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1.0

1.1

EXECUTIVE SUMMARY

TANK 18 AND TANK 19 WALL SAMPLING

Wall samples were successfully machined from Tanks 18 and 19 in FTF (F-Area Tank 
Farm), Savannah River Site (SRS). Samples were required to establish the residual activity
(μCuries) prior to permanent closure of these two 85 feet diameter, 1.3 million gallon, steel 
wall, radioactive waste storage tanks. To collect samples, an improved Oak Ridge and West
Valley design was used, which was attached to a complex robotic arm assembly. Based on 
their work, SRS developed a simplified and improved design. A significant cost savings was 
realized by SRS from the novel design changes, provided through a joint effort between 
SRNL and SRR. 

1.1.1 SRNL Sampler Fabrication and Evaluation

Savannah River National Laboratory (SRNL) was contracted by Savannah River
Remediation (SRR) to fabricate and test a sampling device to obtain the wall samples. A 
sampling device was adapted for SRS use, which was previously designed by Oak Ridge 
National Laboratory (ORNL) and used on concrete tanks. That sampler design was modified 
for use at West Valley to sample steel walled tanks. To perform Tank 18 and Tank 19 
sampling, the West Valley design was further modified by SRNL. 

SRNL provided the initial design concept for the sampling process, and a joint effort between 
SRR and SRNL resulted in the invention of the final sampler and mast assembly. SRNL 
modified the ORNL sampler design to ensure success in SRS waste tanks, and then tested the
sampler and evaluated performance. Modifications included an innovative identification and 
correction of equipment resonance problems, which would have caused failure of the sampler
in SRS tanks.

1.1.2 SRR Mast Assembly and Tank Sampling

SRR Site Construction services designed the mast assembly to mount the sampler, and then 
built, tested, and installed the mast and sampler assembly in the waste tanks. One of two 
fabricated samplers was attached to a cantilevered arm controlled by a cable and winch, 
which lowered a hinged arm from a vertical mast to drill wall samples. After testing the
sampler at EDL (Engineering Development Laboratory), the sampler was attached to the
mast assembly by SRR. The fully assembled sampler and mast assembly were then installed
by crane and tested at the non-radioactive Full Tank Facility in T-Area, which is an 85 feet
diameter tank with overhead structural steel platforms. Once testing was complete in the Full 
Tank, the sampler and mast assembly were transported to FTF, and samples were taken from 
the Tank 18 and Tank 19 walls at two different elevation ranges in each tank. In tank 18, 
waste was observed on the walls, while waste was not observed on the Tank 19 wall. EDL
provided technical support throughout SRR activities. 
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1.1.3 Project Objectives

This report provides a description of sampler fabrication, testing, and evaluation as well as a 
description of sampling in Tanks 18 and 19. The primary outputs of this report are
determinations of sampler collection efficiencies and estimates of the surface areas of the 
samples taken in Tanks 18 and 19. Collection efficiencies were determined for steel and salt 
coated samples, but efficiencies were not determined for rust only, thin salt layers, or waste. 
Surface areas were conservatively estimated to be less than the actual surface areas, where 
the actual surface area of collected material may exceed the calculated surface area by as
much as 75% or more. Surface areas were estimated to determine the activity (μCuries) per 
unit area for the sample areas only. Additional analysis will be provided by SRNL to quantify 
the total activity and radionuclides in the collected samples, which were transported to 
SRNL. Those test results will be identified in a separate report.

2.0

2.1

INTRODUCTION

TEST REQUIREMENTS

The primary purpose of sampling was to provide data to SRR to evaluate existing
calculations with respect to contamination levels in the waste tanks. Wall samples were
required from two, FTF, Type IV tanks to evaluate potential contamination contained in the 
corrosion layer on the waste tank wall surfaces. The Type IV waste tanks have a single, 3/8
inch thick, 85 foot diameter, steel wall construction, as shown in Figure 1. The steel walls are 
encased by a concrete wall, and the walls are below ground level.

As specified by SRR (Ref. [1]), samples were obtained for at least two different locations at
each of two different elevation ranges in each tank to provide representative samples for 
analysis. At least two samples were required at a time in a common sampler head, which 
contains samples for transport to SRNL for analysis. Five sampler heads were actually
required for sample collection in Tanks 18 and 19. Sample location requirements are 
summarized in Figure 1. The five samples for activity analysis are referred to in this report 
as: Tank 18 scale sample, Tank 18 upper sample, Tank 18 lower sample, Tank 19 upper 
sample, and Tank 19 lower sample. The latter four samples collected material from the 
corrosion layer, while the scale sample collected waste from the wall. 
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Figure 1: Construction and Elevation View of Mast Installation in Tanks 18 and 19 

2.2 SAMPLER DESCRIPTION

Fabrication of two identically designed wall samplers and a performance evaluation were
required from SRNL (Savannah River National Laboratory) for FTF Engineering (Thaxton,
D. [1]), SRR (Savannah River Remediation, LLC). In addition, technical support for full 
scale testing in T-Area and sampling activities in Tank 18 and Tank 19. A sampler is shown 
in Figure 2; the sampler mast assembly is shown in Figure 3; and the FTF Tanks 18 and 19 
are shown in Figure 4. 

Although the fabrication and installation of the mast were the responsibility of FTF 
Engineering and SRR Construction, the mast installation is discussed in this report to
summarize SRR project results, as well as SRNL research. In short, the sampler machined
small samples from the tank walls, and the mast positioned the sampler into the waste tanks
to machine these wall samples to establish the activity of waste tank wall surfaces.
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Much of the testing was performed using the same sampler that was installed in the waste 
tanks to collect samples. The other sampler was used to complete EDL testing in parallel 
with SRR installation and testing.

F

Electromagnets
Vacuum pump 
Sampler head 
Drill motor 

igure 2: SRNL Sampler Assembly (unmodified)
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Figure 3: Elevation View of Mast Installation in Tanks 18 and 19 
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Figure 4: Tanks 18 and 19 

2.3

2.4

SAMPLE REQUIREMENTS 

The sampler and the mast were used to collect samples from the tank walls at two different
elevations in each tank. Numerous references document the requirements and work
performance (Leishear, R., Fowley, M.  France, T., and Jackson, M. [2 - 10]). At each 
elevation, the sampler was designed to drill shallow holes (0.500” diameter by 0.060“
maximum depth) in the walls of the 1.3 million gallon, nuclear waste storage tanks to obtain
samples of the waste on the wall, the corrosion layer on the wall, and the base metal below 
the corrosion. Samples areas were selected to ensure that the samples provide representative 
corrosion for tank surfaces above and below typical waste levels in the tank during waste
storage. One set of samples was collected above typical waste levels in the tanks where more
corrosion was expected (Wiersma, B. [11 - 12]), and the other set of samples was collected
below typical waste levels in the tanks where less corrosion was expected. Success was 
achieved when: 1) the sampler machined down to exposed shiny steel surfaces, 2) materials
were collected from the surfaces; 3) and sample surface areas were determined.

WASTE TANK SURFACES

Sampling was performed which collected both corrosion and waste from the tank walls. 
Corrosion and waste accumulation on the walls of Tank 18 and 19 are shown in Figure 5, 
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Figure 6, and Figure 7. Note that salt accumulation in Tank 19 appears to be negligible, while 
waste may be as thick as 3/8 inch, or more, in some areas of Tank 18. The exact thickness of 
waste was difficult to distinguish, but the shadows from the nuts on the 5/8 “ diameter bolts 
on the wall stiffener were compared to the shadows of the waste to provide a crude 
approximation of the waste thickness. Thick waste on the walls prevented the sampler
electromagnets from holding the sampler to the wall for collecting a corrosion sample of the 
wall surface. To collect steel corrosion samples, the sampler was positioned to ensure that
samples were collected in locations where waste deposits were thin on the wall surfaces,
since a primary goal of sampling was to discern the activity contained in the tank wall 
corrosion layer. To collect a scale sample, the sampler was located on the thicker waste
deposits on the wall, and samples were collected from the wall without drilling into the steel 
surface.

Figure 5: Tank 18 Wall and Tank Bottom 
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Figure 6: Tank 18 Wall Details 
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Figure 7: Tank 19 Wall and Tank Bottom 

2.5  ANALYSIS

Activity analysis was the reason for obtaining the tank wall samples discussed in this report,
where the micro-Curie content will be measured for the samples, and radionuclides will be 
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identified in a separate report. To better handle the wall samples, a removable sampler head 
was part of the sampler (Figure 8). Once the wall samples were collected in this head, the 
radioactive samples were transported to SRNL for analysis. Along with the surface areas 
associated with the samples, those test results will be provided to SRR engineering to further
evaluate residual nuclear waste activity on the tank walls in Tank 18 and Tank 19. 
Consequently, this report is confined to a discussion of the fabrication and testing of the 
sampler at SRNL as well as the collection of samples from the waste tanks.

In particular, the sampler collection efficiency and the estimated surface area for each sample
were required. What percentage of material drilled from samples was collected by the 
sampler in laboratory conditions? What was the surface area for waste tank samples
transported to SRNL for analysis?

Tank 18

Figure 8:  Sampler Head Delivered from FTF to SRNL 

3.0

3.1

SRNL SAMPLER DESIGN AND OPERATION

SRNL EQUIPMENT DESCRIPTION

The SRNL equipment required for testing consisted of samplers, removable sampler heads 
for the samplers, a wall plate installed in EDL to mimic the tank walls, and sample coupons
used to validate sampler operation. The equipment setup is shown in Figure 9. Two samplers
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were fabricated: one to complete testing at EDL, and one for use by FTF after extensive 
testing of the sampler to validate operation. Attached to each sampler was a removable
sampler head, which contained a drill bit to obtain the samples and a filter to collect 
machined particles as they are vacuumed from the wall surface. These heads were self 
contained units, designed to be removed and transported to SRNL for processing after tank 
samples were obtained. The wall plate was a 4 feet by 3 feet curved plate installed at EDL, 
and the sample coupons were 1 inch by 1 inch by 3/8 inch thick steel plates, which were 
bolted to the wall plate for machining by the sampler. The sampler was attached to the wall 
plate by electromagnets while samples were drilled from the plate. The mast assembly was 
not installed at EDL.
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Figure 9: EDL Test Setup and Sampler Components 
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3.1.1 SRNL Sampler Assembly 

The sampler was originally designed by Oak Ridge National Laboratory (ORNL), 
subsequently modified by West Valley (Thomas, T., and Drake, J. [13 - 14]), and modified 
again by SRNL. The ORNL design is also discussed in detail in Appendix A (Killough, S.). 
Although referred to here as a sampler, the equipment is also referred to as a burnishing tool 
or an end effector, which is the action component deployed by a robotic arm. The sampler
was successfully used at Hanford to obtain samples from a concrete walled tank and then 
modified at West Valley to obtain samples from a steel walled tank. The SRNL 
modifications included changes in the controls, the mounting plate, springs, filter selection, 
and added electromagnets.

The main components of the sampler are the drill motor, the linear motor (drive motor), the
vacuum pump, sampler head, and controls, as shown in Figure 10 and Figure 11. Material is 
machined from the wall, and passes through the sampler head where it is collected on the 
sampler filter. The work instruction for operating the sampler at EDL is provided in
Appendix G. A discussion of the sampler components and controls provided later in this 
report clarifies sampler operation. 

Figure 10: Sampler Assembly Installed for Testing (modified)
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Figure 11: Sampler Assembly with Sampler Head Removed, Front View

3.1.1.1 Final Sampler Design 

The final sampler design is shown in Figure 12 through Figure 15. Not only were the controls 
redesigned, but springs were changed to compensate a resonance problem, which is discussed 
in Section 5.2 of this report. The equipment was air operated, and supply pressures were 
altered after testing began.
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Figure 12: Sampler Assembly with Sampler Head Removed, Side View

Figure 13: Sampler Assembly with Sampler Head Installed 
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Figure 14: Delivered Sampler Assembly

Figure 15: Delivered Sampler Assembly Without Sampler Head 
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3.1.1.2 Electromagnets and Springs 

Two, 1500 pound force, electromagnets held the sampler to the wall when energized. For 
design, the magnets were first derated to 750 pounds each, since they were rated for a one
inch thick plate. The actual tank wall was only 3/8 inch thick, which lowered the magnetic
force. They were again derated for a potential 0.030 inch gap. Per the manufacturer, a 0.030 
inch air gap causes a 90 % reduction in force, which yielded a 75 pound force for each 
magnet for a 0.030” air gap. Although electromagnetic properties of waste are unknown, this 
distance provides an approximation of the working distance from the wall at which the 
electromagnets are expected to operate. The springs on the sampler each provided a 
counteractive maximum force of 37 pounds when fully extended during sampler operation. 
Consequently, for waste thicknesses over approximately 1/32“, the electromagnets were not 
expected to effectively hold the sampler to the waste tank wall.

The electromagnets caused other effects that were observed during testing. The
electromagnets caused some residual magnetism in the wall plate which deteriorated slowly, 
but the magnets could be tilted slightly to break the small residual magnetic field. Also, the
collected metal chips in the sampler head were all magnetized, which caused collected steel
samples to cling together as a single mat of fibers attached to the sampler filter (Figure 22).

3.1.1.3 Operating Parameters 

The EDL sampler operating parameters (Figure 16) for the air driven components (vacuum,
drill motor, and linear motor) were initially chosen to simulate operating conditions expected 
at the tanks, which were based on the available air supply and the requirements of the
components.  However, testing at T-Area yielded different parameters, since the final SRR 
design of the mast assembly had higher tubing pressure drops than anticipated, and the SRNL 
design was already complete. To minimize costs, the SRNL operating pressures were 
changed to equal the operating pressures and drill speeds of the final SRR design. In short, 
EDL operating pressures were selected to provide comparable flow rates and drill speeds to 
those measured in T-Area on a fully assembled mast and sampler assembly with installed 
controls, hoses, and tubing.
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Figure 16: EDL Sampler Controls

The initial settings at EDL were 80 psig (15.2 scfm) for the vacuum supply, 90 psig (22.0 
scfm) for the drill motor supply, and 40 psig (1.3 scfm) for the linear motor supply, which 
was controlled by a pressure regulator. These flow rates initially optimized sampler drilling
and collection performance.

