling to 80°F, were
compared. The two samples were not filtered. Sample 05-09a shows a smaller Ca
concentration which suggests a Ca precipitate, probably a Ca hydroxide, was trapped in the
. NUKON bed during cooling from 140.to 80°F. However, the Si concentrations in the two
samples are almost the same, which suggests that if any Si precipitation did occur, the
precipitates were too small to be trapped in the NUKON bed. The lower Si value in Sample 05-
09c result suggests that Si precipitation has occurred, but although the precipitate size was too
small to be trapped by the bed, it was greater than 20 nm and thus was removed from the
 filtered sample. Although Ca precipitates might contribute to the increase in head loss during
cooling down, their contribution is small compared to that due to Al(OH)3 precipitates.

The final loop water pH was 9.33 at 80°F, which was almost the same as the initial pH of
9.35 at 80°F before installing the Al bundle. The dissolution of Al at alkaline conditions tends
to decrease the solution pH because Al cations react with OH ions to form Al(OH),.. It
appears, however, that the effect is small with only 100 ppm Al. The actual dissolved
concentration may be even less, since some of the Al was probably tied up with intermetallic
particles, which will be identified in a later section, rather than actually being dissolved.

After the loop was shut down, the NUKON bed was taken out for analysis. Figures 6a and
6b show top and side views of the NUKON glass fiber bed just after it was removed from the
loop and was still wet. The color of the bed turned gray. The buildup of the dark materials

~“was not limited to only the top surface but also occurred inside the bed, as shown in Figure
6b. This suggests full penetration of intermetallic particles into the NUKON bed.



Table 2. ICP analyses for loop solution samples of 6061 Al test.

Sample Dissolved Ion Concentration (mg/L)

Sample Description
No. A Al B Ca Si Na Cr Fe Ni

Taken before Al bundle

05-01 installation <0.5 | NA2 NA | NA NA NA | NA | NA
Taken att=26.0h '

05-02 (tex =17.0 1), Unfiltered 206 | NA NA | NA | NA | NA | NA | NA

05-03 Taken at t = 33.0 407 | NA | NA | NA | NA | NA | NA | NA

(tex = 24.0 h)P, Unfiltered

Takenatt=49.5h

05-04a (tey = 40.5 hr). Unfiltered 61.2 | NA NA | NA | NA | NA | NA | NA
Taken att=49.5h ‘ : '

05-04b (tex = 40.5 h), Unfiltered | 81-9 | NA NA | NA | NA | NA | NA | NA
Takenatt=80.0h ‘

05-05a (tex = 51.0 h). Unfiltered 745 | NA NA | NA | NA | NA | NA | NA
Taken att = 80.0 h’

05-05b (tex = 51.0 h). Unfilterea | 762 | NA NA | NA | NA | NA | NA | NA
Taken att =102 h :

05-06a| tox = 73.0 hir), Unfiltered | 100 NA NA | NA | NA | NA | NA | NA

05-06b Taken att = 102 h 995| NA | NA | NA | NA | NA | NA | NA

(tex = 73.0 hr), Unfiltered

"Taken att =217 h
05-07a (tex = 94.9 hr), Unfiltered 114 2180 0.76 2.06 2240 | <0.5 | <0.5 | <0.5

Taken att=217h :
05-07b (tey = 94.9 hr), Unfiltered 118 2270 | 0.86 | 2.04 | 2330 | <0.5 | <0.5 | <0.5

Takénatt=217h

05-07¢ {tex = 94.9 hr), 118 | 2230 | <0.5 | 2.01 | 2270 | <0.5 | <0.5 | <0.5
20 nm filtered :

Taken prior to cooling down
05-08a |from 140 to 120 F, t =241 h| 113 | 2220 | 1.81 | 2.24 | 2360 | <0.5 | <0.5 | <0.5
Unfiltered

Taken prior to cooling down

from 140 to 120F,t=241h , :
05-08b 20 nm filtered, 33.4 | 2130 <1 <1 2300 [ <1 <1 <1

filtered at 80 F

Taken at 80 F prior to

05-09a| shutting down, t =272 h 108 2250 | 0.51 | 2.11 | 2330 | <0.5 | <0.5 | <0.5
Unfiltered

Taken at 80 F prior to

05-09b| shutting down, t =272 h 110 2250 | <0.5 | 2.12 | 2340 | <0.5 | <0.5 | <0.5
Unfiltered

Taken at 80 F prior to

05-09c| shutting down, t=272h 31.7 | 2200 | <0.5 | 0.54 | 2320 | <0.5 | <0.5 | <0.5
20 nm filtered

