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ALUMINUM HYDROXIDE COATING THICKNESS MEASUREMENTS
AND BRUSHING TESTS ON K WEST BASIN FUEL ELEMENTS

1.0 SUMMARY

An intensive campaign was conducted in K West Basin to obtain
measurements of aluminum hydroxide coating thicknesses on fuel elements
stored in aluminum canisters. Nineteen canisters were opened and examined
and some 211 measurements of coating thickness on 37 outer fuel elements and
8 inner fuel elements were obtained using specially developed eddy current
probes. Measured coating thicknesses ranged from 0 mil to 6 mil (1 mil equals
one thousandth of an inch).

Four of the 19 canisters examined had been previously opened and visually
inspected, and were known to have coating on the fuel. However, of the
remaining 15 randomly sampled aluminum canisters, 11 were found to have
basically nil fuel coating.

Coatings measured on inner elements of fuel assemblies that protruded
into the cover gas space above the water in the storage canister were notably
thinner than found on the corresponding outer elements. This is believed to
be due to the restricted water communication between these inner fuel elements
and the aluminum canister wall. Limited data also suggested a dependence of
coating formation on the pH level of the canister water (higher pH promotes
coating formation).

Data quality was ensured by frequent calibration checks performed on
the measurement probes. These data have been statistically evaluated
(Jensen 1998) to provide estimates of coating inventories for the 20% of the
fuel stored in sealed aluminum canisters in K West Basin. It is estimated
that approximately 60% of the aluminum canisters may contain fuel with mean
coating thicknesses that cannot be distinguished from zero. An upper limit
(99% confidence Tevel) of 10.6 kg of aluminum hydroxide was determined for
Multi-Canister Overpack {(MCO) fuel Toading.

Another primary part of this campaign was to investigate the ability of

a motorized underwater brushing system to remove the coating from the fuel
elements if such processing were deemed necessary prior to MCO loading. A
number of different brush types were tested, and all basically proved very
effective in removing the coating. Coating removal was evident by visual
observation and was confirmed by eddy current measurements following the
brushing operations. Engineering data obtained during the brushing tests
indicate it would take a 15 HP unit working about 1 minute to clean the
thickest coating observed from the outer surface of an outer fuel element.
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2.0 BACKGROUND

Irradiated N Reactor fuel is stored underwater in canisters in Hanford's
K East and K West Basins. Both aluminum and stainless steel canisters are
used for fuel storage in the basins. In the K East Basin, fuel is stored in
open canisters, while in the K West Basin it is stored in sealed canisters.
Potassium nitrite (an oxygen scavenger) was added to the K West canisters as a
corrosion inhibitor before they were sealed. i

During previous in-basin visual examinations of fuel assemblies stored in
the K West Basin (Pitner 1997), it was noted that some fuel elements stored in
aluminum canisters had a visible translucent coating on them. Subsequent
sampling and laboratory analysis of this coating identified it as aluminum
hydroxide, A1(OH);. This material has a relatively high water content (35%)
in a bound state, which has implications for gas accumulation during long term
storage in Multi-Canister Overpacks (MCOs).

The cause of the AT(OH); coating formation is not known. It is suspected
that the corrosion inhibitor added to the canisters may be a factor in the
formation of this coating. The heat generated by the irradiated fuel (about
1 watt per element) is also believed to play a part in its formation. This
coating is not seen on fuel elements stored in the open canisters in the
K East Basin.

Since some 20% of the canisters in K West Basin are aluminum
(Pitner 1998a), a substantial portion of the fuel elements have the potential
for displaying this coating. In order to obtain a better assessment for the
maximum AT(OH); inventory that could be loaded into a MCO, a campaign was
undertaken to measure the fuel element coating thicknesses in a number of
randomly selected aluminum canisters stored in K West Basin. A second major
part of this campaign also involved underwater brushing of the fuel elements
to determine if the coating could be removed if necessary prior to MCO loading
and storage.
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3.0 EQUIPMENT DEVELOPMENT

Various techniques for measuring the coating thickness were investigated.
The challenge lay in performing this operation remotely under 16 ft of water
to an accuracy of one-half of one-thousandth of an inch, or 0.5 mil
(Bridges 1998). The techniques considered included ultrasonic measurement,
eddy current, X-ray fluorescence, and laser interferometry. It was determined
that measurement by eddy current probes posed the most promising chance for
success in this endeavor.

The Zetec, Inc. company in Issaquah, Washington was subsequently
contracted to design and fabricate suitable eddy current probes for this
application. The design developed for the probe is shown schematically in
Figure 1. The design configuration consists of a nylon shoe or saddle that
mates with the outside surface of the fuel element and provides the proper
alignment for the spring-loaded eddy current coil located at the inside center
of the shoe. Two probes sized to the appropriate diameters were fabricated
for measuring the outside surfaces of both outer and inner fuel elements. A
probe to measure coating thickness on the inner bore of the outer fuel element
was also developed, but it did not provide credible measurement data in later
field applications.

The probes were attached to 25 ft long poles for the underwater
measurement of the coating thicknesses. Checkout and acceptance testing of
the eddy current measurement system were conducted in the Cold Test Facility
(CTF) in the 305 Building (Pitner 1998b). This facility is a K Basin mockup,
with corresponding water depth and access grating replications.

Calibration standards consisting of various thickness shims affixed to
zircaloy cylinders were also fabricated to test out the eddy current probes.
Zircaloy is the cladding material on N Reactor fuel elements, and the plastic
shims simulated the non-electrically conducting aluminum hydroxide coating on
the fuel. The shim thicknesses selected for the calibration standards were
2 mil, 3 mil, 5 mil, and 10 mil. The zircaloy bare metal also represented a
zero thickness calibration point. Figure 2 is a photograph of the standards
fabricated for the outer and inner fuel elements. Separate standards were
required for the outer fuel element and inner fuel element eddy current
probes.