When the sampler system pressures and flow rates were changed, some parallel testing was 
already completed at EDL. Consequently, tests performed at earlier flow rates were 
performed again. Some of the data for sampling steel coupons is recorded in this report for 
both before and after flow rates were changed. In other words, some tests were re-performed
as required to ensure that test results were consistent with FTF sampler operations. The 
details ensuring that test pressure and flows were conservative with respect to expected waste
tank flows and pressures follow in the next paragraph. 

Comparable supply pressures were 100 psig at T-Area, EDL, and FTF. Final flow rates were 
measured during full scale testing where supply pressures were 100 psig, and EDL operating 
conditions were set accordingly.

� The drill speed was 450 rpm and air flow was set to obtain this speed at EDL.
� The T-Area vacuum flow rate varied between 9.7 to 11.2 scfm, and the EDL vacuum 

flow rate was set slightly below this range to provide conservative test results. The 
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reference vacuum flow rate was measured on a rotameter operating at 100 psig on the 
full scale equipment, with rotameter readings of 3.5 – 4.0 cfm. Consequently, the
minimum vacuum scfm was found to equal 3.5 scfm / 0.358 = 9.7 scfm, where 0.358 
is a conversion factor to change pressurized flow rates to flow rates in terms of 
standard atmospheric conditions (see Appendix F).

� The linear motor operating pressure was set to 70 psig, which was the operating 
pressure of the full scale sampler assembly. Comparable conversions were applied to 
find scfm requirements for required flows used for rotameters in EDL, and the lab
notebooks record operating pressures and flows for all tests.

� To ensure conservative test results, the final EDL settings were 100 psig (24.4 scfm)
for the drill motor supply, 50 psig (9.4 scfm) for the vacuum supply, and 70 psig (2.1 
scfm) for the linear motor supply. These final test pressures were used to obtain the 
test results reported in the conclusions of this report.

3.1.1.4 Drill Motor

The drill motor was a non-lubricated, air operated motor. The drill was operated at 
approximately 450 rpm, which was in the typical speed range required to drill steel. 
Lubricating the motor temporarily increased the speed by about 100 rpm when occasional
lubrication was required. Since multiple holes were drilled with some of the sampler heads at
EDL, lubrication was required. An original design assumption was that lubrication would not 
be required, since few holes were planned. Although the introduction of oil into waste tanks 
is prohibited, FTF determined that minimal oil lubrication was not a concern for these tanks
undergoing closure. Only a few drops of oil were added, and most of this oil discharged 
through the vacuum eductor before the sampler was operated in the tanks. 

3.1.1.5 Drill Bit Design 

The drill bit design was the same as the original ORNL design, and the drill depth at the tip 
was 0.060 inches to provide at least 0.030 inches of sample depth at the drill perimeter for 
most testing and sampling. Deeper 0.125 inch holes were used for only one sampler head. 
Primary requirements for drilling were: 

� A minimum depth is drilled into the tank wall to ensure that damage does not affect 
structural integrity of the wall. 

� Drilling is performed without lubrication to prevent mixing of oil with nuclear waste, 
which could potentially generate mixed waste. 

The drill bits were modified, 1/2 inch diameter, HSS (high speed steel) end mills, which were
tapered 0.025 inches from the center to the outer radius of the bits, resulting in a slightly 
conical tip with a drill point angle of 169º (Figure 17). The recommended drill point angle for 
drilling steel is 118º. Using a sharper drill point angle results in a deeper hole, and 
minimizing the depth of the hole was a requirement for sampling the tank wall. Initially,
ORNL used a flat tip end mill to minimize the depth of cut into the tank wall, but chattering
of the end mill prohibited drilling the concrete wall. Modifying the end mill permitted
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effective drilling. West Valley also experienced chattering on the steel walled waste tanks 
and difficulty with drilling. To improve drill performance they increased the drill speed, 
changed the spring, and increased the drill point angle, but those drill point and speed 
changes were not included in the SRS (Savannah River Site) design. West Valley also found 
that the tank walls had to be cleaned additionally to remove waste before samples could be 
collected. Other improvements to the drill bit design were also possible and were related to 
the relief and rake angles of the bit, and the angle of the bit with respect to the wall.

Figure 17: Drill Bit Terminology 

The relief angle is the angle of cutting edge with respect to the surface, and this angle directly
affected drill bit chattering. EDL testing showed that as the relief angle between the surface 
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and the bit decreased, drilling performance improved as the size and length of the chips 
increased. This observation agrees with machine tool literature, and can be explained in 
terms of vibration and drill bit surface area.

Refer to Figure 17 to see the relief angle surface. As more relief surface area is pressed
against the wall material, more force is applied to the drill bit. When either a rusted or
painted surface is drilled, the relief surface presses into the softer material. Accordingly,
more force is impressed on the drill bit. more force is impressed on the drill bit. When the
relief angle is increased, less surface area is exposed to the rust, and forces are decreased,
which may seem counter intuitive since increasing the relief angle actually sharpens the 
cutting edge. However, the contact area between the drill and surface is the dominating effect 
for chattering. Also, chatter decreases as the material hardness increases, and the contact area 
between the drill and wall surface decreases.

For this design, chattering occurred when rusted surfaces were drilled. Since the magnitude
of vibration due to chattering is related to the forces on the relief surface, vibration increased
as the relief angle decreased. Then the vibration increased, the drill bit spent less time in 
contact with the surface, and drill bit life decreased.

The rake angle is the angle machined in the two drill flutes, which is typically 90º to the 
surface. The rake angle is different than the helix angle, and is machined into the helix 
surface near the drill point. Again, see Figure 17. Material is cut by the chisel edge between
the relief and rake surfaces. Theoretically, a decrease in the rake angle to the surface 
increases material removal as the sharper rake angle cuts a deeper groove in the base 
material. This effect was not investigated. 

The angle of the drill bit centerline to the surface also affected drilling. When the drill was 
perpendicular to the surface, an angle of 5.5º existed between the conical bit surface and the 
wall. When the drill bit was slightly tilted, the angle between the bit and the surface 
decreased on one side of the drill, and drilling performance decreased as indicated by smaller
chip sizes. Sampler assembly was controlled to ensure that the bit was perpendicular, and 
each sampler head was tested at EDL where the depth of a single drilled hole was measured
around its circumference to ensure that the drill was normal to the surface and performed
properly before shipping to FTF. In full scale testing in T-Area, the mast position was 
intentionally changed to cause one magnet to touch the wall, while the other magnet was 1/ 8
inch from the wall. When this action was taken, drill chips were compared to chips obtained
with a properly aligned drill bit, and the chips were noticeably smaller indicating decreased 
performance. Therefore, camera inspections at the waste tanks ensured that the sampler was 
properly aligned to the wall before electromagnets were energized. Once the electromagnets
were turned on, the force on the drill bit was controlled by the linear motor and the springs.

3.1.1.6 Linear Drive Motor and Spring Control 

The linear drive motor is also a non-lubricated, air operated motor. It actuated an ACME
screw to slowly advance the sampler head toward the wall in about 30 seconds. The total
time to drill a hole in the EDL test plate typically varied from 2 – 3 minutes. Four minutes
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was the total operating time recommended to SRR for waste tank sampling, since sampler
drilling progress cannot be directly monitored or observed.

The spring force applied to the drill directly affected the size of the chips. The control system 
forced the drill bit against the wall, and then fully extended the springs, so that the springs 
exerted the only forces on the drill bit tip. Increasing the force increased the size of the
drilled chips. Depending on the spring force, a range of chip sizes was obtained that varied
between small particles to long curls, similar to the effect of changing the relief angle on the 
drill bit. 

3.1.1.7 Vacuum Eductor

The vacuum eductor had an adjustable air flow and vacuum pressure to pull air through the 
sampler head from the drill bit. The vacuum eductor acted as an air pump, as shown in Figure 
18. A vacuum is produced in the entrainment section of the eductor, which draws air from the
suction. Then the air exits the eductor discharge. The flow rate at EDL was adjusted to obtain
a maximum suction, and the adjustment nut was then glued in place to prevent accidental 
maladjustments of the vacuum.

Figure 18: Typical Eductor Design

Testing at EDL showed that the vacuum collected all material that was drilled. To verify
vacuum performance, the sampler was attached to the wall test plate, and a white tape was 
stretched between the bottom of the electromagnets to capture any falling particles. The tape 
was replaced between several tests, and typically no particles were captured. In one set of 
tests a few minute particles were captured as shown in Figure 19 and Figure 20, but these 
particles were considered to have negligible effects on testing.  Also, during salt testing, 
material surrounding the drill site was observed to break loose from the wall and be pulled 
into the sampler head. In other words, not only did the sampler collect all of the material
within the sample area, but there was potential to collect material outside of the sample area. 
Consequently, SRNL recommended to SRR that the vacuum be turned off immediately after 
drilling was complete, and before the sampler was retracted from the wall.
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Figure 19: White Tape Used to Collect Chips Falling From the Drill Bit

Figure 20: Chips from Drill Bit Following Drilling of Three Holes

3.1.1.8 Sampler Heads

Nine sampler heads were manufactured at SRNL for testing and sampling. They were
identified and stamped as TK 18-1, TK 18-2, TK 19-1, TK 19-2, and SP1 through SP5. Each 
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sampler head consisted of a small aluminum block containing a drill bit in the upper portion
and a filter in the lower portion (Figure 21). Figure 22 through Figure 25 show the basic 
construction of a sampler head.

Prior to shipping to SRR, all fabricated sampler heads and drill bits were tested, including
verification of drilled hole depths which were typically 0.060”± 0.005”. The minimum hole 
depth was then 0.055”, which ensured that at the minimum depth requirements were met.
That 0.050” requirement equaled 0.025” for the drill angle plus 0.030” inches to ensure an 
adequate depth for the drill sample through the waste and corrosion layers.

Although most testing and sampling was performed for 0.060” holes, the depth was 
increased. For the last sample at Tank 18, a 0.125” drill bit depth setting was used. Since the 
electromagnets were releasing from the tank wall during testing in T-Area, an increased
drilling depth was added to the design to aid in drilling. The primary problem with drilling 
during test was found to be associated with resonance, and changing the drill bit length added 
little improvement to the design. 

The drill bit was driven by a multi-jaw coupling connected to the drill motor, which rotated
in a bronze, oil impregnated thrust bushing.  The tip of the drill bit protrudes from the front 
of the head but was surrounded by an aluminum, spring-actuated collar, or shroud, which 
permits air flow through the sampler and prevents loss of material at the drill bit. The air flow 
through the sampler head passed though the openings (four equally spaced holes) in the drill 
bit collar. The flutes of the drill bit directed the shavings and debris removed from the wall 
surface into the drill cavity and then into the filter cavity, where the material was captured by
the filter.

Figure 21:  Flow Path Through the Sampler Head 
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Figure 22: Test Sample Prior to Initial SRR Delivery, One 0.060” Deep Hole 

Figure 23: Sampler Head and Filter Housing 
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Figure 24: Sampler Head Drill Bit Shroud 

Figure 25: Sampler Head Drill Bit
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3.1.1.9 Filters

HEPA filters were used by ORNL and West Valley, but fiber material filters were used at
SRNL. Thin High Efficiency Particulate Air filters (HEPA filters) were fabricated from a 
particulate fiber glass material (Pall Filters, 0.3 micron, 0.014 inch thickness), which was 
rather fragile. Initial testing at EDL demonstrated that when the filters were compressed
between the sampler housing and the filter retaining plate, the filters were cut along the 
compression line (Figure 26). Since there was a risk of lost material passing through the cut 
and around the filter, a different filter was selected (Cole Parmer, polypropylene felt, 5 
micron, 0.060 inch thickness). The filters were cut 1 - 3/4" X 1 - 3/4". The surface area 
exposed to the vacuumed material was 1 - 1/4" x 1 - 1/4" with 1/4" radii on all 4 corners. The 
opening in the sampler head, downstream of the filter, was 3/4" diameter. Although the 
sampler design could have been altered to use the HEPA filter, a thicker fibrous filter was
expedient and was shown to provide equivalent results during steel sampling at EDL. Three
fibrous filters would have provided filtration similar to the HEPA filter, but one filter was 
initially considered adequate. In retrospect, the sampler may have been readily adapted for 
multiple filter use, since the sampler housing was later modified.

That modification included spacers that were added to ensure uniform compression of the 
fibrous filter between the sampler housing and the filter retention plate. To minimize
personnel radiation exposure at the FTF tank tops, the spacers were installed by EDL. 
Spacers were also required to prevent tilting of the drill bit. Tilting of the drill caused the drill 
bit to lie flatter to the wall, and drill smaller chips, or not drill at all. To prevent tilting, the
filter required uniform compression. At EDL compression was controlled by careful
assembly of the sampler to ensure that the drill bit did not tilt with respect to the wall surface 
and drill improperly.
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Figure 26: Unacceptable HEPA Filter Design

3.1.1.10 Sampler Controls

The control system Process and Instrumentation Diagram (P&ID) for the EDL sampler is
shown in Figure 27. Testing showed that the sampler controls needed modification. An 
additional limit switch was installed to prevent the sampler from jamming at the end of 
retraction. Without control system changes, the sampler would have failed in the waste tank. 