2 NA indicates the elqmént was not analyzed.
bt denotes total test time, tey de_nofes exposure time of the Al plates.










Post-Test SEM Analysis

After the test was finished and the loop shut down, the Al bundle was taken out. Figures
7a and 7b show the overall appearance of the test bundle and the 2" Al plate from top,
respectively. Figure 7a indicates some corrosion of the threaded Al rod, which contributes to
the Al release rate. However, as noted previously, the exposed area of the rod is less than 2 %
of the exposed area of the plates, so that the contribution from the rods is negligible. Figure 7b
shows there are two distinct areas on Al surfaces: grayish black and metallic white areas. To
characterize these two areas, a 5/8" by 1" section was taken from the 2™ Al plate specirrien and
placed in a scahning electron microscope (SEM). " Figure 8a shows an SEM picture of the
grayish black area on the Al specimen. Many particles with sizes ranging from 0.5 to 10 ym
cover the whole surface. These particles are mainly composed of Al, Fe, Cu, Cr, Si, Mg, and Na
according to EDS analysis. Compared with the original bulk Al alloy composition, Fe, Cu, Cr,
and Si are enriched in the particles; the Na comes from the solution. The composition of the
base material underneath the particles is very similar to that of a fresh coupon, which is shown
in Table 1. In the metallic white area, as shown in Figure 8b, it is apparent even with the lower
magnification used that the number density of the precipitates is much smaller than in the
grayish black area. The chemical composition of the particles in the metallic white area is
similar to that of the particles in the grayish black area. The particle-free region appears to be
just Al metal surface, because the oxygen peak in the EDS analysis is negligible and the
chemical composition is similar to that of the fresh Al coupons. Since the ICP analyses for loop
water samples did not show any significant Fe or Cr concentration (less than 0.5 ppm), it
appears that the Fe and Cr in the particles originated from the Al specimen itself. EDS spectra
for the base material and the particles are summarized in Appendix A (see Figures Al through
A4). T

During the loop test, the Al bundle was removed three times. Whenever the Al bundle
was taken out, loosely-adhered, grayish-black particles were observed on the Al plates.
Immediately after the Al specimen bundle was removed from the loop, the loosely adhered
particles were collected with a tissue paper wipe. The precipitates were collected using
adhesive carbon tape for SEM analysis. Figure 9 shows the SEM image for the particles on the
carbon tape. The overall shape and size distribution are similar to those observed on the
grayish black area shown in Figure 8a. The chemical composition of the particles in Figure 9 is
similar to those in Figure 8a, but the EDS analyses show that the peaks for the non-Al
elements, especially for Cu, Cr, and Si, are higher for the loose particles (cf. Figures A2 and A5).
Also, the oxygen peak in the spectrum is higher, which suggests that the surfaces of these
particles are more strongly oxidized. There was a particle-to-particle variation in terms of
chemical composition; some particle showed higher enrichment of Cr and some particles
showed higher enrichment of Cu or Si. The sodium concentrations in the particles are very
low, only 2-7 at%, as shown in Figures A2 and A5. The ICP analyses in Table 2 show that
boron concentration appears to be independent of temperature change. Therefore, although
sodium borate crystallization might be possible, it does not appear that this compound is
significant enough to consider. Further discussion of the characterization of the particles is
presented in a later section.
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The increase in head loss in this loop test can be attributed to both the grayish black
particles and Al hydroxide precipitates. Numerous other tests performed in this work indicate
that the solubility limit for amorphous Al(OH)3z at pH 9.4 and 140°F is significantly greater than
116 ppm. Thus, the head loss observed at 140°F is probably attributable to the grayish-black
AlSiFeCr particles generated from the Al coupon surfaces. These particles transport to the
NUKON bed and accumulate there. The onset of the increase in pressure drop was fairly .
abrupt. The accumulated exposure time of the Al bundle had reached about 75 hours, and the
loop had then been operated for an additional = 75 hours at 140°F. The loop was then cooled
down and the bundle re-inserted. The first indication of a pressure drop increase appeared at
140°F about 10 hours after the bundle was re-inserted. The Al bundle was kept immersed in
the loop for another 10 hours and then removed. The pressure drop continued to steadily
increase for about 15 hours and then started to level off and approach saturation about 30
hours after the bundle was removed. Based on the ICP analyses, there was a decrease of 3-
Ppm in Al concentration in the loop as the pressure drop increased after the removal of the
bundle. This would seem to suggest that the bed is slowly removing Al-rich particles from the
fluid. However, filtered and unfiltered solution samples did not show any significant difference,
which would require that the particles should be very small. At this temperature, pH and Al
concentration condition, precipitation of Al hydroxide within the bed seems unlikely, unless the
presence of the process is somehow enhanced by the grayish particles trapped in the bed.
Lowering the water temperature from 140 to 120°F caused a continuous increase of head loss
without any sign of saturation. This suggests that the increase of the head loss was caused by
precipitation, although even at 120°F, the concentrations seem low for precipitation of Al
hydroxide. The head loss increase due solely to the change in viscosity as the water
temperature changes from 140 to 120°F would be about 0.1 psi or less. Lowering the loop
water temperature from 120 to 80°F caused additional increase of the head loss at an
increased rate. This increase is consistent with expected behavior based on solubility limits
under these conditions. ICP analyses for solution samples also showed that Al concentration
decreased from 113 to 109 ppm after lowering the loop temperature. Since the estimated
uncertainty in the ICP measurements is =1%, this corresponds to a decrease in the Al
concentration of 4+x2 ppm. As mentioned earlier, the solution sample drawn from the loop

-became cloudy after cooling to ambient temperature and on the bottom of the solution sample
white precipitates were found. o '

The grayish particles are unlike any precipitation product we have seen from AI(NO3)3 or
sodium aluminate solutions. The particles do seem to be able to produce increases in head
loss under conditions in which Al hydroxide precipitates will not form.