Concurrent with the eddy current probe development, a fuel brushing
machine was designed and constructed to test coating removal capabilities in
the K Basin. This motor powered machine was required to operate underwater
and allow the changing out of various types of brushes for testing coating
removal effectiveness. Fixturing on this machine also served to hold the fuel
elements for eddy current measurements. Checkout and acceptance testing of
this apparatus was also performed in CTF.

The results of the development and acceptance testing on the eddy current
probes demonstrated in principle the capability to measure aluminum hydroxide
coating thicknesses on K West Basin fuel elements. Acceptance testing of the
brushing machine also demonstrated the functionality of this equipment. Once
proof testing of the brushing and measurement equipment was completed, the
apparatus was transferred to K West Basin for field application.
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Figure 1. Schematic of Eddy Current Probe Design
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Eddy Current Calibration Standards.

Figure 2.
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4.0 PROCESS DESCRIPTION

Modifications were made to the K West Basin dummy elevator pit to
accommodate the equipment and processes required for this campaign. A Tist
of candidate aluminum canisters was generated, with a maximum of 20 canisters
allowed to be opened based on Radiological Air Permit restrictions. Four of
the canisters identified included the aluminum canisters opened during the
previous "Tift and look" campaign conducted in the basin (Pitner 1997), while
the remaining candidates were selected randomly from various basin Tocations
using a random number generator technique (LOTUS spreadsheet, RAND function).

Once a candidate canister was retrieved from the basin, it was
transferred to the dummy elevator pit via the monorail system. The 1id of one
of the Mark I canister barrels was removed by hydraulic pressurization, and
individual fuel elements were extracted and transferred to the fuel brushing
machine for coating thickness measurement and brush testing. Both inner and
outer fuel elements were examined, with most emphasis on the outer elements.
Typically two fuel elements from opposite sides of the canister barrel were
extracted and examined.

Coating thickness measurements using the eddy current probes were
- generally performed at two or three elevation levels on two opposing sides of
the fuel element. Figure 3 shows an eddy current measurement being performed
above deck in the isolated work zone, while Figure 4 shows a closeup of the
underwater probe placement on an outer fuel element supported in the fuel
brushing machine. Repeated measurements were made at each location, with
typically five good signals averaged to obtain each reading.

If substantial coating thicknesses were encountered, brushing tests would
often be conducted at the measurement locations. Figure 5 shows an example
where the coating has been locally removed by brushing. After brushing, the
eddy current probes were again used to measure the remaining coating
thickness.

Scraping tests were usually performed on the fuel elements examined using
a sharp-bladed scraping tool. If coating were present, it was typically seen
to be scratched and/or removed by the scraping action. Observed incidences of
coating presence detected by scraping consistently correlated well with
measured levels of substantial coating thickness. Figure 6 shows an area on
an outer fuel element where the coating has been scratched and partially
removed by the flat-bladed scraping tool.

A11 major operations were recorded on videotape by camera systems
employed in the dummy elevator pit. A1l logbook records and data taking
(Baker 1998) were correlated to the date and time imprinted on the videotapes.

At the end of each day, all fuel elements were returned to their
canister, the 1id was replaced, and the canister was transferred back to the
fuel storage basin. The in-basin campaign ran for slightly more than 3 weeks,
from July 14, 1998 to August 5, 1998.

13
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Above Deck Eddy Current
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Eddy Current Probe on Fuel Element.

Figure 4.
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Figure 5. Brushed Area on Outer Fuel Element.
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Figure 6. Fuel Surface Appearance After Scraping.

17



HNF-3283, Rev. 0

This page intentionaily left blank.

18



HNF-3283, Rev. 0
5.0 CALIBRATIONS AND DATA QUALITY

Calibration of the eddy current probe being used was performed at the
beginning of each workday to generate a current calibration curve. The
calibration of each probe in use was checked at intervals no longer than
4 hours apart. A final calibration check was also made at the end of the
workday. Calibrations were newly generated each time an eddy current probe
(outer or inner element) was changed out.

Figure 7 shows a representative calibration curve generated at the
beginning of a work shift. The four shims and bare metal Tocations on the
standard provided five measurements for generating the calibration curve of
signal voltage versus shim thickness. Nominal shim thicknesses were 2 mil,

3 mil, 5 mil, and 16 mil, but actual thicknesses as measured on a Taser
measuring machine accurate to +10 micro-inches (Appendix A) were used to
generate the calibration curves. Once generated, these calibration curves were
used to interpret the coating thickness measurements on the fuel elements.

A11 eddy current measurement operations were conducted under the
auspices of a certified NDT technician. This measure was dictated by Office
of Civilian Reactor Waste Management (OCRWM) requirements for long term
storage of the fuel in the national repository. Training and qualification
records for all characterization personnel involved were also documented
(Bridges 1998). The signed Test Report for the eddy current measurements is
included as Appendix A.

Calibration checks were consistently repeatable and met the 0.5 mil
accuracy requirement for eddy current thickness measurements as specified in
the Test Plan for this campaign (Bridges 1998). These results provide
assurance of the quality of the coating thickness measurements obtained in
this campaign.

19
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Representative Eddy Current Calibration Curve.

Figure 7.
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6.0 COATING THICKNESS MEASUREMENTS

A total of 19 different aluminum canisters were sampled in the campaign.
Eddy current measurements of coating thickness were performed on 37 outer fuel
elements and 8 inner fuel elements. In all, 211 separate coating thickness
measurements were made with the eddy current probes.

The results of the eddy current coating thickness measurements are
presented in Table 1. The element identification gives the canister number
from which the element was extracted and indicates whether it was taken from
the marked (M) or unmarked (U) barrel. The second part of the element
identification indicates it to be either an outer or inner fuel element, with
the number signifying its location in the canister. The Number 1 element is
the one closest to the canister top trunion, Number 2 is the next clockwise
element, and so on, with Number 7 being the center element. The 0°
orientation was arbitrarily designated as the first side examined, and
subsequent orientations are clockwise locations from that zero reference.
Elevation signifies inches from the bottom of the element. When the element
was measured for coating thickness after brushing, that measurement
immediately follows the pre-brushing measurement in the table. Finally,
thickness values interpreted from the calibration curves are presented to the
nearest tenth of .a mil. Small negative values listed in the table actually
indicate zero coating thickness within the 0.5 mil accuracy of the eddy
current probes.