The P&ID shows pertinent components. As mentioned, the vacuum eductor, drill motor and 
linear motor were all powered by the EDL air supply at 100 psig.  The supply pressure to the 
eductor was set by manual valve V3.  The supply pressure to the drill motor was set by 
manual valve V1.  The supply pressure to the linear motor was set by regulator R1 and 
isolated by manual valve V2.  Advance and retract operations were controlled by the 4-way 
valve V4 and by the two limit switches in the linear motor flow control loop. Advance
moved the sampler toward the wall, and retract withdrew the sampler.  The limit switches
prevented the linear motor from driving to either full travel position.  The limit switches were
two Mead Fluid Dynamic, Inc., model LTV-15 4-way control valves. They were engaged by 
depressing a roller leaf and disengaged by releasing the roller leaf. The limit switches are 
shown in Figure 28.
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Figure 27: EDL Sampler Controls, P&ID 
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Figure 28: Sampler in the Fully Retracted Position 

The sampling sequence started with the linear motor fully retracted.  The 4-way valve V4 
was off (positioned between ports), switch 1 was not actuated and switch 2 was actuated
(roller leaf compressed by trigger), as shown in Figure 29. The terms actuated and not 
actuated are terms provided in the vendor literature for the controls. 
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Figure 29: SRNL Linear Motor, Fully Retracted 

Sampling was initiated by manually setting V4 to the ADVANCE & SAMPLE position. 
Switch 1 remained not actuated and switch 2 was actuated initially (with air venting out of 
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the switch) then became de-energized (with the air venting out of V4) as the linear motor
advanced towards the plate and released the trigger (Figure 30).
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Figure 30: SRNL Linear Motor, Advancing 

The sample was taken and switch 1 was actuated as the linear motor reached the fully
advanced position (the roller leaf was depressed by the trigger).  Switch 2 remained de-
energized and V4 was manually set to the off position (Figure 31).

3.1.1.11 Drill Advancement

During drilling, the final 2 minutes of the initially recommended 4 minute drill time were
required to advance the drill only 1/16”. The widely spaced black lines on the sampler were 
inadequate to gauge this slight motion of the sampler head. Even so, the bulk motion of the 
sampler prior to, and after, drilling could be judged by the relative motion between markings
on the sampler. Some insight into advancement of the drill was discerned from the rotation of
the ACME screw on the linear drive motor. In general, the drill obtained material as the 
screw rotated. However, there were times when rotation occurred periodically, and minimal
material was collected. At EDL, screw motion was easily observed, but in the waste tank, the 
motion could only be observed by camera. Camera positions were recommended by EDL 
Engineering to FTF Engineering to view the ACME drive screw advancement in the waste 
tanks. Even so, drill advancement could not always be discerned. 

- 38 - 



SRNS-STI-2009-00416, REVISION 0 

F

R

LINEAR MOTOR

VENT

V4

SWITCH 1

VENT

NOT ACTUATED

PLUGGED

ACTUATED

1

23

45

SWITCH 2
NOT ACTUATED

ACTUATED

VENT

PLUGGED

1

23

45

Figure 31:  SRNL Linear Motor, Fully Advanced 

Retraction was started by manually setting V4 to the RETRACT & PARK position.  Switch 1 
was initially actuated (with air venting out of the switch), then became not actuated (with air 
venting out of V4), as the linear motor retracted away from the plate and released the trigger
(Figure 32). 
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Figure 32:  SRNL Linear Motor, Retracting 
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Switch 2 was actuated when the linear motor reached the fully retracted position (the roller 
leaf was depressed by the trigger).  Switch 1 remained not actuated and V4 was manually set
in the off position to complete the sequence and prepare for the next sample. 

3.1.2 EDL Sampler Evaluation 

Nearly 100 holes were drilled at EDL and T-Area to evaluate the performance of the 
samplers, 41 holes were drilled in the EDL test plate alone. Holes were drilled in the EDL 
test plate and at T-Area to validate sampler operation before waste tank installation, and test 
coupons were drilled at EDL to assess sampler performance.

The test setup is shown in Figure 33. The test plate was built of A36 steel (Figure 34), which 
has a comparable hardness to the A285 steel sample coupons, and the steel plate used to 
fabricate the waste tanks. The test plate was rolled to an 85 foot diameter, which was equal to 
the waste tank diameters. A recess was machined into the test plate, so that the flat test 
coupons could be flush mounted to the plate, using bolts at two corners of the coupons. Four
milling machine mounting holes were drilled into the test plate to ensure precision machining 
of the recess and proper mounting of the test coupons. A metal frame with brackets was 
installed on the plate to assist alignment of the sampler to the coupons. 
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Figure 33: EDL Sample Setup 
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Figure 34: EDL Test Plate 

3.1.3 Sample Coupons 

To simulate tank conditions, several different sample types were evaluated, using sample
coupons. Each set of sample coupons was made from A285 steel, which is similar to the steel 
used for tank construction per T. Hooper, SRR. The tanks were constructed to the 1952 
ASME Boiler Construction Code, where the 1960 DuPont specification for tank construction 
specified that tank walls met the Boiler Code material requirement for P-1, UCS-23. One set
of samples were rusted steel plates with a layer of salt; one set of samples were electronic
discharge machined (EDM) steel plates with a salt layer on each coupon; and one set of
samples were polished plates without salt coatings. Sample preparations are described in 
Appendix C. 

After the sample coupons were machined, masses of the coupons and filters were weighed 
before and after drilling for comparison. For the metal samples, only steel chips were
collected and weighed. For the salt samples, only salt was machined and weighed with the 
filter. For the rusted samples, combined corrosion, steel and salt were weighed with the filter.
Sample coupons are machined for testing as shown in Figure 35, and a typical coupon coated 
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with salt is shown in Figure 36. The coupons are later drilled during testing, as discussed in 
Sections 4.2.4 and 4.2.5. 

1 “ 

1 “

Figure 35: Prepared Test Coupons 
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Figure 36: Typical Sample with Salt Deposition 

3.1.4 Waste Characteristics and Test Samples. 

Residual salts were expected in the tanks, since salts often collected on the tank surfaces in
addition to a corrosion layer. The salt layer in waste tanks is hygroscopic, and absorbs 
sufficient moisture in summer months to become transparent on wall surfaces. For test 
purposes, salts were built up on sample coupons where salt deposition thickness was poorly 
controlled within the 0.030 inch thickness, as described in Appendix C. Although additional
chemicals are present in waste tank salts, the salts used for sampling provided a comparable
salt simulant. Salts may have been present on the walls of Tank 19, but the waste observed in 
Tank 18 was significantly different than salt. The salt tests performed at EDL are not 
representative of actual tank conditions, but tests were performed for the best simulant
available. Tests were also performed in parallel with sampling of the tanks, and material
differences between test and tank conditions were identified while salt testing was in 
progress, just prior to sampling of the waste tanks. 
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As noted, the actual waste characteristics for Tank 19 may have included salt, and Tank 18 
contained waste on the walls that was not initially considered for sampler design. The 
sampler was initially designed to collect samples from a surface with 0.004” – 0.006” of 
corrosion and a maximum salt thickness of 0.025”. EDL sample coupons were prepared 
accordingly for evaluation of collection efficiencies. Even though salt accumulation on the
walls was not observed during waste tank sampling, EDL testing with salts provided 
considerable insight into sampler performance and collection efficiencies.

4.0

4.1

EDL TESTING

SAMPLER COLLECTION EFFICIENCIES

How much of each type of material is collected? The efficiency of the sampler to collect 
material can be determined for individual materials. The efficiency is calculated from the 
masses measured before and after drilling, where the collection efficiency of the sampler is 
expressed by the percent of material collected by the sampler head compared to the amount
of material removed from the coupons.  Collection efficiencies were determined by the 
following equations. 

CE = 100 · MS / MC (1)
MS = MS2 –MS1 (2)
MC = MC1 –MC2 (3)

CE is the collection efficiency of the sampler expressed as a percentage; MS is the total mass
of material collected by the sampler head; MS1 and MS2 are the sampler head masses before 
and after sampling; MC is the total mass of material removed from the coupons; MC1 and MC2 
are the coupon masses before and after sampling.

From these equations an uncertainty analysis was conducted prior to testing to determine the
optimum coupon size that would provide the greatest accuracy of the results. Consequently, 
the size of the sample coupons was chosen to reduce the uncertainty but also to ensure 
machinability during sampling. 

Collection efficiencies were markedly affected by salt properties.  The collection efficiency 
was 99.6 +0.4 / - 2.2 % at expected operating conditions. Calculated efficiency values over 
100 % are due to the theoretical uncertainties of the instrumentation. For the salt samples, the 
measured collection efficiency was 82.1 +17.1 / - 24.9 %. The salt simulant used for testing 
was expected to be similar to salt coatings on the tank walls, where the salts are very
hygroscopic. That is, the salts liquefy somewhat during short term testing. Overnight, the 
samples liquefy completely at standard shop conditions. In the waste tanks, the salts have
been observed to liquefy during the summer into a transparent film, and solidify to a white
film on the walls in cooler months. Tank 18 was spray washed in 2002 using low pressure 
and low volume. Tank 19 was spray washed in 2001 and was pressure washed using high 
pressure in 2009. A thin film of salt may, or may not, be present after pressure washing. 
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Waste tank sampling was performed during summer, and the thin transparent film (0.004”)
was initially expected in the waste tanks.

In EDL testing, a test anomaly was noted due to salt liquefaction. The liquid passed through 
the filter, and salt accumulation was observed in the tubing downstream of the sampler head,
following tubing disassembly. The effects of this phenomennon were not investigated for 
other than test conditions. Tests for the rusted, salt coated coupons are also affected by salt 
properties. Neither salt liquefaction effects on efficiency or efficiency of corrosion alone 
were investigated. Given this limitation of the rusted, salt coupon results, the collection 
efficiency is 99.3 + 0.7 / - 3.7 %. The following discussion supports these statements.

4.2 TEST PREPARATION 

4.2.1 Test Specifications 

Required testing consisted of three series of tests; one series using polished steel coupons, 
one series using coupons with a layer of salt, and one series using coupons with a layer of 
corrosion and a layer of salt (Table 1).  A series consisted of three separate sample pairs, 
where two coupons were sampled using one filter.  Two samples per filter duplicated the 
sampling technique initially planned for Tanks 18 and 19. 

Table 1: Test Specifications

Series
Number

Test
Number

Test
Name

Coupon
Coating

Number of Coupons
Sampled per Test

1 Polished Steel None 2
2 Polished Steel None 21
3 Polished Steel None 2
4 Salt Salt 2
5 Salt Salt 22
6 Salt Salt 2
7 Salt + Rust Corrosion + Salt 2
8 Salt + Rust Corrosion + Salt 23
9 Salt + Rust Corrosion + Salt 2

4.2.2 Test Procedure

Testing consisted of installing a sample coupon into the test plate, and drilling a sample to 
the required depth. To document test results, sampler heads, filters, and coupons were
weighed before and after sampling, and the depths of sample holes were measured.

After weighing, the filter was installed in the sampler head. The head was attached to the 
sampler. The coupon was attached to the test plate. The sampler, which was mounted to a 
mobile lift table, was moved to place the electromagnets against the plate. The sampler was
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then operated.  A metal frame, attached to the EDL test plate, aided the alignment of the 
sampler to the coupon.  Sampler position was verified and then the electromagnets were 
energized.  The flow to the eductor was first initiated and set to test conditions.  Then the 
flow to the drill motor was started and set to test conditions.  The flow to the linear motor
was started to advance the drill to the coupon.  The supply air to the linear motor was set and 
maintained by a pressure regulator.  A stopwatch was started when the linear motor was 
started to measure the advance time.  The advance time was complete when the cone-head
screws contacted the plate.  A feeler gauge was used to determine when contact was made,
and in addition, the vibration of the drill bit could be felt through the plate, which was a good 
indicator of completion of the sample.  At the end of the sample, the vacuum and drill motor
were stopped.  The linear motor was started in retract and the stopwatch was started to time
the retract event.  At the end of the retraction, the air supply to the linear motor was stopped, 
and the equipment was put in a safe condition.

Final weights were obtained after sampling was complete. The head was carefully
disassembled to remove the filter and loose debris, and the loose debris was added to the
filter and weighed.  The coupons were weighed and the sampler head was then weighed.  The 
pre-test and post-test masses were used to determine the collection efficiencies of the tests. 

4.2.3 Mass of Material Collected by the Sampler Head

As testing progressed, it became apparent that all of the material removed from the coupons
was not collecting on the filter.  During initial testing of steel, a small portion of material
passed through the filter as indicated by staining of the downstream side of filters. A 
somewhat larger portion was retained in the internal passageways of the head.  Some
material was deposited on the surfaces of the passageways (Figure 37), and some continuous 
chips from the drill bit were entangled with the collar spring and the drill bit (Figure 38). 
From this EDL finding, two efficiencies were presented in this report: collection efficiencies 
of the filters only and collection efficiencies of the entire sampler heads. These efficiencies
are reported in the conclusion of this report. Also, as a result of this finding, sampler heads 
were completely disassembled and thoroughly emptied at EDL during testing and in the 
SRNL lab after delivery of samples from Tank 18 and Tank 19. The filter cavity, the drill 
cavity, and the passage between them were all carefully cleaned to obtain all sampled
material from the tanks.
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Figure 37: Material Coating the Sampler Surfaces Following Steel Sampling 
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Figure 38: Large Chips Clogged in Drill Cavity 

For the filter only collection efficiency, the mass of material collected by the filter only (MSF)
was determined by subtracting the pre-test mass of the filter (MSF1) from the post-test mass
(MSF2).