In-situ Al Corrosion Test with 1100 Al in Vertical Head Loss Loop

Experimental

A head loss test similar to the test with 6061 Al alloy was performed with “commercially
pure” Al plates (1100 Al, McMaster-Carr, Part# 88685K13) immersed in the loop solution as the
source of dissolved Al. The chemical composition for 1100 Al is given in Table 3. The
concentrations of impurity elements are much smaller than the corresponding values for the
6061 Al alloy. Major impurities are Fe, Si, and Cu.

Saniple preparation procedures are the same as those of the previous test with 6061 Al.
Figure 11 shows the photographs of the 1100 Al plates bundle and NUKON patches. Eight
plates of 1100 Al (3" by 4", 1/8” thick) were assembled using two 6061 Al rods, which were
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fixed at a flange. In this test, six NUKON patches were exposed in the loop water to determine
if any chemical compound like sodium aluminum silicate is formed on the surface of NUKON
fibers during the test or Al hydroxide precipitates preferentially on the fibers, as shown in
Figure 11 (b). Each patch was removed at different exposure time. Each NUKON patch was
secure in a 304 SS wire mesh bag. The wire mesh bags had sufficient volume to ensure that
the NUKON patches were not compressed. The 6061 Al rod was covered by Teflon so that the
corrosion of the rod was minimized. :

The procedures for preparing the test solution and the NUKON bed were the same as
those used for the loop test with 6061 Al described in the previous section. The final pH of the
solution before making the NUKON bed was 9.31 at 80°F. The flow in the loop was controlled
to maintain a screen approach velocity of 0.1 ft/s during the development of the bed and
throughout the test as in the previous test with 6061 Al. Once the pressure drop across the
NUKON bed became stable, the Al bundle was installed in the tee port. The loop water
temperature was then raised to 140°F to enhance Al dissolution. When the dissolved Al
concentration reached a predetermined level, the Al bundle was taken out of the loop. Then,
the loop ran overnight to determine if any significant head loss would occur at 140°F. The
water temperature was decreased from 140 to 120°F and decreased again from 120 to 100°F.
When the pressure drop across the screen started to increase at a given temperature level, the
temperature was raised to determine whether the head loss would decrease by dissolution of
precipitates or not.

Table 3. Specification of the chemical composition for 1100 commercially pure Al compared with
measured results by EDS (wt%).

Al Si Fe Cu Mn Mg Cr Zn Ti Others
ASTM 99.00 0.95 Si+Fe 0.05- 0.05 i  0.10 0.15
B209-06 | min max 0.20 | max ) max i max
Measured | 99.75 0.07 0.14 NI2 NI NI 0.05 NI NI

a Element was not included in the EDS spectrum analysis because signal was negligible.

Test Results

Figure 12 shows the total Al concentration in the loop water samples as a function of
exposure time. The loop water samples were not filtered, and at each time, duplicate samples
were analyzed by ICP/OES. The Al release rate of the 1100 Al is significantly higher than the
release rate observed in the 6061 Al test, and the Al release of the 1100 Al appears linear with
time over the test period. The differences in release rate appear comparable to similar results
reported in the literature. Griess and Bacarella” reported that 6061 and 1100 Al corrosion
rates were similar in a spray of 3000 ppm B and pH=9.4-9.5 solution at 55°C, but when
immersed in the same solution the 6061 Al corrosion rate was about 75% of that of 1100 Al,

which appears to be consistent with our Al corrosion loop tests. The release rate of 1100 Al in
" the loop is significantly higher than the predictions of Eq. (1), which is based on bench top
“ corrosion tests of 1100 Al. This discrepancy suggests that flow rate affects the Al release rate.
However, in most cases, the actual flow rate in the sump will be much less than 0.1 ft/sec
used in the loop tests. The analyses for loop water samples are summarized in Table 4.
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occurs at ambient pressure and 140°F, the total volume of hydrogen gas generated by Al
dissolution of 118 ppm can be estimated by using the equation of state of ideal gas:
_MRT (3)
p .

In Eq. (3), V is the gas volume, n is the total mole of hydrogen gas, R denotes the
universal gas constant, T is the absolute temperature, and p is the pressure. The estimated
hydrogen gas volume equivalent to the 118 ppm of Al dissolution is about 20 L, which is a large
volume compared to the volume of the 3-in thick gas layer, which is about 1 L. Therefore, the
volume of hydrogen gas created by the Al dissolution is more than sufficient to account for the
gas layer underneath the bed. The decrease of the pressure drop after taking out Al plates can
be attributed to the removal of hydrogen source and the escape of trapped hydrogen bubbles in
the bed. Since in an actual nuclear power plant the free containment volume is very large
compared to the free volume in the ANL loop, the hydrogen gas would easily escape from the
sump water so that no significant head loss due to hydrogen gas bubbles would be expected.