The results of the eddy current coating thickness measurements are also
presented in summary form in Table 2. For each canister sampled, the range
of thickness measurements are presented along with the mean and standard
deviation of the measurements. Separate Tistings are presented for the outer
and inner fuel elements.

The first four canisters listed in the table were previously visually
examined and were known to have coating present, although zero coating
thicknesses were measured in a few locations. The first canister opened
(0161) was used extensively for coating thickness measurements and brushing
tests, and the wide range of thickness values reflects the multitude of
measurements made on fuel elements from this canister.

The next 15 canisters examined were selected randomly from the
basin population of aluminum canisters. Coating thicknesses of 0.5 mil
(the accuracy of the eddy current probe) or less were found on 11 of the 15
randomly selected canisters. The fuel in these canisters could be considered
to have nil coating.

Figure 8 shows graphically the ranges of coating thicknesses measured for
all the canisters sampled. Where inner fuel elements were measured, the
results are shown immediately to the right of the corresponding outer fuel
elements measured in that same canister.

In one instance only, fuel elements were examined from both barrels of

a canister (Number 0309). Both barrels showed substantial coating Tevels,
but they varied in magnitude. The mean and standard deviation of coating

21
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Table 1. Eddy Current Coating Thickness Measurements.

Orientation | Elevation Thickness

Element (Degree) (in.) Unbrushed | Brushed (mil)
0161U / 1 Outer 0 20 X 0.6
" 0 20 X 0.6
" 0 9 X 3.6
" 0 9 X 0.2
" 0 5.5 X 5.0
" 0 5.5 X 0.0
" 90 15.5 X 0.8
" 90 i5.5 X 0.0
" 90 9 X 0.7
! 90 9 X 0.0
" 90 6.5 X 0.6
" 90 6.5 X 0.0
" 180 20 X 0.8
o 180 20 X 0.0
" 180 15.5 X 0.8
" 180 15.5 X 0.0
" 180 9 X 1.0
" 180 9 X 0.0
! 180 5.5 X 0.5
" 180 5.5 X 0.1
" 270 15.5 X 0.7
! 270 15.5 X 0.0
" 270 9 X 1.0
" 270 9 X 0.0
" 270 5.5 X 1.1
! 270 5.5 X 0.0
" 45 5 1.8
" 45 9 1.4
0161V / 1 Inner 0 18.5 0.4
" 0 18.5 X -0.2
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Table 1. Eddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness

Element (Degree) (in.) Unbrushed | Brushed (mil)
0161U / 1 Inner 0 15.5 X - 0.6
" 0 15.5 X -0.1

" 0 8 X 2.2

" 0 8 X 0.0

" 0 5 X 2.4

" 0 5 X -0.1

" 0 7 2.2

" 90 18.5- 1.3

" 90 18.5 X 0.0

i 90 15.5 X 1.2

" 90 15.5 X 0.0

" 90 8 X 1.0

" 90 8 X -0.2

" 90 5.5 X 1.1

" 90 5.5 X 0.2

" 180 19 X 1.4

" 180 19 X 0.0

" 180 15 X 1.6

! 180 15 X 0.0

" 180 8 X 1.3

" 180 8 X 0.0

" 180 6 X 1.7

" 180 6 X 0.0
0161U / 2 Outer 0 15.5 X i.1
" 0 15.5 X -0.1

" 0 9 X 2.7

" 0 9 X 0.0

" 0 7 X 2.7

" 0 7 X 0.0

23




HNF-3283, Rev. 0

Table 1. Eddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness

Element (Degree) (in.) Unbrushed | Brushed (mil)
0161U / 2 Outer 90 19 X 1.1
" 90 19 X 0.0

" 90 15.5 X 0.3

N 90 15.5 X 0.0

" 90 9 X 0.3

" 90 9 X -0.1

" 90 5.5 X 0.3

" 90 5.5 X -0.2

! 180 15.5 X 1.0

" 180 15.5 X 0.2

" 180 9 X 1.2

" 180 9 X 0.4

" 180 5.5 X 1.1

! 180 5.5 X 0.4

" 270 15.5 1.3

" 270 5.5 1.5
0161U / 3 Outer 0 19.5 0.6
" 0 19.5 X 0.0

" 0 15.5 0.3

" 0 9 0.4

" 0 6 X 1.1

" 0 6 X -0.1

" 90 19.5 X 0.0

" 90 15.5 X -0.3

" 90 6 X -0.2
1860M / 1 Outer 0 23 X 4.0
! 0 23 X 0.1

! 0 16.5 X 4.8

" 0 7 X 5.0
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Table 1. Eddy Current Coating Thickness Measurements. {Continued)

Orientation | Elevation Thickness

Element (Degree) (in.) Unbrushed | Brushed (mil)
1860M / 1 Quter 180 23 X 4.6
" 180 16.5 X 5.1

" 180 7 X 5.8

1860M / 4 Outer 0 18.5 X 4.7
" 0 .17 X 4.1

" 0 8 X 4.6

N 180 17 X 4.4

" 180 9 X 5.7

0315U / 5 Quter 0 18 X -0.1
" 0 9 X 0.0

" 0 6 X 0.0

" 180 - 23.5 X 0.0

Y 180 18 X 0.0

! 180 6 X -0.2

0315U / 6 Outer 0 24 X 2.1
! 0 18 X 0.0

! . 0 8 X 0.2

" 180 A X 0.1

" 180 18 X 0.0

" 180 8 X 0.1

0309M / 2 Outer 0 19 X 5.5
N 0 19 X 0.5

" 0 16 X 5.3

" 0 16 X 0.4

" 0 X 4.5

! 0 X 0.2

0309U / 4 Inner 0 21 X 0.0
" 0 16 X 0.3

" 0 8 X 0.0
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Table 1. Eddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness

Element (Degree) (in.) Unbrushed | Brushed (mil)
0309U / 4 Inner 180 20 X 0.2
" 180 16 X 0.5

" 180 8 X 0.2

0309U / 1 Inner 20 X 0.7
. 16 X 0.7

" 8 X 1.1

" 180 20 X 2.1

" 180 15 X 2.5

! 180 X 2.3

0309U / 1 Quter 0 X 3.8
Y 0 X 0.0

0309U / 4 Outer 0 23 X 3.1
! 0 17 X 4.6

" 0 7 X 3.0

B 180 17 X 3.1

" 180 8 X 2.8

0579M / 1 Outer 0 23 X 0.0
" 0 17 X -0.3

" 0 8 X 0.1

! 180 19 X -0.2

" 180 8 X 0.0

0579M / 4 Outer 23 X -0.2
" 16.5 X 0.0

" 9.5 X -0.1

" 5.5 X 0.5

! 180 18 X -0.2

! 180 9 X -0.2

" 180 7 X -0.1
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Table 1. Eddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness

ETement (Degree) (in.) Unbrushed | Brushed (mil)
1575M / 4 Outer 0 18 X -0.1
" 0 8 X 0.4

" 180 18 X 0.1

" 180 8 X 0.2

1575M / 1 OQuter 0 18 X 0.0
" 0 8 X 0.1

" 180 18 X -0.1

" 180 8 X -0.1

91334 / 1 Outer 0 18 X 0.0
" 0 8 X 0.5

" 180 18 X 0.1

" 180 8 X 0.2

9133M / 4 Outer 0 16 X 0.2
" 0 8 X 0.1

" 180 16 X 0.0

" 180 8 X 0.4

9136M / 1 OQuter 0 17 X 0.1
" 0 8 X 0.3

" 180 17 X -0.1

" 180 8 X -0.1

9136M / 4 Outer 0 17 X 0.0
" 0 8 X 0.4

" 180 17 X 0.1

" 180 8 X 0.6

0725M / 2 Outer 0 18 X 2.2
" 0 8 X . 2.2

" 180 18 X 2.6

" 180 8 X 3.0
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Table 1. Eddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness

Element {Degree) (in.) Unbrushed | Brushed (mil)
0725M / 5 Outer 0 18 X 2.3
! 0 8 X .3

! 180 18 X 1.2

i 180 8 X 1.2

0734M / 2 Inner 0 18 X 0.0
" 0 8 X 0.1

" 180 18 X 0.2

" 180 8 X 0.5

0734M / 4 Inner 0 18 X 0.0
" 0 8 X 0.0

0734M / 4 Outer 0 18 X 0.3
" 0 8 X 0.3

1876M / 1 Outer 0 18 X -0.1
" 0 8 X 0.3

1876M / 4 Outer 0 18 X 0.3
" 0 8 X 0.2

1876M / 4 Inner 0 18 X 0.1
" 0 8 X 0.0

0673M / 1 Outer 0 18 X 0.2
v 0 8 X 0.2

" 180 18 X 0.1

" 180 8 X 0.1

0673M / 4 Outer 0 18 X 0.2
: " 0 8 X 0.0
" 180 18 X -0.2

Y 180 8 X 0.0

0740M / 1 Outer 0 18 X -0.1
Y 0 8 X 0.0

B 180 18 X -0.2

" 180 8 X -0.3
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Table 1. Eddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness
Element (Degree) (in.) Unbrushed | Brushed (mil)
0740M / 4 Outer 0 18 X 0.0
" 0 8 X 0.0
! 180 18 X 0.0
! 180 8 X 0.0
0326M / 1 Outer 0 18 X 1.4
! 0 8 X 0.8
! 180 18 X 0.6
! 180 8 X 0.5
0326M / 4 Outer 0 18 X 1.0
" 0 8 X 0.8
i 180 18 X 0.8
N 180 8 X 0.7
0326M / 1 Inner 0 18 _ X 0.3
" 0 8 X 0.4
" 180 18 X 0.2
N 180 8 X 0.1
0326M / 4 Inner 0 18 X -0.2
" 0 8 X 0.2
" 180 18 X 0.6
¥ 180 8 X 0.3
0620M / 1 Outer 0 18 X 0.1
" 0 8 X 0.1
" 180 18 X 0.1
" 180 8 . X 0.2
0620M / 4 Outer 0 18 X 0.0
" 0 8 X 0.0
" 180 18 X 0.0
! 180 8 X 0.0
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Table 1. FEddy Current Coating Thickness Measurements. (Continued)
Orientation | Elevation Thickness

Element (Degree) (in.) Unbrushed | Brushed (mil)
1681M / 1 Outer 0 18 X -0.1
* 0 8 X -0.2

" 180 18 X -0.2

" 180 8 X -0.2

1681M / 4 Outer 0 18 X 0.0
" 0 8 X 0.1

" 180 18 X 0.1

" 180 8 X 0.0

0101M / 1 Outer 0 18 X 1.0
" 0 8 X 1.0

" 180 18 X 1.4

" 180 8 X 1.1

0101M / 4 Outer 0 18 X 1.0
" 0 8 X 0.7

" 180 18 X 0.5

" 180 8 X 0.1

0111V / 1 Outer 0 18 X 5.2
" 0 8 X 5.0

" 180 18 X 4.5

" 180 8 X 4.2

1619U / 7 Outer 0 18 X -0.2
! 0 8 X -0.4
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Coating Thickness (mil)
Cuters Inners
Canister Range Mean + Std Dev Range Mean + Std Dev
0161 0 t0 5.0 1.1 +1.1 0.4 to 2.4 1.4 + 0.6
1860 4.0 t0 5.8 4.8 + 0.6
0315" 0 to 2.1 0.2 + 0.6
0309 2.8 t0 5.5 4.0 +1.0 0 to 2.5 0.9 + 0.9
0579 0 to 0.5 -0.1+0.2
1575 0 to 0.4 0.1 +0.2
9133 0 to 0.5 0.2 +0.2
9136 0 to 0.6 0.2 +0.3
0725 1.2 to 3.0 2.1 + 0.6
0734 0 to 0.3 0.3 +0.0 0 to 0.5 0.14+0.2
1876 0 t0 0.3 0.2 + 0.2 0 t0o 0.1 0.1 + 0.1
0673 0 t0 0.2 0.1 +0.1
0740 0 -0.1'+0.1
0326 0.5 to 1.4 0.8 + 0.3 0 t0 0.6 0.2 +0.2
0620 0 t0 0.2 0.14+0.1
1681 0 to 0.1 -0.1 + 0.1
0101 0.1 to 1.4 0.9 + 0.4
0111 4.2 t0 5.2 4.7+ 0.5
1619 0 -0.3 + 0.1