MSF = MSF2 – MSF1 (filter only) (4)

For the entire head collection efficiency, the mass of material collected by the entire head 
(MSH) was determined by subtracting the pre-test mass of the head (MSH1) from the post-test 
mass of the head (MSH2) and included the mass collected by the filter (MSF).

MSH = MSH2 – MSH1 + MSF (entire head) (5)

4.2.4 Mass of Material Removed from Steel Sample Coupons 

The mass of material removed from the polished steel coupons (Figure 39 and Figure 40) 
was determined by subtracting the post-test coupon mass from the pre-test coupon mass.  To 
duplicate planned sampling operations of sampling in the tanks, two coupons were sampled
for each test.  Therefore, the mass removed from the coupons (MC) was the post-test mass of
each coupon (MCa2 and MCb2) subtracted from its corresponding pre-test mass (MCa1 and 
MCb1).

MCP = MCa1 – MCa2 + (MCb1 – MCb2)  
or (polished steel coupons) 

  MCP = MCa1 + MCb1 – (MCa2 + MCb2) (6)

MCP is the mass removed from the polished steel coupons.
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Figure 39: Typical Drilled Steel Sample Coupon 
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Figure 40: Collected Steel Sample Removed From Sampler 

4.2.5 Mass of Material Removed from Salt Sample Coupons 

Determining the mass of material removed from the coupons was complicated for those with 
salt residue.  The salt cake was hygroscopic, which made acquiring a stable pre-test and post-
test mass difficult. Techniques were developed to minimize liquefaction of salts, and ensure 
that pre-test weights did not change during measurements. A salt sample liquefying at 
atmospheric conditions is shown in Figure 41. Another complication with the salt and 
corrosion/salt coupons arose during initial testing. The salt layer was structurally unstable, 
and the salt had a tendency to crumble or break apart upon contact.  Crumbling and breakage 
was noticed when the collar contacted the salt layer and while drilling into the steel of the 
coupon, due to vibrations caused by the bit.  Figure 42 shows a Salt + Rust coupon after 
sampling; a portion of the left side of the salt layer, outside of the collar, broke off during the 
sample operation. An undamaged Salt sample is shown in Figure 43, and a typical sample
collected on a filter is shown in Figure 44, where some of the salt was shown to liquefy and 
pass through the filter.

Collection efficiencies were shown to be directly related to the mass of the sample collected
as compared to the mass of the salt collected: the larger the sample, the greater the efficiency.
One implication is that, an excellent efficiency may be obtained by simply increasing the size
of the sample collected (i.e. increase drill depth).
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Figure 41: Liquefying Salt Sample

Figure 42: Salt + Rust Sample Coupon with Portion of Salt Cake Detached 
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Figure 43: Undamaged Salt Sample

Figure 44: Collected Salt Sample 
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Figure 45: Collection Tray Mounted on EDL Test Plate

The problems associated with structural instability of the salt layer were addressed by 
different methods.  First, a collection tray was attached to the plate directly below the 
coupons. Any salt material falling from the coupon was caught by the tray (Figure 45).  The 
amount of material that fell into the collection tray was determined by subtracting the pre-test 
mass of the collection tray (MCT1) from the post-test mass (MCT2).  The mass of the material
that fell into the collection tray was added back to the post-test masses of the coupons. 
Therefore, for coupons with salt, Equation 6 yields: 

MCR = MCa1 + MCb1 – [MCa2 + MCb2 + MCT2 - MCT1)]  
or                                                                   (coupons with salt residue) 

MCR = MCa1 + MCb1 + MCT1 – MCa2 - MCb2 - MCT2 (7)

Second, the operating sequence of a sampling process was changed.  During initial testing 
with salt, some loose material outside of the collar was vacuumed into the head as it retracted
from the coupon.  This produced a biased result due to the additional material collected.  The 
sequence of operation was changed so that the vacuum and the drill motor were stopped prior 
to retraction.  This allowed loose material outside of the collar to fall into the collection tray
during retraction. 
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Several actions were taken to limit the hygroscopic effects on sampling, and resolve the mass
instability issue of the salt coupons.  Samples were transported to and from testing in sealed 
containers. The items with salt (coupons, filters, sampler head, and collection tray) were kept 
in a desiccator when not used for testing.  Trays of desiccant were placed in the enclosure of
the analytical balance when the items with salt were being weighed (Figure 46 and Figure 
47).  Samples were allowed to dry after coupon drilling and before weighing. These practices 
established and maintained a relatively consistent moisture level of the salt for the weighing 
process.  Also, an uncertainty due to hygroscopic effects was derived from multiple, repeated
masses of items with salt and applied to the uncertainty of the collection efficiency
(Appendix B). 

Figure 46: Sampler Weighing Station 
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Figure 47: Sampler Weighing with Installed Dessicant 

4.3 EDL TEST RESULTS 

Collection efficiencies constitute the required EDL test results. Before considering the 
collection efficiencies, closing comments about EDL sampler operation are provided.
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4.3.1 Sampler Operation and Testing at EDL

Much of the sampler operation was discussed above to describe the basic sampler operation. 
Sampler adjustments were made during testing, which affected material drilling and sampler
operating times.

4.3.1.1 Sampler Material Removal

The amount of material removed was affected by the depth of the drilled hole, which was set 
by adjusting the two cone head screws on the sampler head adjacent to the drill bit. By 
adding or subtracting shims to the base of two cone head screws, the drill depth was
controlled since the sampler is designed to advance the drill bit until the two points touch the 
wall. The Salt coupons had a drill depth of 0.00 inches, i.e. only the salt cake was removed; 
and the other coupons had a drill depth of 0.060 inches or 0.125 inches.  The 0.0 inch drill 
depth removed a relatively small amount of material compared to the other coupons, where 
the mass of sample the sample material was approximately 0.3 grams for salt coupons versus
as much as 2.5 grams for the Salt + Rust coupons. Salt collected on the filter had a tendency 
to liquefy, wick through the filter, as evidenced by observation of the passageway 
downstream of the filter which revealed very fine particulates of a salt residue.

4.3.1.2 Operating Times for the Sampler

During testing, the sampling time was measured for different materials and operating 
conditions to establish the completion time for a sample. In addition to monitoring the 
sampling time, measuring the gap between the cone-head screws, or points, and the plate or 
coupon was another method to determine when sampling was complete. Sampling was 
complete when the points touched the plate, and sampling times were initially on the order of 
3 minutes or less, and a sampling time of 4 minutes was established to ensure a complete
sample.  Later, after changing operating parameters and changing the drill-force springs with 
stiffer springs, the sampling was typically complete in about 1 minute. Even so, a 4 minute
operating time was still conservatively recommended to SRR. Occasionally, sampling took 
longer than 4 minutes due to dulling of the drill bit, and a shallower hole was drilled.  Before 
bits dulled, up to a dozen holes could typically be drilled in the A285 steel coupons or the 
A36 wall plate, which had comparable hardness. When drilling in steel twice as hard as the
A285 steel, only a few holes were drilled per bit, and the bits were significantly dulled after 
the second hole. The effect of harder steel can be seen in coupons Spare 6 through Spare 11 
(Figure 48). A significant amount of drilling data was obtained. 

4.3.1.3 Drilling

Drill data was obtained for test coupons and the steel test plate, as shown in Figure 48.  The 
figure shows the drill depth setting and the corresponding actual depth of drilled holes. Since 
the settings varied from the actual drilled depths, all samplers were tested for drill depths at 
EDL to ensure that samples were drilled to the correct depths in FTF and T-Area.

- 57 - 



SRNS-STI-2009-00416, REVISION 0 

Hole Depth (Center)
Plate, Spare & Plain Coupons

0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.070

0 20 40 60 8

Trial

D
ep

th
 (i

n)

0

Setting
Measured Depth

TK-18-1

TK-18-2

TK-19-1

TK-19-2

SP2

Plain
Coupons

Spare Coupons

Head SP1 UOS

Replaced Drill Bit

Thinner couponsHarder coupons

Replaced Drill Bit Replaced Drill Bit

PlatePlate

TK-18-1

TK-18-1
Note 1

TK-18-2

TK-19-1
Note 1

TK-19-2
Note 1

TK-19-2

TK-19-1

SP3

Head SP2 UOS

SP1
(Plate)

Plain Coupons

1

2

3

7

8

9

11

13

15

17

18

20 21
22

23

Spare1
Spare 2

Spare 3

Spare 4

Spare 5

Spare 6

Spare 8

Spare 9

Spare 7

Spare 10

Spare 11

Spare 13

Spare 14

Spare 16

Spare 15

Spare 17

Spare 18

Spare 19 Spare 20

1A
1B

2A
3A

3B

2B

26

27

29
19

10

12
14

16

30

P2

P3

38

P1

34

31

32 33

35

36

28

37

P6
P4

Replaced Drill Bit

Notes:  1.  Replaced drill bit after failed initial test.
  2.  Drill depth tested at ~0.030in.
  3.  Designator next to measured depth is

  hole number in plate or coupon number.

Note 2 Note 2

P5

Note 3

Replaced Drill Bit

SP3

Figure 48:  Hole Depths of Samples

4.3.2 Calculated Collection Efficiencies

Collection efficiencies are listed in Table 2 and are graphically depicted in Figure 49.  The
figure also includes results from initial testing with sample coupons prior to changing the 
operating parameters. Results are listed in the table from two different calculation 
procedures. The first calculation procedure determined the efficiency using only the masses
of the filter and the collected sample material. The second calculation procedure used the 
masses of the sampler head, the filter, and the material. From the table, consistently higher 
efficiencies were calculated from the second calculation procedure. Consequently, EDL 
endorsed this procedure, and recommendations were followed during SRNL disassembly of
all FTF samples to clean out the entire sampler assemblies instead of only the filter cavities
of the samplers. Both efficiencies and uncertainties are listed in the table.

The calculated efficiency results strongly reflect material properties. The calculated 
efficiencies listed in the table reflect instrument uncertainties, and the efficiencies
theoretically exceed 100 percent. However, actual efficiencies are limited to a maximum of
100 percent. Consequently, the efficiencies are noted in the body of the report to be limited to 
100 %. Then, efficiencies for polished steel (99.6 +0.4 / - 1.5 and %, and 99.6 +0.4 % / - 2.2 
%) were comparable both before and after operating parameters were changed at EDL. The
possibility of efficiencies greater than 100 % is due to instrument errors. The salt efficiencies 
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varied widely (82.1 +17.1 % / - 24.9 %). High efficiencies were obtained (99.3 +0.7 % / -3.7 
%) for the Salt + Rust samples, but efforts to specifically evaluate rust capture by the filters
or the effects of salt thickness on efficiency were not pursued. 

Calculated uncertainties are listed along with collection efficiencies in Table 2.  The 
uncertainty of each individual test was calculated using the tolerances of the respective
instruments and, in the case of coupons with salt, included a large uncertainty due to 
hygroscopic effects.  The uncertainty of the average was based on the standard deviation of 
the three respective tests and also included the instrument uncertainty and hygroscopic 
uncertainties (Appendix B). Note that the average uncertainties are considerably larger than
the individual uncertainties. The increase in uncertainty is due to the small sample population 
of three tests. The accuracy of the uncertainty could have been increased with a greater 
number of tests, but the required accuracy requested from SRR was met with three samples.
For example, the recommended 95 % confidence level for the three initial steel coupons 
listed in Table 2 is ± 2.2 %.  If only two coupons were tested at EDL, the total uncertainty 
would have been on the order of ± 6.4 %, assuming a similar distribution of test results. If ten 
or thirty coupons were used, the uncertainty would have been on the order of 1.2 % or 1.1 %,
respectively.  Accordingly, three tests are commonly performed in laboratory testing to 
achieve reasonable accuracy, while limiting costs.
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Figure 49: Collection Efficiencies
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Table 2: Collection Efficiency Test Results from EDL 

Filter and material Head, filter, and material 
Test Collection

Efficiency (%)
+/- Uncertainty1

(%)
Collection
Efficiency (%)

+/- Uncertainty1

(%)
Polished6

steel, before 
changes

98.3 0.2 99.9 0.2

Polished6

steel, before 
changes

99.0 0.2 99.8 0.2

Polished6

steel, before 
changes

97.5 0.2 99.0 0.2

Average 98.3 3.2 99.6 2.2
Salt 85.8 8.3 88.3 8.5
Salt 42.4 6.6 79.1 7.8
Salt 74.3 6.5 78.7 6.7

Average 67.5 97.22 82.1 24.92

Polished
steel, after 
changes

101.03 0.2 99.5 0.2

Polished
steel, after 
changes

71.0 0.1 99.4 0.2

Polished
steel, after 
changes

75.5 0.1 100.0 0.2

Average 82.5 69.74 99.6 1.5
Salt + Rust 88.7 0.9 99.0 0.9
Salt + Rust 96.5 0.8 100.35 0.8
Salt + Rust 94.6 0.8 98.8 0.9
Average 93.3 17.54 99.3 3.7

1. The uncertainty of each individual test included the instrument uncertainty and hygroscopic uncertainty, which was
applied only to coupons with salt.  The average uncertainty was based on the standard deviation of the three respective
tests and included the instrument and hygroscopic uncertainties (as applicable).

2.  A large variation in collection efficiencies was evident. The salt coupon tests collected salt only (no metal), which meant
a much smaller mass of material collected compared to the other tests.  Significant variations in the efficiency were
caused by small salt masses compared to relatively large instrument errors, hygroscopic material changes, and lost
material through the filter.

3. This efficiency greater than 100% was caused by added material shaved from the ID of the collar surrounding the drill bit.
The drill bit cut into the drill collar on only one occasion.

4. The unexpectedly large uncertainty for the second set of polished steel coupons and the Salt + Rust coupons was due to a 
significant amount of material becoming entangled in the components of the sampler head for a few of the tests.