After removing the Al plates, the loop was run at 140°F for additional 24 hours to
determine if any head loss would occur at 140°F as in the 6061 Al test. No significant increase
~of head loss was observed. The water temperature was then decreased to 120°F. The head
loss remained constant for a hold of approximately 24 hours. The temperature was then
reduced to 100°F. As shown in Table 4, the samples taken immediately before decreasing the
temperature from 120 to 100°F indicated an Al level of 115 ppm. Unfiltered and filtered
samples using 20-nm size filters gave almost identical results. The measured concentration at
140°F was 118 ppm. Considering the uncertainties associated with the ICP measurements,
this suggests that 2-4 ppm of Al was removed from the loop water at this point. Since an
addition of WCAP surrogate corresponding to a decrease of 1.5 ppm Al was sufficient to plug
the bed, this suggests that the Al was trapped by the bed in a different manner, perhaps as
very fine Al hydroxide or alumino-silicate deposits on the NUKON fibers. About 30 hours after
the temperature was decreased to 100°F, the pressure drop started to gradually increase. The
rate of increase accelerated until the water temperature was increased up to 120°F. The
samples of the loop solution taken immediately before increasing the temperature to 120°F
indicated a total of 110 ppm of Al unfiltered and 80 ppm filtered. This suggests that Al
hydroxide precipitates larger than 20 nm were formed and circulating in the loop. The 5 ppm
reduction in total Al compared to Al in the solution immediately before the temperature was
decreased from 120 to 100°F was associated with an increase in head loss of 1.2 psi. The
temperature was increased from 100 to 120°F to try to control the increase in head loss. A
decrease of head loss was expected because of dissolution of Al hydroxide precipitates trapped
in the NUKON bed at the higher temperature. During the first 1.5 hours after the temperature
was increased, the pressure drop did decrease, but then began to increase rapidly and within 3
hours exceeded the loop capacity. The rapid increase of pressure drop occurred overnight, and
the loop was shut down the next morning. A sample taken before shutdown indicated 79 ppm
of Al, which suggests Al hydroxide precipitates equivalent to 31 ppm of Al were filtered by the
NUKON bed after increasing the loop temperature. This apparent continued formation of Al
hydroxide precipitation after 'increasing the water temperature is inconsistent with our bench
top test results on solubility as a function of temperature and pH. This issue is further
explored in the Discussion section. The reported Al concentration in the filtered sample taken
just before shut-down (06-10c) is higher than the reported Al concentrations in the unfiltered
samples (06-10a and 06-10b). This is an artifact, probably due to contamination during
sampling or analyzing.
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Figure 15 shows the top and side views of the NUKON bed after the loop test. On the top
of the bed Al hydroxide gel was formed, which was confirmed by SEM/EDS analysis. A grayish
black area is observed under the Al hydroxide gel, which suggests that the grayish black
particles were trapped in the NUKON bed, as was the case in the 6061 Al test.
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Table 4. ICP analyses for loop solution samples of the 1100 Al test.
Sample o Dissolved Ion Concentration (mg/L)
N Sample Description
0. Al B Ca Si Na
-06-02 |Taken before Al bundle installation| <0.5 NA2 NA NA NA
06-03a Taken at t = 25‘.3h(tex=16.3 h), 51.3 NA NA NA NA
Unfiltered , - '
06-03b Duplicate sample of 06-03a 52.0 NA NA NA NA
06-04a Taken att = 33..0 h (tex =24.0 hr), 7‘5.4 NA NA NA NA
~ Unfiltered
06-04b Duplicate sample of 06-04a 75.0 NA NA NA NA
06-05a Taken att = 49..2 h (tex = 40.2 h), 117 NA NA NA NA
Unfiltered ,
06-05b Duplicate sample of 06-05a _ 119 NA NA NA NA
Taken prior to cooling down from
06-08a 120to 100 F, t = 97.8 h, 115 2250 1.02 1.08 2650
Unfiltered
06-08b Duplicate sample of 06-08a 115 2250 1.25 . 1.16 2630
Taken prior to cooling down from ' :
06-08c¢ 120to 100 F, t = 97.8 h, 116 2240 <0.5 1.14 2590
20 nm filtered
Taken prior to heating up from 100
06-09a to 120 F, t = 176.7 h, 110 2230 0.50 1.08 2610
Unfiltered
06-09b Duplicate sample of 06-09a 109 2220 1.20 1.06 2570
Taken prior to heating up from 100
06-09c¢ to 120 F, t = 176.7 h, 79.5 2210 <0.5 0.65 2590
20 nm filtered
Taken prior to shutting down,
06-10a t=193.2h 79.8 2230 0.54 0.76 2610
Unfiltered
06-10b Duplicate sample of 06-10a 78.8 2200 <0.5 0.77 2560
Taken prior to shutting down,
06-10c t=193.2h 90.0 2230 <0.5 0.81" 2590
20 nm filtered