*Previously visually examined and known to have coating.
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Figure 8. Ranges of Measured Coating Thicknesses.
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thickness measured on one outer fuel element in the marked barrel was
5.1 mil + 0.5 mi1l, while that measured on two outer fuel elements in the
unmarked barrel was 3.4 mil £ 0.7 mil.

An interesting observation can be made in comparing the relative coating
thicknesses on outer and inner fuel elements. As shown in Table 2 and
Figure 8, both types of fuel elements were measured in five canisters, with
near zero coating thickness found in two of these cases (Canisters Number 0734
and Number 1876). Of the remaining three canisters with significant coating
Tevels detected, one (Canister Number 0161) contained Mark IA type fuel and
the other two (Canisters Number 0309 and Number 0326) contained Mark IV type
fuel. Mark IA fuel is relatively short (about 21 in.}, while the Mark IV fuel
is longer (about 26 in.). The shorter Mark IA fuel was invariably submerged
in water in the storage canister, while the Tonger Mark IV fuel sometimes
extended into the gas pocket above the water line in the canister. In both
Canisters Number 0309 and Number 0326, there was visual evidence that the fuel
protruded into the gas pocket. This is exemplified in Figure 9 which shows a
bare area about 1 in. long at the top of an outer fuel element extracted from
Canister Number 0326. Extension of the fuel into the gas pocket would Tikely
present a barrier to water and chemical communication between the inner fuel
elements and the aluminum canister walls. This appears to be evidenced here,
where the coating thicknesses on the longer inner fuel elements that protruded
above the water Tine are Tess than measured on their corresponding outer
elements (Canisters Number 0309 and Number 0326). Conversely, for the shorter
fuel assembiies which were totally submerged in water, measured coating
thicknesses for outer and inner elements are comparable (Canister
Number 0161).

One other observatijon on a potential coating correlation with water pH
Tevel was noted in this campaign. Some canisters had been previously water
sampled and chemically analyzed (Trimble 1997), and pH information was
available for three of the canisters Tisted.in Table 2. Canisters Number 1860
and Number 0111 were each found to have a pH level of 11.5, while Canister
Number 1619 had a pH Tevel of 8.0. Eddy current measurements showed that the
canisters with the higher pH value (Number 1860 and Number 0111) had nearly
5 mil of coating on the fuel, while the lower pH canister (Number 1619) had no
measurable coating on the fuel. These limited data are in relative agreement
with laboratory studies of growing this type of coating on zircaloy specimens
(Silvers 1998), which also showed a pH dependency for coating growth.

These measured coating thickness results have been statistically analyzed
(Jensen 1998) to provide estimates of A1(OH); coating inventories for MCO fuel
lToading. For the 20% of the fuel in K West %asin_that is loaded in aluminum
canisters, it is estimated that approximately 60% of these canisters may
contain fuel with mean coating thicknesses that cannot be distinguished from
zero. An upper limit (99% confidence level) of 10.6 kg of A1(OH); was
determined for a maximum MCO loading.
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Figure 9. Bare top of Outer Fuel Element that Extended
Above the Water Line in the Fuel Storage Canister.
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7.0 BRUSHING TESTS

The objective of brushing tests were twofold. The first was to remove,
or partially remove, the AT(OH); coating on the fuel elements to verify the
eddy current measurement (e.g., zero calibration). The second objective was
to characterize the effectiveness of coating removal. Here various brush
types and brushing parameters were investigated to provide data which can
potentially be used in the design of a brushing machine to remove the coating
from the fuel. The effects of brush type, wire material, wire size, brushing
velocity and interference (bushing force) were all investigated.

7.1 BRUSHING TEST EQUIPMENT

The test equipment consists of the Brushing Test Machine and the )
associated operator control equipment. The brushing test machine will accept
an assortment of wire wheel brushes in the range of 6 in. to 10 in. in
diameter (see Section 7.2--Test Article) and can brush either inner or outer
N Reactor fuel elements of various models.

The Brushing Test Machine (hereafter referred to as the " machine") is
shown in Figure 10. The layout of the brushing equipment in the Dummy
Elevator Pit is show schematically in Figure 11. The brushing machine detail
drawings are given in Appendix B. The machine consists of a rigid frame, a
submersible electric motor mounted on a vertical positioning mechanism, a
quick release drive mechanism for the various wire wheel brushes, and fuel
element cradles and clamps which are mounted on a horizontal positioning
mechanism. The brush vertical position and the fuel element horizontal
position along with the electric motor control are performed by control units
on the operating deck (see Figure 11}).

The submersible electric motor is a 1.5 HP-AC, 3 Phase, 460 V-3450 RPM
unit, which powers the wire wheel brushes though a quick release drive system.
The motor is controlled by a variable speed controller in which the motor
shaft angular velocity (RPM) is set for a particular test. This controller
is programmed for constant torque motor operation. The controller LED display
gives RPM, electric current at the controller (percent power) and other
information. The majority of the power of the motor is expended in rotation
of the brushes to overcome hydraulic effects (centrifugal pumping and
friction). :

The quick release wire wheel brush drive mechanism consists of a
hex-collet receptacle which mounts to the motor shaft, and a hold down arm
and upper-bearing support which can be positioned to be either in hold-down
mode or out-of-the way for brush removal and insertion.