5.  This efficiency greater than 100% was most likely due to cumulative instrument uncertainty.
6.  Two polished steel tests were conducted, one prior to EDL operational changes resulting from T-area tests and one after.
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5.0

5.1

SRR MAST DESIGN AND INSTALLATION 

MAST AND SAMPLER COMPONENTS 

The SRR mast design used the EDL supplied sampler and sampler heads. The completed 
assembly consisted of several major components, shown in figures (Figure 50 and Figure 
51).

The installation procedures for Tanks 18 and 19 consisted of numerous steps, related to the
equipment. The mast assembly was encased in a flexible plastic sleeve to maintain
radioactive contamination control. Although not used in T-Area, the sleeve connected to a 
yellow plastic hut built for working with the sampler. As the mast was lowered, the sampler
was accessed in the hut. The base of the sampler was a 3 inch thick plate designed to cover 
23 inch openings at the tank tops, referred to as risers.  The vertical mast was raised, or
lowered through this plate and fixed in position to obtain required heights for wall samples.
A cantilevered arm was hinged at the bottom of the mast, and the controls were connected at 
the top of the mast. The sampler was positioned near the end of the arm, and was lowered 
into position using a cable connected to a manually operated winch, which was located above
the tank. On the arm the bubble in a leveling device was observed. This device was 
fabricated from a carpenter’s level. When the arm was lowered, the bubble in the level was
observed with a remote camera to level the arm to ensure perpendicularity to the wall at 
either T-Area or FTF. Once the arm was leveled, an air actuated cylinder then guided the
sampler along the arm until the electromagnets touched the wall. The mast mounted camera
was then used to ensure that the electromagnets were properly aligned before energizing the 
electromagnets. The level was re-checked, and sampling was performed. To obtain samples,
the sampler control system, though different from the EDL control system, performed the
same functions as the EDL controls. The SRR control system is shown in Appendix H. A 
mast mounted camera and a fixed focal length camera mounted to the bottom of the sampler
were used to determine that the sample was complete. The recommended time to machine a 
sample was used to direct the sampling effort, but success was established by simply looking 
at the wall surface after drilling, i.e., shiny steel was the objective. After collecting a sample,
the mast was raised until the sampler head was accessible in the hut. Extended tools were 
used to disassemble the captive hardware on the sampler head and minimized personnel 
radiation exposure. The head was then placed in a paint can for transport. The sampler head
was then changed to repeat the process for other samples, or the mast was removed from the
tank.
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Figure 50: Installation Procedure for Tank 18

(T. France)
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Figure 51: Installation Procedure for Tank 19

(T. France)

5.2 MAST AND SAMPLER EVALUATION IN T-AREA 

To ensure sampling success in the waste tanks, the completed mast, sampler, and controls 
were evaluated at full scale in T-Area. Evaluation consisted of installing the mast by crane
through a full scale riser opening, lowering the mast into position, operating the sampler,
removing the mast assembly by crane, and removing and packaging a sample. These steps 
were performed using the same mast mounted camera equipment available to FTF. Other 
than the huts at the tank tops and contamination concerns, T-Area testing conditions were 
comparable to FTF. Installation of the assembly in T-Area is shown in Figure 54 through 
Figure 60. A few minor changes were made to the mast, but it functioned as designed, and 
workers learned to operate the equipment efficiently before working in FTF. The first holes 
were successfully drilled in a clean ground surface on the Full Tank wall, (Figure 61). Initial 
attempts to drill rusted surfaces were ineffective.
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5.2.1 Rust Concern in T-Area 

The sampler was shown to be unreliable on rusted surfaces, which meant that similar results
could be expected in FTF. Typically, only one or two holes could be drilled before the bit
became dull and drilling could not proceed. Occasionally, the mast was pushed by hand 
toward the wall to obtain a sample. In one case, a tested sampler would not drill a hole, and 
the sampler head was returned to EDL where it successfully drilled a hole in the EDL test 
plate, using the spare sampler. Also, a standard portable drill successfully drilled holes in the 
wall in T-Area. EDL investigated and resolved the problem as discussed below. 

5.2.2 Resolution of for Sampler Resonance Failure Mechanism 

Materials testing and vibration analysis were used to resolve the fact that the sampler would 
only drill one hole in a rusted surface, and even one hole was not certain. First, hardness
testing showed that the hardness of the Full Tank wall was comparable to materials tested at 
EDL. Portable Vickers hardness testing equipment was used to measure the force on a small
striker. This data was converted to Brinnel hardnesses, and materials were eliminated as a 
major contributor to drill bit failure. Following hardness testing, vibration analysis was 
performed to resolve the problem. The root cause of inadequate drilling was identified as
drill bit chattering, induced by the coupling of the resonant frequency of the spring with a
critical speed of the motor.

The vibration of the drill motor was measured, the natural frequency of the spring was 
measured, and the two frequencies were compared to show that the system was resonant. For 
resonance to occur, one of the natural frequencies of a structural component must be excited 
by a cyclic force of the same frequency. In this case, the frequency of drill bit chattering due 
to motor rotation equaled the spring frequency (cycles per second), and the system was
unstable. The soft rust material permitted chattering to start at the drill bit tip, and the bit 
oscillated on and off of the surface, which increased the wear rate of the drill bit. This 
resonant condition is typically referred to as a motor critical speed.

Although operating at a critical speed was not previously identified, the chattering problems
at West Valley, Oak Ridge, and now SRS were clearly related to system resonance of the 
drill / spring system. The springs were replaced with stiffer springs, which permitted drilling
of six holes in the rusted tank wall surfaces in T-Area. Since only two holes were planned to 
be drilled with each sampler head, this improvement was adequate to move the sampler
assembly to FTF. Further improvements to drill bit life could have been made by modifying 
the drill bits, using a different spring design, or other alternatives, but the design was 
complete. Holes were successfully drilled in rusted surfaces. 

With respect to the critical speed problem for this design, vibration analysis clearly showed 
that drill bit chatter occurs in some cases for the initial design of the Tanks 18 and 19 wall 
sampler. Changing the spring increased end mill bit life during testing by reducing
resonance. Figure 52 shows vibrations for drilling a hole, where expected vibrations occurred
at multiples of running speed at approximately 485 rpm (cpm, cycles per minute). The lower 
frequency rubbing vibrations due to drilling are seen at the left of the figure. Some minor
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vibrations at multiples of one times running speed are observed, which were due to normally
expected vibrations due to motor rotation. Of interest to chattering, vibrations at multiples of
two times running speed (f = 485 rpm · 2 = 970 cpm, cycles per minute) occurred, which are 
the result of chattering, or tapping, of the two drill bit flutes during each revolution. In T-
Area drilling of rusted surfaces, the springs were also observed to vibrate excessively at 
higher mode frequencies during chattering.

Figure 52: Motor Vibration Before Spring Change 

To determine modal frequencies, the first mode was measured by hanging a weight on each 
spring, letting the weight drop, and counting the vibration cycles. First mode frequencies, fi,
were identified as approximately 120 cpm and 180 cpm for the two springs; McMaster - 
Carr,  94135K44 and 94135K46 respectively. Higher mode frequencies were calculated from 
f = (i) · (first mode), where i equals the mode and f equals the frequency.

The resonant condition is described by Figure 53. In the figure transmissibility is shown, 
which is described in detail in Appendix E. Appendix E develops new vibration theory to 
explain the sampler resonance problem, where Figure 15 of the attached paper is the basis for 
Fig. 53. In this case, the transmissibility shows the amplification of vibration due to 
chattering. The effects of replacing the spring are also shown in the figure. To use the figure, 
f / fi is required, where f / fi = critical speed / natural frequency. For the original spring, the
frequency equals f / fi = 970 / 120 = 8.08. Assume damping of � = 0.005, which is a typical 
minimum for springs. Then, the transmissibility is read directly from the figure as 56.8. This 
value means that any vibration at the drill bit tip is multiplied by a factor of 56.8, or more. 

For the replacement spring, the relationship between the two springs is required, and this 
relationship is defined by the spring equation, and the transmissibility, TR, equation 

 F = - k · x       (8)

TR = xmax · k / F (9)

where k is a spring constant, x is the deflection, xmax is the maximum deflection, and F is an 
applied force. Per manufacturer’s data, the original spring deflects 5.75” for a 21.39 pound 
force, and the spring operated with a 5” deflection on the sampler. The replacement spring 
deflects 5.50” for a 37.13 pound force, and operated with a 7” deflection. To use the figure, a 
ratio of spring constants is required. Using the above data, 
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A second transmissibility curve is generated by multiplying 0.5844 (Equation 10) times the 
original spring response curve to obtain the replacement spring response curve in the figure. 
Using f / fi = 970 / 180 = 5.39, the transmissibility is read directly from the figure as 8.3. 
Accordingly, the transmissibilty was decreased from 56.8 to 8.3; a factor of 684 %. The 
forces induced during chattering were reduced by a factor of more than six. 

Figure 53: Sampler Resonance 

In other words, the soft layer of rust permitted the start of chattering and the interaction of the 
chattering with the resonant spring caused the spring to resonate as observed by excessive
vibrations during sampler operation. The increased surface area in contact with the drilled
material increased the force on the bit to initiate chattering. The spring vibration in turn 
exaggerated chattering and rapidly dulled the tip of the bit to reduce the number of drilled
holes. On unrusted plates, 10 - 12 holes were drilled with a single bit before getting dull. Bits
that would not drill a rusted plate were later found to easily drill an unrusted plate. The 
unique test results were explained through resonance. 
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The replacement spring decreased resonance affects and increased the number of drilled 
holes. Changing the relief angle on the drill bit also improved drilling, but was not fully 
investigated. West Valley noted that changing the drill bit point angle also improved 
performance. Replacing the spring resulted in successful drilling of six holes in steel, which 
concluded testing. Testing at T-Area also concluded that the sampler does not operate 
properly near 100º F, which were well above the expected tank temperatures during testing. 
Heating of components may have loosened parts, and decreased damping, thereby increasing 
resonant effects. Vibration data was not collected after the springs were replaced. Again, 
further investigation was not pursued, since the sampler drilled half a dozen holes at expected 
design conditions.

Recommended improvements to minimize drill bit chattering are to further investigate drill 
bit relief angle and drill point angle effects, increase the spring force, and install damping to
lower the resonant response of the sampler. Drill changes seem to be the most promising
recommendation. The springs could be eliminated, but low frequency resonant vibrations 
from the mast would then couple to the sampler and affect chattering. A stronger 
electromagnet can be used to improve drilling of thick materials on the tank walls, but 
significant increases in force are limited by the size of the electromagnets with respect to the 
riser opening in the tank top. 

Figure 54: Sampler Lowering into a Simulated Riser Opening
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Figure 55: Sampler Passing Through a Simulated Riser Opening 

Figure 56: Plan View of Installed Sampler in T-Area 
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Figure 57: Mounting Plate and Mast in T-Area 

Figure 58: Mast Arm in Vertical Position
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Figure 59: Mast Arm in Leveled Position 

Figure 60: Sampler Attached to Wall in T-Area
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Figure 61: Samples at T-Area on an Unrusted Surface 

.3 MAST AND SAMPLER INSTALLATION IN FTF 

he mast assembly was lowered by crane into the two tanks until the desired sampling

able 3: Elevation Requirements for Tank Samples

ample
ent

Tank 18, Upper Tank 18, Lower Tank 19, Upper Tank 19, Lower 

5

T
elevations were reached in each tank. FTF engineering established the recommended 
elevations to acquire representative samples for characterization of the activity in the tanks
(Table 3). Sampler operations were similar to those performed in T-Area, but an additional
video camera was installed in other tank risers to provide an overall view of the mast and 
sampler. Photos of sampler installation above and inside the tank are shown in Figure 62 
through Figure 65. 

T

S
requirem
Elevation from >15 6  - 15 >7 6 - 7 
tank bottom, ft 
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Figure 62: Mast and Sampler Installation in Tank 19 
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Figure 63: Mast and Sampler Installation in Tank 19 
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Figure 64: Sampler Installed in Tank 18, Upper Sample 
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Figure 65: Close-up of Sampler Installed in Tank 18 

6.0

6.1

FTF SAMPLING RESULTS 

FTF SAMPLING 

Samples were obtained below the Northeast riser in Tank 18 and Southeast riser in Tank 19. 
The performance of the sampler varied between Tank 18 and Tank 19. Even so, samples
were collected from each tank at the required elevations. Results that completely fulfill 
sampling requirements are referred to as the Tank 18 upper sample, Tank 18 lower sample,
Tank 19 upper sample, and Tank 19 lower sample. One of the sample attempts provided 
negligible sample material, and is listed in the table as the second sample attempt. Performed
testing is summarized in Table 4, Figure 66 and Figure 67. These test results are discussed 
below.
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Table 4: Tank 18 and Tank 19 Test Summary

Sampler
Head
Number

Tank Elevation
from tank
floor
ft

Drill
time,
min

Rad
rates, @ 
2” mrem, 
extremity

Figure
number

Date Results

19’ 8-7/16” 0.17
6’ 3” 2
6’ 6 “ 5
6’ 9” 4.5

TK 18-2 18

7’ 0” 6

2000 Figure 80 9/2 Scale sample: Brown 
material, 1/16” – 1/8” 
diameter stone shaped 
material, similar to 
dried clay. Two shallow 
holes and some chips 
from the waste on the 
wall. One shallow hole 
appeared black at the
bottom of the hole. 

10’ 3-7/16” 4SP3 18
9’ 9-7/16” 13

--- Figure 82 9/3 Second sample attempt:
Two small waste chips 
removed.  Negligible 
material.