2 NA indicates the element was not analyzed.

bt denotes total test time, t.x denotes exposure time of the Al plates.
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the test (t =177 h); and #5 was taken out at 120°F just before the loop shut down t = 185 h).
Since a carbon coating was applied to all NUKON samples, some carbon particles were
observed on fibers. On unexposed NUKON fibers, Ca and Mg enriched oxides were observed,
which were also observed in the NUKON bed. Ca-Mg enriched oxide particles seem to be
transferred and trapped in the NUKON bed, but it does not appear that these particles caused
any significant head loss because the particle size is relatively small (~5 micron) and the
number density is very low. In all of the NUKON patches, NaOH precipitates were detected on
the fibers. In NUKON patches #2 through #5, Al enriched oxide precipitates were observed. It
is not clear whether the Al-enriched precipitates are sodium aluminum silicates or Al
hydroxides covered by Na hydroxides on fiber, except for patch #5. In the case of #5, as shown
in Figure 23(f), SEM/EDS analysis confirmed that Al hydroxide precipitates covered the
NUKON fiber. These Al hydroxide precipitates do not appear to be formed during drying the
NUKON patch at ambient condition because #2, #3, and #4 did not show significant Al
precipitates on fibers even though they were taken out at higher Al concentration in the loop
test solution. This suggests that Al hydroxide precipitation occurred after increasing the loop
water temperature from 100 to 120°F not only in the NUKON bed but also in the NUKON patch.
In Figure 23, some precipitates are observed on the fiber but most of them are NaOH
precipitates formed during the drying process at ambient condition. Al-enriched precipitates
were difficult to find except for patch #5. SEM micrographs with higher magnification and EDS
spot analyses for the NUKON patches are presented in Appendix A (see Figures A24-A27).

Surfaces of fibers from all NUKON patches, not visually covered by other precipitates,
were examined by SEM/EDS to determine if a thin layer sodium aluminum silicate was formed
on the fiber surface as has been hypothesized to explain the low rate of dissolution of NUKON
fibers in solutions containing dissolved Al . Unexposed NUKON fibers were also analyzed as a
reference. Figure 24 shows the atomic ratio between Na, Si, and Al on the fibers of NUKON
patches as a function of acceleration voltage. NUKON contains Ca (~5 at%) and Mg (~5 at%)
but they are not included in this analysis. As the acceleration voltage is lowered, the
penetration depth of the electron beam becomes shallower. Therefore, elemental concentration
data at lower acceleration voltages tend to give elemental information closer to surface. For the
unexposed NUKON, Al concentration is independent of the acceleration voltage but Na is
enriched inside the NUKON fiber. Since the NUKON contains Si, Na, Al, Mg, and Ca, this is
called soda-lime alumino-silicate glass and its general formula can be described
as xCa0 - yMgO - (1 - x — y)Na,0 - zAlL, O, - (3— 2)Si0, .8 The molar ratio between the alkali metal oxides
and the sum of aluminum and silicone oxides'is 1:3. The EDS data for the unexposed NUKON
using 10 kV, give values of the ratio very close to 1:3. On the surface of the NUKON fiber
silicon oxide may be more dominant, which caused the offset from the predicted ratio of 1:3.

Figure 24(a) suggests that Al becomes enriched in the fiber surface during the loop test
compared to unexposed NUKON, especially in the case of NUKON patch #5. For patches #3, #4,
and #5, like the Al concentration, the Na concentration gradually increases, but the atomic
ratio of Na is less than that of the unexposed NUKON fiber. This appears to suggest that on
the fiber surface Na was dissolved out at early stage, and then a Na and Al mixture compound
was formed at later stage. However, it is difficult to determine whether a thin sodium
aluminum silicate layer is formed or whether there is a Al hydroxide layer on the surface
covered by NaOH precipitation. As shown in Figure 24 (b), the Na concentration inside the
NUKON fibers is always less than that of the unexposed NUKON, and Al concentration appears
to be constant. As observed in the Figure 24 (b), Na in the NUKON fiber appears to be
dissolved into alkaline water at high temperature. The chemical composition data used to
develop Figure 24 is summarized in Table Al. ’ ‘
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Results: 6061 Al Alloy

As soon as the Al coupon was immersed in the test solution, bubbles were generated from
the surface, especially at the edge. The bubbles are hydrogen. gas generated by the water
reduction reaction that balances the Al dissolution reaction. Discoloration of the surface
became apparent about one day after the initiation of the test, and small grayish-black
particles also started to appear on the surface at that time. As the exposure time increased,
~ the color of the Al coupon turned more grayish and some paiticles settled on the bottom of the
flask. The hydrogen bubble generation rate continuously decreased with time and no bubbles
were being generated after 3 or 4 days of exposure. When the test solutions were cooled down
to room temperature, the solution became cloudy and higher pH solutions (pH=9.4) was
cloudier than lower pH solutions (pH=8.0), because at long enough times the higher Al release
rate at pH=9.4 dominates over the reduced solubility at pH=8.0. The solution did not become
flocculated at any case. Figure 27 shows various test coupons used in the bench top tests. All
the aluminum coupons discolored, but for those at the lower pH, the surface looks more
reddish especially for the case with a CS coupon present. The SS coupons were still shiny
indicating minimal corrosion. Figure 28 shows the filter paper and the filtered particles for the
test solutions. More of the grayish black particles were generated at the higher pH, but based
on the amount of filtered particles, the presence of SS or CS has little effect on the amount of
particle generation. .