Both positioning mechanisms are made from high-precision lead screw
actuated Tinear slides. The vertical slide has a lead screw pitch such
that one revolution of the hand wheel on the control unit is converted into
0.200 in. of vertical travel. For the horizontal slide, which drives the
fuel element into the brush, the actuation ratio is finer. Here a right angle
worm screw drive is employed such that each turn of the hand wheel translates
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Figure 10. Brushing Test Machine.
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Figure 11. Schematic of Brushing Test Equipment
Layout in the Dummy ETevator Pit.
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into 0.040 in. of linear motion. The angular scale indicator on the control
unit reads to the nearest degree, the slides/drives move 0.00011 in. for each
degree of rotation. It is expected there is <0.005 in. "slop" in these
slides/drives.

The frame is designed to be rigid, so that the deformation of the machine
will not impact the results. The design goal was that the machine stiffness
be at least a factor of ten greater than that of the stiffest brush. The
machine was calibrated to determine this force-deflection relationship
(Appendix C). Hence, the machine deflection can be factored-out (need be
considered only for a few of the stiffest brushes) when analyzing brushing
forces and deflection.

The vertical and horizontal position control units consist of tables
which mount to the operating deck grating, radial bearings and Tocking
devices, hand wheel cranks, and decouplable drive shafts. For the fuel-feed
positional control, an angular scale is mounted on the top of the bearing
block, and a precision torque wrench can be attach to top of the hand wheel.
This shaft torque is related to the interference force between the fuel and
brush. Calibrations were made to determine this torque-force relationship
(Appendix C); however, these was not used in the final testing. A hydrophone
is mounted on the machine to aid in determining when brush-fuel contact is
first made. :

7.2 TEST ARTICLE (BRUSHES)

Sixteen wheel type brushes were selected for testing. These are
basically of three types: (1) wire, either carbon steel, stainless steel,
or brass; (2) silicon-carbide grit impregnated into nylon filaments; and
(3) Abrasive grit (aluminum oxide) resin bonded to a cloth flapper wheel.

A number of these brushes were sandwiched (shrouded) between end-plates to
minimize the hydraulic centrifugal pumping effect, allowing more power to be
available for brushing at a given angular velocity. Theses brushes are
mounted on spindles which mate with the brushing machine. Characteristic of
theses brushes are given in Table 3. Individual brushes were given arbitrary
. numbers for reference purposes, and are used throughout this document. A
photograph of brushes Number 1 to Number 12 is shown in Figure 12.

The brushes were calibrated to determine the normal and tangential
stiffness. These force-deflection relationships were used in the
determination of the brush-fuel force or interference during testing, and in
the determination of the power that the wheel brush exerts on the fuel.
Calibration was performed using a metal working lathe, with an arbor fixture
for mounting the brush in the lathe's chuck. A Toad cell (300 1b full scale)
was attached to a pipe section, roughly the size of an outer full element,
which could be fed into the brush. Dial gages were used to determine the
interference between the brush and pipe. Different fixtures were used for the
normal and tangential stiffness. The set-up for the normal stiffness
calibration is shown in Figure 13. The lathe was turned on at a Tow speed
(higher speed introduced heating of the Toad cell and introduced errors),
different interferences were introduced, and the load (maximum at a given
setting) was recorded.
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Brush Characteristics.

Table 3.
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Figure 12. Brushes Number 1 (Upper Left) through Number 12 (Lower Right).
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Figure 13. Setup for Normal Stiffness Calibration.
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Results of the calibration are given in Figures 14 and 15 for brushes
Number 1 through Number 10. Calibration curves for the other brushes can be
found in Appendix C. Initial stiffness values from these curves are given in
Table 3. A slight angular rotation rate dependency on stiffness was noted for
softer brushes. However, attempts to quantify this were not very successful
because heat effects introduced errors. It is expected that the end-plates,
added to the brushes for hydraulic benefit (after the calibrations), would
sTightly increase the brush stiffnesses.

7.3 BRUSHING TEST PROCEDURE

Once it was determined that sufficient coating thickness was present
and if time permitted, brushing tests were undertaken. The first step in the
brushing procedure was to determine if the current brush installed on the
machine was the appropriate brush. If not, the brush was removed and the
appropriate brush was inserted onto the machine. Brushes typically were not
re-used because the time required to change them out could be significant.
A total of eight different brushes were tested (Number 1 through Number 6,
Number 8 and Number 9). Because of time and brushing location constraints,
only the most promising or representative brushes were tested (50% of those
available).

The brush/motor-drive carriage was then moved to the appropriate pre-
measured vertical location on the fuel element. The next step was to
determine the point of first contact between the fuel and brush. This was
done in two steps. First, with the motor shut off, the brush was "cranked
into" the fuel element until visual (via video camera) contact was observed.
At this position a "zero" mark was set on the horizontal control angular
scale. Next, the brush was backed off approximately 0.2 in., and the brush
drive motor was started. Prior to starting the motor, the motor controller
was set to the desired test speed (RPM). The next step was to feed the brush
towards the fuel until the clearance was approximately 0.04 in. The brush
was then slowly fed towards the fuel while at the same time making four
observations to ascertain contact: (1) visually; (2) observing an increase
in the motors® load (electric current reading on the motor controller);

(3) "feel™ on the hand wheel crank; and (4) audio indications as picked up by
the hydrophone (Note: a bearing squeal that developed on a brushing machine
bearing made the hydrophone detection very difficult). This dynamically
Tocated "zero" was then marked on the horizonal position indicator. The brush
was then fed into the fuel element to the desired interference, and brushing
continued for the desired test duration, after which the brush was quickly
backed off. The peak reading on the controller ammeter and test duration were
recorded, along with the interference and motor speed values. This sequence
was repeated for each brush testing, while generally varying the brushing
parameters. Detailed procedures are given in Operating Procedure, OP-07-125W.