17’ 0” 8TK 18-1 18

17’ 1” 0.82

1500 Figure 68
Figure 84 

9/3 Tank 18 Upper 
sample: Bare metal on 
one hole. Exposed 
corrosion in the bottom
of the second hole. 
Reddish brown dust 
like material and some
metal chips.

10’ 7/16” 10.5SP4 18
11’6-7/16” 24

4000 Figure 70
Figure 72 
Figure 89 

9/24 Tank 18 Lower
sample: Bare metal on 
one hole, black 
crystalline material and
some metal chips, small
chip on second hole. 
Drill depth was 
changed to 0.125”. 

7’ 3” 4.32TK19-1 19
8’ 0” 4.45

13

Figure 74 

10/7 Tank 19 Upper 
sample: Two complete
holes drilled, numerous
metal chips.

6’ 9” 4.43TK 19-2 19
7’ 0” 4

37 Figure 90 10/7 Tank 19 Lower
sample: Two complete
holes drilled, numerous
metal chips.
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Figure 66: Tank 18 Wall Sampling Results 
Note: Location C is above the stiffener. 
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Figure 67: Tank 19 Wall Sampling Results 

Upper samples

Lower samples

Tank 19 Southeast riser, Approximate sample locations
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6.1.1 Tank 18 Samples 

In Tank 18, at least one sample was obtained at each of the required elevations, and sufficient
material was collected for SRNL analysis. The walls were not pressure washed, and
accumulated waste on the walls prevented the electromagnets from operating properly.
Several samples were collected.

For the scale sample, material was collected at several locations, and most of the material
was collected between 6 feet and 7 feet, where the scale thickness appeared to be about 3/8 
inch thick. The scale sample was the first sample to be collected using the sampler.

The second attempt failed to collect an adequate sample.

When the upper sample was collected, the sampler and arm were wedged between the tank 
wall and an abandoned transfer pump, as shown in Figure 64. When the sampler was 
operated to collect the upper sample, a large vibration response due to drill bit chattering 
shook the sampler between the wall and the transfer pump. The effects of resonance had been 
reduced, but not eliminated. The sampler would have vibrated with forces many times higher 
if the spring design had not been changed, and a sample would not have been collected. Even 
so, a sample was ground from the wall steel surface as the drill bit scraped horizontally along
the tank wall.

For the lower steel sample, the sampler did not initially collect material. The mast was 
shaken at the tank top, and the drill bit scraped down along the wall and ground off a sample,
which included surface steel from the tank wall.

6.1.2 Tank 19 Samples 

In Tank 19, the walls were cleaned by pressure washing and the sampler drilled holes as
expected. Two holes were drilled with each of two samplers and the samplers were
transported to SRNL.

The only concern with respect to sampling occurred when the arm of the mast was
inadvertently lowered to a vertical position during the Tank 19 lower sample, and chips could
have fallen from the sampler drill opening. One sample hole was drilled for the sampler head, 
and the arm was lowered while raising the mast before the second hole was drilled. To 
determine if metal chips could have fallen from the drill opening, one of the actual sampler
heads full of radioactively contaminated metal chips was demonstrated to retain chips after
delivery to SRNL. The sampler head was vigorously struck with a screw driver with the drill 
opening facing downward, and no chips fell from the sampler. The magnetic properties of the 
chips prevented any material loss from that sampler head. 

To complete the FTF experimental results, discussions follow to consider surface area 
calculations which provide a description of the sampler performance in the tanks, a 
discussion to describe sampler materials delivered to SRNL for activity analysis, and finally
a concise summary of the FTF sampling.
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6.2 SURFACE AREA ESTIMATES FOR TANK 18 AND TANK 19 WALL SAMPLES

The sampler design used for obtaining wall samples for these two tanks was successful in
both Tank 18 and Tank 19 for collection of material down through coatings and corrosion to 
steel surfaces. In Tank 19, two ½ inch diameter by 1/16 inch deep holes were drilled into the
wall for each of two sampler heads: a total of four holes. The surface area for each sampler
equals the area of two 0.500 + 0.020”-0.000” diameter holes, based on the fact that 
laboratory testing showed that all holes drilled with the sampler were within these tolerances.
Pairs of samples were taken above and below 7 feet in Tank 19. In Tank 18, holes were not 
drilled at all, but instead the sampler drill bit scraped, or ground, material down to bare steel 
on the tank wall. Although more than one sampling was attempted at the upper and lower 
levels, only one sample attempt at each level collected wall material down to bare steel. 
Additional material was removed from the wall and collected in the sampler heads, but its 
volume cannot be calculated, and was conservatively neglected here. That is, only the area of
exposed steel was used here to conservatively estimate surface areas. Surface areas were 
estimated to determine the activity (μCuries) per unit area for the sample areas only. 

The Tank 18 surface area estimate is conservative since the use of a smaller surface area 
increases the prediction of total activity per unit area. That is, the radioactive material
collected in the Tank 18 sampler heads was collected from a larger surface area than the
surface areas provided in this report, and consequently any activity calculated using the 
material collected in the sampler and this surface area will yield a higher activity per unit 
area, which may be conservative by as much as 75%, or more, in Tank 18. Inspection of the 
lower Tank 18 sample in Figure 71 shows that the exposed steel area is nearly ¼ of the total 
area machined by the sampler. Considering the fact that a second hole was also attempted
with the sampler head, the 75% estimate is reasonable. Inspection of the upper Tank 18 
sample shows that the calculation error is probably much less than 75%, but the error cannot 
be determined since the amount of material scraped from the wall outside of the bare metal
area is undetermined as is the material collected at the second drill site. In short, surface area 
calculations were based on minimum calculated areas. For the Tank 18 upper samples, the 
calculated surface area exceeded 0.196 in2 (0.00136 ft2), and for the Tank 18 lower samples,
the surface area exceeded 0.063 in2 (0.000437 ft2).

In Tank 19, the calculated areas were in the range of 4% less than actual surface areas. This 
error is based on the errors observed in testing at EDL, where test holes varied in size due to 
wobbling of the drill bit in the sampler head. The surface area for the upper samples was
0.393 in2 (0.00273 ft2), and the surface area for the lower samples was the same, 0.393 in2

(0.00273 ft2). Billy West  (Certified Visual Testing Level II, ASNT SNT-TC-1A, 
ANSI/ASNT Cp-189-2001, and NAS 410), who performs SRR camera and video inspections
and evaluations for waste tanks, reviewed the draft calculation area estimates, and agrees 
with the surface area estimates for the wall samples collected from Tank 18 and Tank 19. 

6.2.1 Tank 18 Wall Samples 

Surface areas were required for Tank 18 samples at both the upper and lower sample
elevations. Those calculated areas follow.
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6.2.1.1 Tank 18 Upper Wall Samples

This conservative surface area estimate considered only one of the sample attempts, which is 
shown in Figure 68. Figure 69 shows a small chip collected for the second sample. The only 
discernable dimensions in the photo are the widths of the stamped characters in the sampler
head and the vertical diameter of the ground area. The character widths (No. 8, letter punch) 
vary from 0.200 – 0.250 “depending on the stamping depth. The vertical diameter equals the 
½ inch diameter drill bit hole, which was measured during numerous EDL (Engineering
Development Lab) shop tests to vary between 0.504 and 0.520 inches, where the minimum
hole diameter could be 0.500”, depending on wobbling of the drill bit in the sampler head. 
The character size can be used to scale the size of the cleared area. The slight ridges of 
material at the edges of the ground area are caused by the squared edge of the drill bit. These 
deductions demonstrate that the vertical dimension of the ground area equaled, or exceeded 
½ inch diameter. The cleared area was nearly 11/16 inch long, but the shadowed areas on the 
steel surface were chatter marks from the drill, which may contain corrosion products or
waste on the surface. Since the shadowed areas were indiscernible, only the shiny steel 
surfaces were considered. Consequently, the surface area was estimated as the area of a ½ 
inch diameter circle, such that

� � 2in_196.0
4

2500.0upper_18_TankArea_Surface �
�	

�

Also note that a scarred area about ¾ of an inch to the left of the bare steel may be the 
beginning of sampling, when the sampler started to vibrate between the wall and transfer 
pump. Additional material may have been collected by the sampler as it moved along the 
tank wall. 
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Figure 68: Tank 18 Upper Sample, Steel Removed from the Wall 

- 82 - 



SRNS-STI-2009-00416, REVISION 0 

Small chip of waste 
removed from wall

Figure 69: Tank 18 Lower Sample, Small Chip of Waste Removed from the Wall 

6.2.1.2 Tank 18 Lower Wall Samples

Again, only one sample attempt was conservatively calculated here, since only one sample
exposed a shiny steel surface on the tank wall, as shown in Figure 70 and Figure 71. Figure 
72 shows the second hole, which was drilled down to the corrosion layer, as indicated by the 
dark spot at the bottom of the hole where the color change from light to dark indicates the 
interface of two different materials. Figure 73 shows the approximate surface area of the 
hole. For this figure, the exposed steel diameter was smaller than the drill bit diameter, and 
the only reference dimension was the stamped character height on the sampler head (No. 4 
letter punch). Again, measured dimensions for these punches vary between 0.200 and 0.250 
inches, depending on the depth of the punch. Conservatively assuming that the character is 
0.200 inches, the exposed steel area slightly fills more than half of a 0.400 inch diameter
circle. Material removed from the surface above the exposed steel was also conservatively
neglected, since the amount of material cannot be quantified. Then, 

� � 2in_063.0
24

2400.0lower_18_TankArea_Surface �
�

�	
�
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During this lower sampling, the mast was moved horizontally at the tank top, the drill bit 
moved down the wall, and then collected the sample to bare metal.

Figure 70: Sampler Head and Tank 18 Lower Sample Area 

- 84 - 



SRNS-STI-2009-00416, REVISION 0 

Figure 71: Tank 18 Lower Sample Area 

(Same as Figure 70, but without sampler head)

- 85 - 



SRNS-STI-2009-00416, REVISION 0 

Figure 72: Partially Drilled Hole at Upper Level in Tank 18 
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0.4’ -
0.5”
0.4”-
0.5”

Figure 73: Dimensioned Tank 18 Lower Sample Area 

6.2.2 Tank 19 Wall Samples 

Since holes were completely drilled in Tank 19 as shown in Figure 74 and Figure 75, the 
surface areas were calculated directly from the diameters of the drilled holes, which were 
noted to equal 0.500 – 0.520 inches. Both the upper and lower samples each contained 
material from two drilled holes and the total surface area for collected material therefore 
equaled

� � � � 2in_393.0
4

2500.02lower_19_TankArea_Surfaceupper_19_TankArea_Surface �
�	

���
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Figure 74: Typical Drilled Hole in Tank 19 
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Figure 75: All Four Drilled Holes in Tank 19 

6.3 SAMPLER MATERIAL COLLECTION FOR TANKS 18 AND 19

After delivery to SRNL, all sampler heads were disassembled and carefully cleaned to ensure 
that all material was collected for analysis. A delivered sampler head, and initial disassembly
is shown in Figure 76, Figure 77 and Figure 78. In Tank 18, sample material thicknesses 
varied from 1/16” to approximately 3/8” during testing, where the exact thickness was not 
determined. In Tank 19, material was not observed on the tank walls. Sample results varied 
for each sampler head.

Five discrete locations were sampled for the Tank 18 scale sample, and two locations were
selected for each of the other samples. The Tank 18 scale sample collected a material which 
looked like small, reddish brown, dried clay like, pebbles about 1/8 of an inch in size. The 
dust from this sample was easily cleaned from the sampler head surfaces (2000 mRem
extremity) (Figure 79 - Figure 81). Although this sampler head was used at multiple locations
at both higher and lower sample elevations, and the collected sample is referred to as the
scale sample. The second sample attempt collected negligible material even though chips 
appeared to be removed from the waste during sampling (Figure 82 and Figure 83). The Tank 
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18 upper sample collected steel chips from machining the surface and also collected a fine, 
brown, dust like material (1500 mRem extremity), which could not be brushed from the
sampler head surfaces and  (Figure 84 - Figure 86). More material than usual passed through 
the filter for this sample. Figure 80 shows material being cleaned downstream of the filter.
For steel testing, filters were noticed to be stained on the downstream side of the filters due to
incomplete filtering, but particles did not accumulate downstream. This sample indicated that
particle size may affect filter efficiency. Further investigation was not pursued. The Tank 18 
lower sample collected a small amount of black, dust like, perhaps crystalline, material in 
addition to some steel chips machined from the surface (4000 mRem extremity) (Figure 87 - 
Figure 89). In other words, the material was visually distinct in each sample. Also, negligible
extremity radiation rates were expected from the corrosion layer, and dried waste on the tank 
wall surfaces varied up to perhaps 3/8 inch or more at different wall locations. While holes 
were not properly drilled like those drilled at EDL and T-Area, Tank 18 sampler heads 
clearly collected corrosion products from the tank wall. Sampling occurred on several days 
over several weeks in FTF. 

In Tank 19, two holes were drilled with each sampler head (13 and 37 mRem extremity), and 
samples were machined similar to EDL test results (Figure 90 and Figure 91). All Tank 19 
sampling was completed in less than a day. 