Figure 29 shows the SEM images of the Al coupon surfaces. Some areas are covered by
particles while other areas are not. According to the SEM/EDS analyses, the particle-free
areas are mainly Al oxide with small amount of Mg, Si, Fe, and Cr. The amounts of the trace
elements are unaffected by the presence of other metal coupons. “Mud cracking” is observed
on the Al coupon surfaces. This is typically observed when the oxide formed on the surface is
very thick. Earlier LANL® observed similar surface appearance on Al coupons in their test at
pH=9.3-9.5 (ICET-1), and Birbilis et al.!5 also observed such “mud cracking” in an Al alloy at
tested at pH=12.5. The Al specimen used in the loop test did not show either Al oxide or “mud
cracking” on the surface. This difference between the loop and bench top test is probably due
to the water flow. The water flow enhances mass transfer from the surface, which could reduce
the tendency for Al hydroxide formation on the surface. The absence of the thick oxide layer
also suggests that under the flowing conditions Al release may not saturate or at least it may
take a much longer time for a thick enough Al oxide layer to be formed on the surface which
reduces the release rate. '

The particles on the surfaces of the Al coupons are mainly composed of Al, Si, and Fe,
which is similar to the composition of the particles observed in the loop test, although for those
particles there typically was a stronger Cu peak. The chemical composition of the particles
does not depend significantly on the presence of other metal coupons, but the SEM
micrographs, as shown in Figure 29, seem to suggest that the number density of particles on
the Al surface is dependent on that the presence of the other coupons. However, on a more
macro scale the amount particles filtered from the solution did not show a significant
dependence on the presence of other metal coupons. All EDS spectra for the 6061 Al coupons
and particles are summarized in Appendix A (see Figures A28-A33).

The effect of solution pH on the formation of the particles was also examined. Figure 30
shows SEM images for the 6061 Al coupon surfaces tested at pH=8.0 and 140°F for one week.
The surface shows “mud cracking” similar to those tested at pH=9.4, but the number density of
particles on surface is drastically decreased. Some particles were observed on the Al coupon
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Discussion

Identification of the Grayish Particles as Intermetallic Particles.

The major alloying elements of 6061 Al alloy are Mg, Si, Cu, and Cr; Fe is present as
impurity; Since 6061 Al alloy is mechanically strengthened by precipitation formation, various
kinds of intermetallic particles are present. Possible intermetallic particles include MgsSi,
Al;CugFe, Al,Cu, AloCuMg, AlsFe, AljoMgoCr, MgoAl, Mg(AICu), etc.!® Also, it has been
reported that the microstructure of the 6061 base metal contains two types of precipitates,
Mg,Si phases and iron compounds, typically of the FeAlSi form.!® The intermetallic particles
range in size from Angstroms to 10 ym, depending on the type of particles.l® The FeAlSi

intermetallics has been reported to range from 2 to 20 gm in diameter.1® SEM/EDS analyses
of the grayish particles formed in the loop and bench top tests showed that they ranged in size

from a few tenths of a micrometer to about 10 ym and were enriched in Fe and Si (and for
some particles, Cu, Cr, and Mg), but were without significant oxygen peaks. These
observations strongly suggest that the particles observed in the loop and bench top tests are
- intermetallic compounds. To support this conclusion, additional SEM/EDS analyses were
performed. Figure 35 shows a back-scattered electron image for the fresh 6061 Al alloy surface.
In this figure, brighter region means heavier elements are present at that region. Table 6
shows the chemical composition by EDS analysis of the bright regions in Figure 35. Based on
this analysis, it appears that intermetallic particles in 6061 Al alloy are mainly (FeSiAl)
compounds with a small fraction of the particles containing Cr, Mg, and Cu. Chemical
composition of the intermetallics is not limited to that in Table 6, but the ratio between each
element was very similar. Based on earlier literature and our analysis results, it-is concluded
that the grayish black particles observed in the loop and bench top tests are mainly Al-Fe-Si
ternary intermetallic particles. "

This conclusion is also supported by the results of the tests with carbon steel coupons
present. If the particles were forming by a precipitation from dissolved Fe, Al, and Si, the
presence of additional Fe would be expected to lead to increased precipitate formation.
However, this was not observed.

The major impurity elements of 1100 Al are Fe and Si, and Al-Fe-Si ternary intermetallic
compounds, such as FeAls, Fe3SiAlyo, FegSigAlg, FeSisAlg, etc. can be present.20 Figure 36
shows a back-scattered electron image for the fresh 1100 Al surface. Compared with 6061 Al
alloy, the particle sizes appear to be smaller ranging from a few tenths of a micrometer to 4-5
pm, but the particle number density looks similar to that of 6061 Al alloy. It was difficult to
tell in the bench top tests whether there were significant differences in the number of grayish
particles formed in the 1100 and 6061 tests. As shown in Table 6, the chemical composition of
the intermetallic compounds in 1100 Al is similar to those in 6061 except that those in 1100 Al
have higher Cu content and negligible Mg or Cr content as compared with those in 6061 Al.
The major intermetallic compound in 1100 Al observed in these bench top tests is a- (FeSiAl)

intermetallic compound containing Cu, which is consistent to notvonly literature data?® but
also observation results in the 1100 Al loop test.