Because of the limitation on the motor power (1.5 HP) and the significant
hydraulic resistances of the rotating brushes, only certain ranges of brush
speed and interference combinations (brush dependent) were achievable in the
testing (see Table 4). Within the matrix of the 67 individua] brushing tests,
parameter ranged as follows: brushed area ranged from 0.3 in® to 1.5 in’;
the fuel-brush interference ranged from 0.03 in. to 0.12 in.; the power ranged
from 0.04 HP to 0.46 HP; the brush tip velocity ranged from 168 in./s to 315 in./s;
and the testing duration ranged from 5 seconds to 3 minutes.
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Brush Stiffness Characteristics (Normal Direction).

- Figure 14.
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Brush Stiffness Characteristics (Tangential Direction).

Figure 15.
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Brushing Test Parameters and Results (Continued).

Table 4.
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7.4 BRUSHING TEST DATA AND RESULTS

Brushing data recorded during testing are given in the test logbook
(Baker 1998). Here parameters such as brush angular velocity (RPM), motor
power differential, fuel-brush interference, and brushing duration are
recorded. In addition to these data, post test measurement were taken from
the video tape to determine the extent (size) of the cleaned area. Most of
this data can be found in Table 4.

Cleaning effectiveness is evaluated here by the amount of work (W) per
unit volume of coating removed. Hence, the brushing parameter which "cleans"
at the lowest work density is the most effective.

The amount of work is determined by two independent methods; electrical
and mechanical measurements. By comparing these two methods, confidence (or
lack thereof) can be demonstrated. In both cases, the power is determined and
multiplied by the test duration (time) to obtain the total integrated work.

The electrical power used in brushing is determined by measuring (as
percent power on the motor control unit) the difference in electric current

(I) just before brushing (hydraulic + friction) and at brushing (hydraulic +
friction + brushing) at a given speed. Power, P, is determined by:

P(kW) = V*AI*E/1000.
where:

V is the voltage (460 V)

I is the current in amperes and is determined from
(&% full power)*3.4 amps (full power rating of controllier)

and
E is the motor efficiency as given by the manufacture (0.77)
Hence,

P (KW)

1.20*A% full power measurement
or fn terms of horsepower (HP):

P (HP) = 1.60*A% full power measurement

It is believed that the calculated power from electrical measurement is
conservative. This is because the motor efficiency given by the vendor is a
maximum value near the full rated speed. These tests, however, ran at 12% to

22% of full rated speed, where a Tower efficiency is expected. This was
evident in testing when the motor slowed and even stalled in some instances.
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The brushing mechanical power is determined by:
P (HP) = T*N/63,000.
where:

T is the torque in in.-1b
N is angular velocity in RPM

Here the torque, T, is determined from:
T = r*F,

Here, r is the radius of the brush (inches) and F, is the tangential force
(1b) as determined from brush calibrations. F, is determined from the
calibration curves as given in Figure 14, using the measured interference.
Correction factors for brush stiffnesses to account for the machine stiffness
were not felt necessary as the error introduced was less than 10% in all but
two brushes (Number 5 and Number 8) in vertical Tocations above the clamp,
where the maximum error was in the range of 20%. This reduction in effective
stiffness is expected to be somewhat offset by the increased stiffness due to
the addition of the end-plates.

Brushing efficiency, E,, is defined as the measured cleaned area
multipiied by the percent thickness cleaned divided by the theoretical brushed
area. The theoretical brushed area is defined as the brush face width
multiplied by the interference arc between the fuel and the brush, as given in
Appendix C. :

Results of all the brushing tests, along with brushing data and
intermediate vreduced data, are given in Table 4 (Excel spread-sheet). The
calculated power used in the work calculations is the average of the
electrical and mechanical power values, and hence is expected to be
conservative. Results in work/unit volume and work/unit surface area are
presented. The latter is expected to be of importance if the coating removal
were by a "brittle" mechanism.

One of the goals in testing was to determine removal threshold values.
On the one hand, early test runs were of long durations because of a "lack of
knowledge", and gave very conservative work values. On the other hand, short
test durations (<10 s) are not easy to accurately assess because of the effect
of "feed-in" and "feed-out" time durations. Hence, test runs were generally
not of short enough durations to assess thresholds. Data from Tong runs
(>45 s) were generally not evaluated.

Figure 16 shows the amount of work/volume of coating removed as a
function of fuel-brush interference for each of the regular wire wheel steel
(carbon and stainless) brushes. Figure 17 gives the same type plot for the
other brushes, i.e., knot-twist, brass, and ceramic grit impregnated filaments.
These plots also show the effect, if any, of brushing velocity for each of the
brushes. Figure 18 shows the brushing efficiency of the eight brushes as a
function of brush tip velocity. This figure shows data for a selected run
duration (15 s) only to evaluate the relative performance of the various
brushes. It is important to point out that the results in Figure 18 are not
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Brushing Test Results--Work/Unit Volume of Coating Removed.
(Regular Steel Wire Brushes)

Figure 16.
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Brushing Test Results--Work/Unit Volume of Coating Removed.

Figure 17.

(Brushes Number 6, Number 8, and Number 9)
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Brushing Efficiencies.

Figure 18.
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based on a uniform coating, and hence results may be misleading (see
Section 7.5). Figures 19 and 20 show the work/surface area of coating removed
as a function of interference and velocity for the two groups of brushes.

7.5 DISCUSSION OF BRUSHING RESULTS AND QUALITATIVE OBSERVATIONS

A11 brushing tests removed or partially removed the AT(OH); coating.
Hence, given sufficient time and power, the coating could be removed by any of
the brushes tested. The coating did not generally appear to be brittle in
nature (i.e., did not flake off readily) but appeared to behave Tike a painted
surface. A primary goal here is to determine which brushes and operation
conditions are the most effective in coating removal.