Figure 76: Delivered Sampler Head
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Figure 77: Sampler Head Disassembly 

Figure 78: Disassembled Drill Collar 
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Figure 79: Filter Cavity, Tank 18 Scale Sample, TK 18-2 

Figure 80: Collected Material, Tank 18 Scale Sample, TK 18-2 
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Figure 81: Drill Cavity, Tank 18 Scale Sample, TK 18-2 

Figure 82: Collected Sample, Second Tank 18 Sample Attempt, SP3 
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Figure 83: Drill Cavity, Second Tank 18 Sample Attempt, SP3 

Figure 84: Collected Sample, Final Tank 18 Upper Sample, TK 18-1 
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Figure 85: Filter Cavity, Final Tank 18 Upper Sample, TK 18-1 

Figure 86: Filter Plate, Final Tank 18 Upper Sample, TK 18-1 

- 95 - 



SRNS-STI-2009-00416, REVISION 0 

Figure 87: Filter Cavity, Final Tank 18 Lower Sample, SP 4 

Figure 88: Drill, Cavity, Final Tank 18 Lower Sample, SP 4 
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Figure 89: Collected Sample, Final Tank 18 Lower Sample, SP 4 

Figure 90: Collected Sample, Final Lower Sample, Tank 19, TK 19-2 (Upper Sample 
showed similar results) 

- 97 - 



SRNS-STI-2009-00416, REVISION 0 

Figure 91: Filter Cavity, Final Lower Sample, Tank 19, TK 19-2 

6.4 SUMMARY OF DESIGN IMPROVEMENTS

SRS corrected the resonant frequency chattering problem in order to make the sampler
operate as designed. The design was also simplified to minimize cost.

SRS success showed that the steel was bright and shiny as expected once the corrosion layer 
was machined through. In the West Valley report, a key assumption of their analysis was 
“that the dark center of the burnish indicated penetration into the base metal since very little 
of the burnish locations appeared to reflect light as a shiny surface would with the optimal
lighting and cameras angle.” Testing at SRS showed that vibrations prevented adequate 
drilling, and that the black hole at the center of the burnish, or hole, was in fact the corrosion 
layer. An essential element of success was the use of an electromagnet by SRS. The magnet
eliminated additional resonant vibrations from the long mast, hanging from the tank top. The 
West Valley design successfully collected material from tank walls, but one may conclude 
that their report indicates that corrosion material was not effectively collected. A description
of typical equipment used at West Valley and other facilities is shown in Figure 92.

In contrast to the complex robotic system, the SRS design was simplified. The design used 
manual controls, a sampler and mast with attached cameras, and a single truck equipped with 
video equipment. From the video truck, directions were remotely reported by radio to the 
technicians operating the equipment in the hut on top of the tanks. 
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Figure 92: Oak Ridge and West Valley Wall Sampler Design 

6.5 SUMMARY OF TANK 18 AND TANK 19 WALL SAMPLING

The FTF sample collection results are summarized in Table 4, Figure 66 and Figure 67. 
Several conclusions may be drawn: 

For Tank 18: 
1. Drill site characteristics varied at different locations, i.e., no evidence of drilling;

small chips were removed from the waste on the wall; or shallow holes were drilled. 
In one case a shallow hole was drilled down to the wall surface as evidenced by black 
material in the bottom of the hole, where the material characteristics changed from
waste attached on the wall to corrosion at the surface.

2. In some cases, the sampler was pushed from the wall when the drill bit was advanced. 
3. Initial sampling attempts failed to drill down to steel, but a sample of the scale 

material was obtained for analysis, during the first sampling attempt.
4. The second sampling attempt collected negligible material.
5. In Tank 18, a sample was successfully machined at both required elevations. Shiny 

steel was observed for one location for both the upper and lower samples.
6. The Tank 18 sample surface areas were ill defined since the samples were ground

from the wall, rather than drilled. Surface area determination therefore required 
additional calculation.

7. The materials were visually different at different sample locations in Tank 18.
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8. Radiation rates were expected to be negligible but were as high as 4000 milliRem
extremity, measured within two inches of the sampled materials on the filters. Rates 
were measured for a disassembled sampler. 

For Tank 19: 

9. In Tank 19 final sampling results, two holes were drilled at each required elevation,
and the holes were similar to those drilled during testing.

10. The surface areas of the Tank 19 samples were well defined by the diameter of the 
drilled holes.

11. Radiation rates were less than 37 mRem extremity, measured on the filters.

General observations: 

12. Sampling was successful.
13. Thick waste coatings, or scale, on walls diminishes sampler performance.
14. Salt liquefaction effects on efficiency were not investigated for other than test 

conditions, and efficiency of corrosion alone was not investigated. 
15. Drill bit chattering was reduced, but not eliminated. Novel techniques were developed 

to evaluate chattering with respect to resonance.
16. Resonance was not previously identified as a principle design flaw of the sampler,

although both West Valley and ORNL recognized that the drill bit chattered, and 
numerous changes were investigated and implemented in the final West Valley 
design.

17. Additional SRS research and experience furthered the understanding of wall sampling
in waste tanks. Of particular interest, the West Valley sampler apparently did not drill 
into the tank wall corrosion layer, but only collected a sample down to the corrosion
layer. According to the West Valley report (Drake, J. [13]), the researchers assumed
that the black circles at the bottom of the holes were exposed steel. SRS sampling
clearly showed that exposed steel is bright and shiny as expected. The black circles 
were the corrosion layer on the wall surface.

18. How can corrosion sampling be improved on waste coated walls? One 
recommendation is to locally clean the area to be sampled. Only a few hundred 
gallons of water would be required to pressure wash the areas to be tested, and the 
design issues for drilling through waste would not need to be resolved. As noted, 
electromagnets can be increased in size somewhat. Increasing the stiffness of the mast
may, or may not, improve sampler performance.
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7.0

7.1

CONCLUSIONS

Tank 18 and 19 Wall Samples

Wall samples were successfully obtained from FTF Tanks 18 and 19. An SRNL provided 
sampler was attached to a cantilevered arm, and lowered by cable from an SRR built mast
assembly to drill samples from the tank walls at two different elevation ranges in each tank. 
SRR mounted the sampler and mast assembly by crane on the steel structure on top of Tank 
18. After samples were collected, the sampler and mast were moved by crane to the top of
Tank 19. To collect samples at different tank levels, the mast and sampler were raised and 
lowered by crane and pinned or clamped in place while sampling was performed.

7.1.1 Wall Sampler Design 

The ORNL designed sampler required several modifications before successful operation
could be demonstrated. Electromagnets held the sampler to the wall, and the sampler’s
drilling components were mounted to a guide rail and were forced against the wall by a pair 
of springs. A ½ inch diameter drill bit with a slightly tapered point was driven by a drill
motor to drill a sample of material from the tank wall, which was expected to include, steel,
rust, and salt. Controls advanced the drill 1/16 of an inch, or less, into the wall surface and
coatings until stops on the sampler prevented further drill travel. During drilling, all material
was collected by a vacuum system, where air flowed through a collar surrounding the drill 
bit.  Particles were extracted from the drill site and transported to a filter section for
collection. The drill bit, collar, and filter section assembly are referred to as a sampler head.
These removable sampler heads were transported from FTF to SRNL for disassembly and
further processing, after radioactive samples were machined from the tank walls. 

7.1.1.1 Wall Sampler Improvements

SRNL design modifications prevented certain failure of the previous sampler design. At SRS, 
multiple ½ inch diameter by 1/16 inch deep sample holes were required. The sampler
frequently jammed at completion of the first hole, and system controls were modified as 
required. The filters sheared when installed in the sampler heads. More importantly, the
initial design had an inherent flaw, which was evident only under certain conditions.
Specifically, rust or thick wall coatings like those found in waste tanks caused resonant 
vibrations of the spring due to drill bit chattering, which induced resonant vibrations. SRNL 
identified the resonance problem, and changed the spring design to reduce chattering. 
Without these changes performed during testing, the sampler would have failed to collect 
samples in either tank, since the sampler was required to machine down to bare steel.

The Oak Ridge and West Valley design was an essential step toward SRS success. Without
their foundation design, SRS costs could have reached additional millions of dollars. SRS 
was able to improve the design through additional experience. Even so, SRS design
improvements ensured success to overcome inherent design flaws in the equipment.
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7.1.1.2 EDL Sampler Operation

At EDL, a curved steel plate was used to validate sampler operation. The sampler was shown 
to drill as many as 12 holes using a single drill bit without dulling the bit. 

7.1.1.3 T-Area Sampler Operation 

Testing in the T-Area, Full Scale Tank Facility provided an opportunity to completely
investigate the sampler before installing it in the waste tanks. Without this crucial testing, the
sampler would have failed when installed. At the Full Scale Tank, initially only a single hole 
was drilled per drill bit before the drill bits became dull, and even a single sample hole was 
not assured. The replacement spring design reduced resonance effects and increased the 
number of drilled holes per drill bit to six before the drill bit dulled. Further improvements
were possible, but spring changes were considered adequate to obtain two holes in Tanks 18 
and 19. The sampler and mast were demonstrated and ready for tank installation. 

7.1.2 EDL Sample Results 
Sample coupons were attached to a curved test plate at EDL to evaluate the collection 
efficiency of the sampler. Several tests were performed on one inch square test coupons. The 
before and after masses of the coupons and sampler heads were compared to determine the 
percentage of material collected in the sampler from the coupons. All material was collected 
at the wall surface, but some material escaped through the filters. Evaluated material
conditions included: polished steel coupons with machined surfaces to evaluate steel removal
by the sampler; steel coupons with a salt layer to evaluate the removal of salt only; and rusted 
steel coupons with a salt layer to evaluate machining all three materials in discrete samples.

Collection efficiencies were markedly affected by material properties. For the steel samples,
the collection efficiency was above 97.4 % at expected operating conditions. For the salt 
samples, the measured collection efficiency was above 57.2 %, and testing was not 
performed to evaluate efficiencies for different salt thicknesses. Tests for the rusted, salt 
coated coupons were also not investigated for different salt thicknesses or for corrosion by 
itself. Given this limitation for the rusted, salt coupon results, the collection efficiency was 
above 95.6 %.

7.1.3 FTF Sample Results 

Sampler results were also affected by the residual waste on the tank walls. The assumption
that the wall was coated with salt was shown to be incorrect for Tank 18. An important 
aspect on the application of EDL testing relates to Tanks 18 and 19 conditions. Tank 19 was 
pressure washed, and Tank 18 was not. In Tank 18 a layer of waste coated the wall, and the
waste thickness appeared to vary between 1/32 inches and 3/8 of an inch throughout the tank. 
In Tank 19, waste was removed from the walls, and corrosion seemed to be the principal 
coating on the walls, with perhaps a thin, transparent salt film.
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7.1.3.1 Tank 18 Sampler Operation

The sampler was held to the wall by electromagnets, which were selected to operate within
0.030 inches of the wall. At this distance, the magnetic force of 750 pounds per magnet
reduces to 75 pounds per magnet, which is opposed by the 37 pound maximum force of each 
spring. In Tank 18, the excessive waste thickness prevented the sampler from attaining 
proper attachment to the wall. As the drill bit advanced, the sampler released from the wall, 
and holes could not be effectively drilled. Even though holes could not be drilled into the 
wall, samples were successfully collected when the drill bit acted as a grinder to scrape
samples from the wall at the two required elevations.

7.1.3.2 Tank 18 Sample Results 

Sufficient material was collected for analysis, material was removed down to an exposed 
steel surface, and sampling was considered successful by FTF Engineering. All that was 
required for this report was an estimate of the surface area of exposed steel. Even though
more than one hole was attempted, and the drill bit scraped along the wall in one case, the 
use of the exposed steel surface as a basis for radioactive contamination provides a 
conservative estimate for radiation per unit area. The contents of the sampler will be used to 
find the total radioactivity (Curies), and dividing this quantity by the steel surface area will 
provide a significantly higher value for activity per unit area. Subjectively, the calculated
radiation level per unit area may actually be 75 % more than actual. The surface areas were 
found to conservatively equal 0.196 in2 at the upper sample area in Tank 18 and 0.063 in2 at
the lower sample area in Tank 18 

7.1.3.3 Tank 19 Sampler Operation and Results 

In the absence of significant waste on the tank wall, the sampler drilled holes in the wall as
designed. Consequently, the surface area was determined from two drilled holes collected by 
each sampler. The minimum possible hole size was used to establish a conservative value for
the surface area of collected material. For samples at both the upper and lower sample areas,
the area equaled 0.393 in2. Samples were successfully collected from both tanks. 
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APPENDIX A.  OAK RIDGE NATIONAL LABORATORY, INITIAL 
DESIGN OF WALL SAMPLER
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APPENDIX B.  Uncertainty Analysis for Test Data 

Table 2 shows collection efficiencies and corresponding uncertainties (Coleman, H., Taylor, 
B. [15 and 16]).   There is a collection efficiency for each test and an average collection
efficiency for each set of tests (three tests for each set).  There is also an uncertainty
associated with each test and an uncertainty associated with the average.  The efficiencies
and uncertainties are further broken down into those corresponding to material captured on 
the filter only and those corresponding to material captured in the entire head. The derivation 
of the uncertainties is described in the following sections. 

Uncertainty of the Average 

The uncertainty associated with the average (�CEA) is based on the standard deviation of the
three collection efficiencies in the set of samples. �CEA also included an uncertainty 
associated with the test �CET (maximum of the three values).  It should be noted that �CEA

was typically much greater than �CET. �CEA was therefore a Root-Sum-Square (RSS)
combination of the standards deviation (at 95% confidence level) and �CET, as follows:
























�CEA = +/- [(T· SD)2 + max �CET
2]1/2 (B0)

where, T is the Student T-Factor to provide a 95% confidence level, and 
SD is the standard deviation of the three test results that make up a set. 

Uncertainty of the Test

The uncertainty associated with the collection efficiency for each test (�CET) consists of the 
combined uncertainty of the masses used to derive the efficiency.  Included in �CET is the 
uncertainty due to hygroscopic effects. 

The uncertainty of the masses that were used in determining the collection efficiency (CE)
was determined using Equation 1 (Section 4.1) and the concept of the Law of Propagation of 
Uncertainty (Taylor, B. [15 and 16]).  Note that the resulting equation is analogous to the 
Root-Sum-Square (RSS) method of combining uncertainties. 