Based on literature datal®, intermetallic particles can behave as anodes or cathodes with
respect to the base Al matrix. Either way these intermetallic particles induce pitting corrosion

in neutral or acidic solutions. Under alkaline environments, general corrosion of Al base
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previous ANL head loss test data associated with Al hydroxide precipitates!-? including the two
Al plate tests described in this report are designated as diamond symbols. This map is
intended to only describe the behavior of borated, alkaline solutions. The boundary between
precipitation and non-precipitation area appears to be well represented by a straight line that
depends on solution temperature up to 160°F. Above 160°F the dependence of the boundary
between precipitation and non-precipitation on the solution temperature is weaker. The data
-from the loop tests appear to be more conservative than bench top data. The loop tests using
chemical sources are relative close to the proposed solubility limit. Two data points obtained
from the Al corrosion loop tests at 120°F are located above the boundary line. This result
appears to suggest that intermetallic particles observed only in the loop tests with Al plates
behaves as a seed by providing surface area for Al hydroxide precipitation.

The free energy for formation of stable nuclei ( AG) depends on the degree of
supersaturation {S), the temperature (T ), the net solution-particle interfacial energy (o ), and
the particle surface area (A ):21

AG=-RTInS+0cA . (4)

where R is the ideal gas constant. Similar expressions apply to heterogeneous nucleation and
film formation at an interface, except that the surface free energy is described by three terms:2!

AG=-RTInS+ csclAcl + (Gcs - Gsl)ACS . ©)

where ¢, s, and 1 subscripts refer to interfaces involving the crystalline particle, the substrate,
and the liquid phases, respectively. If interactions between the growing nucleus and a
substrate surface represent a lower net interfacial energy than the particle-solution interfacial
energy, heterogeneous nucleation is favored over homogeneous nucleation.2! Figure 38 shows
the schematic solubility diagram for species in water. Above the saturation limit line the
solution becomes supersaturated. However, the degree of supersaturation is not enough to
cause homogeneous nucleation. Instead, heterogeneous nucleation on any given surface is
preferred. When the degree of supersaturation is very high, homogeneous nucleation can
occur. Two exceptional data points observed in the Al plates loop tests in Figure 37 may be
able to be explained by considering the possibility of heterogeneous nucleation. Intermetallic
particles may provide extra large surface area so that heterogeneous nucleation of Al hydroxide
occurs on the intermetallic particle surface at the condition where homogeneous nucleation
cannot occur because of low supersaturation. In the case of the 1100 Al loop test, the Al
hydroxide precipitates formed at 100°F, as well as intermetallic particles, might behave as a
seed at 120°F and cause rapid increase of head loss by Al hydroxide precipitation.

The bounding line precipitation and no precipitation below 160°F in Figure 37 for tests
with chemical addition of Al gives

loglAIOH)4~) = pH -14.1 + 0.0243 T, (6)

where log[Al(OH)4"] is the log to the base 10 of the molar concentration of AI(OH),~ and T is the
temperature in degrees Fahrenheit. To bound all the data including the Al corrosion loop tests,

it is necessary to shift the bounding curve upward. This yields

log{Al(OH)4~] = pH -14.4 + 0.0243 T. (7)

The Al solubility predicted by Eq. {(7) is about a factor of 2.2 lower than that predicted by Eq.
(6). The predicted solubility limits for Al at 70 and 140°F are shown as a function of pH in
Figure 39.
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Comparison with Head Loss Tests using WCAP-16530 Al(OH)3 surrogate

Previous head loss tests with WCAP-16530 Al(OH)3 surrogates showed that in the ANL
vertical head loss loop with a 13 mm NUKON bed, a surrogate addition equivalent to removal of
1.5 ppm Al from the loop was sufficient to exceed the loop capacity.2 In the case of the current
tests with in situ formation of precipitate, Fig. 5 shows that a decrease in the nominal
concentration from 116 to 113 ppm Al resulted in an increase in head loss of = 1 psi; Fig. 14
shows that a decrease in the nominal concentration from 115 to 110 ppm Al resulted in an
increase in head loss of = 1 psi. Due to the uncertainty in the ICP measurements, this
suggests that decreases of 3+2 ppm and 5+2ppm will result in a head loss increase of = 1 psi in
the ANL vertical loop. The increase in head loss due to in situ precipitation of Al(OH)sz thus
seems reasonably consistent with that expected. from the addition of corresponding amounts of
the WCAP surrogate. Per unit mass of Al removed from solution, the WCAP surrogate appears
somewhat more effective in increasing head loss than the Al(OH)3 precipitates formed in situ by
corrosion or chemical addition of Al, and thus it gives conservative estimates of the head loss
due to the precipitation of a given amount of Al from solution. The increased effectiveness of
the surrogate in producing head loss is probably due to the size of the surrogate, which is fairly
close to the available pore size in the glass-fiber bed, whereas the A(OH)3 precipitates formed
in-situ by corrosion or chemical addition must grow to this size from sub-micron scale.?
However, in choosing the amount of surrogate that should be used, consideration must be
given to the potential for additional head losses due to intermetallic particles and the apparent
reduction in the effective solubility of Al(OH)3 when intermetallic particles are present.