The results given in Figures 16 and 17, i.e., the work/volume of coating
- removed, is the primary design data objective of this study. Unfortunately,
these data are conservative values and represent an over-cleaned condition.
Here, cleaning thresholds were not ascertained, primarily due to the minimum
test durations and the limited coating levels on the majority of the elements.
Furthermore, additional conservatism is likely introduced due to the manner in
which the work was calculated (see Section 7.4). For the most representative
data, i.e., short duration and moderate to thick coating, work/volume values
generally range from 3 to 12 X 10° in.-]b/in3 (see Table 4). (An exception to
this was the non-wire brush, Number 9, which required higher work densities).
Based on the above, a design value of 5 X 106 1‘n.—1b/1’n3 is suggested. For
the thickest coating of 0.006 in., this translate to 30,000 in.-1b of work per
square inch of surface area cleaned, which is consistent with the results
given in Figures 19 and 20. Putting this into perspective with respect to a
production brushing machine, it would require a 15 HP unit working 1 minute to
clean a 0.006 in. thick coating from the outer surface (197 in?) of an outer
fuel element.

Results presented in Figures 16 and 17 do not show any noticeable effect
of brush-fuel interference on the work density required for cleaning over the
ranges tested. Additionally, there is no general effect of brushing velocity
on cleaning effectiveness, with the possible exceptions of Brush Number 5 (the
stiffest and largest wire diameter brush) and Brush Number 9 (an abrasive
action brush). Both of these brushes appear to exhibit increased cleaning
effectiveness with increased velocity.

In comparing the relative merits of the various brushes, several factors
need to be taken into considerations. A key factor is that the amount of
coating available for testing was not uniform and was basically determined by
the "luck of the draw" for a given test or brush. This variation in thickness
could significantly effect the amount of conservatism inherent in the results.
Testing with Brushes Number 3 and Number 8 was performed on thick coating,
whereas testing with Brushes Number 4 and Number 9 occurred on thin coating.
The use of work/unit volume values is an attempt to normalize this data;
however, it probably only impacts the amount of conservatism in the data.
Tests on thick coating are less conservative (closer to threshold) than tests
on thin coating, all else being equal.

Figure 18 gives the brushing efficiencies (as defined in Section 7.4) as
a function of velocity for the eight brushes tested. Data evaluated were for
the same test durations (15 s), but varied in coating thickness. In general
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Brushing Test Results--Work/Unit Surface Area of Coating Removed.
(Regular Steel Wire Brushes).

Figure 19.
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Brushing Test Results--Work/Unit Surface Area of Coating Removed.
(Brushes Number 6, Number 8, and Number 9).

Figure 20.
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there appears to be an increase in brushing efficiency with increasing
velocity, but most of this can probably be attributed to the additional work
done at the higher velocities for a given time duration. Results presented in
Figure 18 indicate that Brush Number 6 (the knot-twist) and Brush Number 5
(the stiffest and Targest wire diameter) are the most effective. These
brushes also show re]at1ve1y Tow work/volume values in Figures 16 and 17.
Observations made in reviewing video tape showed that these two most
aggressive brushes exhibit a slight "chipping” behavier in removing coating;
small chips (~0.1 in.) were found to have flaked off beyond the extent of the
contact brushing area. This suggests some slight brittle nature of the
coating under the "beating" action of these brushes. This behavior was not
noticed in any of the other brushes. Another observation made was that Brush
Number 5 left significant scratch marks on the coating, which could cause
cladding damage on degraded fuel elements.

Results given in Figure 18 indicate that the least effective brushes
tested were Brush Number 9 (ceramic grit impregnated nylon filaments) and
Brush Number 8 (brass - large wire diameter). Brush Number 9 did not clean
through the full thickness of the coating in a number of test runs. This is
most likely due to the abrasive cleaning action of this type of brush, where
discrete layers are removed at a time. For the brass brush, the cleaned area
was significantly smaller than the theoretical brush contact area (50% to
60%). This is 1ikely due to the "softness" of brass relative to the steel in
the other brushes, and therefore Tess effectiveness in abrading. Brass was in
fact observed to be deposited onto the fuel cladding during the brushing
process. There does not appear to be any significant performance difference
between carbon and stainless steel brushes of the same geometric design.

Figures 19 and 20 show the work/unit surface area cleaned for various
bushes and velocities as a function of fuel-brush interference. These values,
like those of Figures 16 and 17, are not threshold values and hence are
conservative. If the values here were threshold cleaning values, it might be
possible to determine if cleaning were a brittle mechanism; i.e., not
dependent on coating thickness. These plots a]so provide confirmation of the
work density design value of 30,000 in. -1b/in® as derived from the results
presented in Figures 16 and 17.

7.6 CONCLUSION AND RECOMMENDATIONS ON BRUSHING

The majority of the brushes tested effect1ve]y removed the Al(OH),
coating from the fuel elements. Standard wire wheel or knot-twist brushes
made of steel (carbon or stainless) were more effective in cleaning than
either brass wire wheel or ceramic impregnated filament type brushes of the
same size. Should a production brushing machine be designed for removal of
the A1(OH); coating from fuel elements; the following parameters are
suggested: .

Work required: 30,000 in.-1b/(in? of cladding surface area)
Brush type/material: Standard wire-wheel of stainless steel
Brush wire diameter: 0.006 in. to 0.014 in.

Brush trim length: 1.3 in. to 1.7 in.

Brush packing density: High to moderate

Brush tip velocity: >200 in./s

Brush-fuel interface: 0.03 in.-0.12 in.
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APPENDIX A

EDDY CURRENT PROCEDURE AND TEST REPORT
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APPENDIX B

BRUSHING TEST SYSTEM DRAWINGS, SKETCHES, AND DESIGN INFORMATION
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Vendor Products:

Motor:
Franklin Electric Model 234524
(4” Super Stainless Submersible)

Motor Controller:
Rockwell — Reliance Electric
(SP500 AC Drive Model # 1SU44002)

Linear Actuators:
Ball Screw & Actuators
(Model # ‘s T3406-A.2 & T3424-A.2)

Right Angle Drive:
(5:1 reduction worm screw)
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APPENDIX C

BRUSHING TESTS SUPPORTING INFORMATION
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ANALYTICAL CALCULATIONS
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