Major Findings and Summary

X3

K5

The Al release rate of 6061 Al alloy in borated water at pH=9.35 (room temp.) and
140°F with the flow rate of 0.1 ft/s is predicted well by a release rate equation based
on previous test data with 1100 and 3003 Al alloys in quasistatic solutions. However,
the 1100 Al showed a much higher Al release rate in the loop test than either of the
prediction results and the 6061 Al. This is consistent with other data showing that .
6061 has a lower release rate than 1100 Al. It also indicates that estimates of Al
release need to consider the flow velocity.

% Based on static bench top tests at pH=8.0 and 140°F, 6061 Al alloy releases fewer .
intermetallic particles than at pH=9.4 in borated solution presumably because at

lower pH Al solubility and Al release rate become’ less, which. leads to stable Al
hydroxide formation on the metal surface.

.
°o

With a total Al concentration of 116 ppm Al in the loop produced by corrosion of 6061
Al specimen a significant increase in head loss across a glass fiber bed was observed
at 140°F. At the temperature, Al concentration, and pH of this test, formation of
Al(OH)3 precipitates is not expected.

S

S

The increase in head loss at 140°F appears to be due to the release of intermetallic
particles present in the 6061 Al alloy. The presence of these intermetallic particles
may also induce precipitation of A(OH)3 more readily than would be expected based
on solubility tests using chemical addition of Al.

< With a total Al concentration of 118 ppm Al in the loop produced by corrosion of 1100
Al plates no significant increase in head loss was observed at 140°F. This is
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attributed to the fact that the size of the intermetallic particles in 1100 Al is smaller
than that of the 6061 Al.

.

In the 1100 Al corrosion vertical head loss loop test, once head loss had begun to
increase at 100°F, a rapid increase in head loss continued even as the loop water
temperature was increased from 100 to 120°F. It is conjectured that this may be
interpreted as a heterogeneous nucleation of Al hydroxide on intermetallic particles
and/or preexisting Al hydroxide precipitates surface.

2

%

% To investigate whether sodium aluminosilicate precipitate was formed on the fiber
surface, one glass fiber patch exposed in the loop water of the 1100 Al head loss test .
was analyzed using XRD and cbmpared with unexposed glass fiber. Exposed and
unexposed glass fiber samples showed same peaks, but it is inconclusive whether
these peaks are from aluminum hydroxide (bayerite) or sodium aluminosilicate
(albite).

% To determine the potential of Al alloys to cause head loss, their microstructure,
especially the size distribution and number density of intermetallic particles should
be considered along with their Al release rate.

% The increase in head loss due to in situ precipitation of Al(OH); seems reasonably
consistent with that expected from the addition of corresponding amounts of the
WCAP surrogate. Per unit mass of Al removed from solution, the WCAP surrogate
appears somewhat more effective in increasing head loss than the Al(OH)3
precipitates formed in situ by corrosion or chemical addition of Al, and thus it gives
conservative estimates of the head loss due to the precipitation of a given amount of
Al from solution. However, in choosing the amount of surrogate that should be used,
consideration must be given to the potential for additional head losses due to
intermetallic particles and the apparent reduction in the effective solubility of AI(OH)3
when intermetallic particles are present.
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Appendix A: EDS Analysis Results for Al Specimens, Coupons, and Particles.

Table A1. Summary of chemical composition data for the precipitate-free fiber regions used in Figure 24
analyzed by SEM/EDS.

Acceleration Chemical composition (at%)
Sample Description
Voltage (kV) Na Si Ca Al Mg
5 7.2 81.5 0.0 5.7 5.9
Spotl :
Unexposed 10 25.0 60.0 4.9 4.6 5.6
NUKON 5 6.5 79.2 51 | 4.3 5.1
Spot2
10 22.6 62.8 4.7 ‘ 5.1 4.9
NUKON Spot 1 10 5.0 79.1 6.1 53 4.6
Patch #1 Spot 2 10 4.7 80.0 6.2 5.1 - 4.0
NUKON 5 9.0 77.4 0.5 6.1 7.0
Spot 1
Patch #2 10 144 70.7 5.6 4.8 4.6
5 1.5 88.3 0.4 6.4 3.4
Spot 1
10 9.5 74.6 6.8 4.7 4.4
NUKON 5 0.0 91.5 . 0.0 4.4 4.0
Spot 2 : .
Patch #3 10 7.5 77.5 7.6 4.0 3.5
5 1.0 84.4 0.9 9.1 | 4.7
Spot .3
10 15.8 68.9 6.4 4.7 4.2
5 3.1 82.1 3.7 6.9 4.2
Spot 1
NUKON 10 14.7 72.1 5.3 4.3 3.6
Patch #4 5 4.9 78.5 4.6 7.5 4.6
Spot 2
10 14.0 72.0 5.8 4.1 4.1
NUKON } 5 7.2 76.4 1.9 10.1 4.5
| Spot1
Patch #5 10 - 19.9- 65.4 5.0 6.1 3.7

49






































