�CET = +/- 100 · [(�MS·  (�CE/�MS))2 + (�MC· (�CE /�MC))2]1/2  (B1) 

where, �CET is the uncertainty of the collection efficiency for each test,
expressed as a percentage. 
�MS is the uncertainty in the mass of material collected by the sampler
head.
�CE/�MS is the sensitivity coefficient for the mass of material
collected by the sampler head. 
�MC is the uncertainty mass of material removed from the coupons. 
�CE/�MC is the sensitivity coefficient for the mass of material
removed from the coupons. 

- 112 - 



SRNS-STI-2009-00416, REVISION 0 

Simply stated, the sensitivity coefficient relates an incremental change (i.e. uncertainty) in
the collection efficiency (�CE) to an incremental change in the variables (mass collected by
the sampler head, �MS, or removed from the coupon, �MC).  Note that the higher order terms
from the Law of Propagation of Uncertainty equation are assumed to be negligible.

Solving the partial differential equations in Equation B1 and using Equation 1, yields the 
following:

�CET = +/- 100· [(�MS /MC)2 + (-�MC · MS /MC
 2)2]1/2  (B2) 

Uncertainty of the Mass of Material Collected by the Sampler Head (�MS)

As stated before, two collection efficiencies are reported; that of the filter only and that of the 
entire head.  Several different masses are used for each case and the uncertainty of each mass
was considered. 

Filter Only 

Using the Law of Propagation of Uncertainties for Equation 4 (Section 4.2.3) and solving the 
partial differential equations, the uncertainty of the material collected by the filter only yields 
the following;

�MSF = +/- (�mSF2 2 + �mSF1 2)1/2  (filter only) (B3)
where,  �MSF is the uncertainty of the mass of material from the filter only,

�mSF2 is the uncertainty of the post-test filter mass, and


�mSF1 is the uncertainty of the pre-test filter mass.

The post-test filter was weighed in a weighing tray since the filter contained loose material
from the sample.  The post-test filter mass was determined by subtracting the tray mass from
the overall mass.  Therefore, equation B3 becomes; 

�MSF = +/- (�mSF2 2 + �mFT 2 + �mSF1 2)1/2  (filter only) (B3A)
where,  � mFT is the uncertainty of the weighing tray mass.

All associated filter masses were measured by the same analytical balance (M&TE # WP-
1007), the tolerance of which was +/- (0.01 % of reading + 0.3 mg).  To simplify the 
calculation of the uncertainty of the filter masses the tolerance of WP-1007 was stated as +/- 
0.75 mg [+/- (0.01% of 4.5 g + 0.3 mg), where 4.5 g is a conservative representation of the 
filter mass for all testing].  The uncertainty of the tolerance of WP-1007 was stated as +/- 0.5
mg [+/- (0.01% of 2 g + 0.3 mg), where 2 g is a conservative representation of the tray mass
for all testing].  The uncertainty of the filter only mass becomes;

�MSF = +/- (0.75 2 + 0.5 2 + 0.75 2)1/2 = +/- 1.17 mg (filter only)
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Entire Head 

Using the Law of Propagation of Uncertainties for Equation 5 (Section 4.2.4) and solving the 
partial differential equations, the uncertainty of the material collected by the entire head 
simplifies to;

�MSH = +/- (�mH2 2 + �mH1 2 + �MSF 2)1/2               (entire head)                             (B4) 
where, �MSH is the uncertainty of the mass of material from the entire head,

�mH2 is the uncertainty of the post-test head mass, 

�mH1 is the uncertainty of the pre-test head mass, and 
�MSF is the uncertainty of the mass of material from the filter only. 

Both the pre-test and post-test head masses were measured by the same analytical balance 
(M&TE # SL-1004).  The tolerance of SL-1004 used for this uncertainty calculation was
derived from calibration data before and after use, and was determined to be +/- 1.2 mg in the 
range measured (~500 g).  The uncertainty of the entire head mass becomes; 

�MSH = +/- (1.2 2 + 1.2 2 + 1.17 2)1/2 = +/- 2.06 mg (entire head) 

Uncertainty of the Mass of Material Removed from the Coupons (�MC)


Using the Law of Propagation of Uncertainties for Equation 6 (Section 4.2.4) and solving the 
partial differential equations, the uncertainty of the material removed from the polished
coupons simplifies to; 

�MCP = +/- (�mCa1 2 + �mCb1 2 + �mCa2 2 + �mCb2 2)1/2  (B5)

 (polished coupons) 

where, �MC1 is the uncertainty of the mass of material from polished coupons,
�mCa1 is the uncertainty of the pre-test mass of the first coupon, 

�mCb1 is the uncertainty of the pre-test mass of the second coupon, 
�mCa2 is the uncertainty of the post-test mass of the first coupon, 

�mCb2 is the uncertainty of the post-test mass of the second coupon, 

Using the Law of Propagation of Uncertainties for Equation 7 and solving the partial 
differential equations, the uncertainty of the material removed from the salt coupons
simplifies to;

�MCR = +/- (�mCa1 2 + �mCb1 2 + �mCT1 2 + �mCa2 2 + �mCb2 2 + �mCT2 2)1/2  (B5A) 
                                                                     (coupons with salt residue) 

where,  �MC2 is the uncertainty of the mass of material from coupons with salt,
�mCT1 is the uncertainty of the pre-test mass of the collection tray. 
�mCT2 is the uncertainty of the pos-test mass of the collection tray. 
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All of the above masses were measured by the same analytical balance (M&TE # WP-1007).
To simplify the calculation of the uncertainty of the masses associated with the coupons, the 
tolerance of WP-1007 was stated as +/- 2.1 mg [+/- (0.01% of 18 g + 0.3 mg), where 18 g is a 
conservative representation of pre- and post-test coupon masses for all testing].  The 
uncertainty of the mass associated with the coupons becomes;

�MCP = +/- (2.1 2 + 2.1 2 + 2.1 2 +2.1 2)1/2 = +/- 4.20 mg      (polished coupons) 

In the case of test with coupons with salt, the tolerance of WP-1007 for the collection tray 
was stated as +/- 0.45 mg [+/- (0.01% of 1.5 g + 0.3 mg), where 1.5 g is a conservative 
representation of pre- and post-test tray masses for all testing], and uncertainty of the mass
associated with the coupons becomes;

�MCR = +/- (2.1 2 + 2.1 2 + 0.45 2 +2.1 2 + 2.1 2 + 0.45 2)1/2 = +/- 4.25 mg
                                                                                                          (coupons with salt residue)

Uncertainty Due to Hygroscopic Effect 

To quantify hygroscopic effects, multiple masses were recorded for items having salt.  The 
items with salt were kept in a desiccator when not used and trays of desiccant were placed in
the enclosure of the analytical balance to establish and maintain a consistent moisture level of 
the salt.  However, even with these measures the masses fluctuated for repeated
measurements.  From the repeated measurements an uncertainty of the mass of each item was 
determined.  The multiple uncertainties were compared and a conservative estimate was
chosen to represent the uncertainty of all items with salt due to hygroscopic effects.  The 
representative uncertainty was +/- 15 mg.

Example of Uncertainty Calculation

The following is an example of the process for determining a collection efficiency and the 
uncertainty of that collection efficiency. 

The pre-test and post-test masses of a filter and polished coupon are shown in the table
below.  Two sets of coupon masses are shown to represent the pair of coupons sampled per 
test.

Filter Mass
Pre-test (mF1)

(g)

Filter Mass
Post-test (mF2)

(g)

Coupon Mass
Pre-test (mCx1)

(g)

Coupon Mass
Post-test (mCx2)

(g)
0.63428 - 16.39022 15.34034

- 2.70924 16.44033 15.37953

Using Equations 3 and 6 (Section 4.2.3 – 4.2.4) respectively the quantity of material
collected on the filter and the quantity of material removed from the coupons is found. 

MSF = MSF2 – MSF1 = 2.70924 – 0.63428 = 2.07496 g 
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MCP = MCa1 + MCb1 – (MCa2 + MCb2) = 16.39022 + 16.44033 – 15.34034 – 15.37953 =
2.11068 g 

Using Equation 1 the filter only collection efficiency is found (MS would be MSA in this case
since it is for the filter only).
CE = 100 · MS / MC = 100 · 2.07496 /  2.11068 = 98.3 % 

Using equation B2 the filter only instrument uncertainty is found (�MS would be +/- 1.17 mg 
in this case since it is for the filter only, and �MC would be +/- 4.2 mg in this case since it is
for polished coupons).
�CET = 100·[(�MS /MC)2 + (-�MC·MS /MC

 2)2]1/2 = 100·[(0.00117/2.11068)2 + 
(0.0042·2.07496/2.110682)2]1/2           = 0.203 % 

Material Mass
Collected on
Filter (MSA)

(g)

Material Mass
Removed from
Coupon (MC)

(g)

Collection
Efficiency (CE)

(filter only)
(%)

Instrument Unc.
(�CET)

(filter only)
(%)

2.07496 2.11068 98.3 +/- 0.20

The pre-test and post-test masses of the sampler head are shown in the table below.  Using 
Equation 5 the mass of the material in the head can be found. 
MSH = MSH2 – MSH1 + MSF = 517.2313 – 517.1978 + 2.07496 = 2.10846 g 

Using Equation 1 the collection efficiency for the head plus the filter plus the sample is found 
(MS would be MSB in this case since it is calculated for the head plus filter). 
CE = 100 · MS / MC = 100 · 2.10846 / 2.11068 = 99.9 % 

Using equation B2 the entire head instrument uncertainty is found (�MS would be +/- 2.06 mg 
in this case since it is for the entire head, and �MC would be +/- 4.2 mg in this case since in is 
for polished coupons).
�CET = +/-100· [(�MS/MC)2 + (-�MC·MS/MC

 2)2]1/2 = +/-100·[(0.00206/2.11068)2 + 
(0.0042·2.07496/2.110682)2]1/2           = +/-0.218 % 

Head Mass
Pre-Test (MH1)

(g)

Head Mass
Post-test (MH2)

(g)

Mass of
Material in Head

(MSB)
(g)

Collection
Efficiency (CE)

(entire head)
(%)

Instrument Unc.
(�CE)

(entire head)
(%)

517.1978 517.2313 2.10846 99.9 +/- 0.22

The table below shows three typical, filter only, collection efficiencies for a test series.  The
average efficiency is simply (98.3+99.0+97.5)/3 = 98.3 %.  The uncertainty of the average is 
the standard deviation of the three values, Std Dev = 0.734 %.  The student T-factor to 
produce a 95% confidence level for three data points is 4.303. Using equation B0 the 
uncertainty of the average is found. 
�CEA = +/- ([(T·SD)2 + max �CET

2]1/2 = +/- [(4.303·0.734)2 + 0.222]1/2 =  +/- 3.16 % 

CE test 1 
 (filter only)

(%)

CE test 3 
 (filter only)

(%)

CE test 3 
 (filter only)

(%)

Average CE 
(filter only)

(%)

Uncertainty
Of Average

(%)
98.3 99.0 97.5 98.3 +/- 3.2
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Test Instrumentation

Table 5 describes the instrumentation used for the SRNL sampler tests.  The only instruments
that measured critical data were the two analytical balances.  The tolerances of these 
instruments were verified by calibrations (or calibration checks) before and after usage. 

Table 5: Test Instrumentation

Item Designation M&TE # Manufacture Model Range Tolerance
Analytical
Balance N/A WP-1007 Mettler AX205 0 – 200 g +/- (0.01 %RDG + 0.3 mg)

Analytical
Balance N/A SL-1004 Mettler PR2004 0 – 2000 g +/- 0.0012 g 1

Linear Motor 
Flow Rate LM FLOW TR-00138 Cole-Parmer 10A6132N 1.5 – 21 gph2

liq., sg 1, 1 cps +/- 2 %FS 

Linear Motor 
Pressure PLM TR-03949 WIKA N/A 0 – 160 psig +/- 3 %FS 

Drill Motor 
Flow Rate DM FLOW N/A Brooks 1305EJ19CL 1 - 10 scfm air 

14.7 psia, 70ºF N/A

Drill Motor 
Pressure PDM TR-03950 WIKA N/A 0 – 160 psig +/- 3 %FS 

Eductor Supply
Flow Rate V1 FLOW N/A N/A N/A 1 – 15 scfm air 

STP N/A

Eductor Supply
Pressure PV TR-03951 SPAN N/A 0 – 160 psig +/- 3 %FS 

Eductor Outlet
Flow Rate V2 FLOW N/A Blue & White F-410 2 - 20 gpm2

sg 1 N/A

Eductor Vacuum V TR-03952 N/A N/A -30 in Hg to 60 
psig +/- 3 %FS 

Drill Motor RPM N/A TR-03817 Cole-Parmer 8199-41 2.5-100,000 rpm +/- 2 %RDG 
Barometer N/A TR-01503 Sensotec EB/125-01/060 26 - 32 in Hg +/- 0.12 %RDG
Room
Temperature N/A TR-03667

TR-03769
Barnart
Cole-Parmer

600-1075
EW93210-50 -40 to 125ºC +/- 0.2ºC

Hole depth N/A TR-00499 Starrett No. 445 (1” rod) 0 – 1 in +/- 0.001 in
Hole Width N/A N/A Starrett No. 120 0 – 6 in N/A

1. This tolerance was calculated from Before and After Use calibration data.  The stated instrument
tolerance was +/- (0.01 % rdg + 0.3 mg), which would be too detrimental at the measurement mass of
520 grams.  Therefore, a less restrictive tolerance was calculated for data at and around 500 grams and
assigned to this instrument.

2. These instruments display units of liquid flow rate.  Using Appendix F, the output was converted to
units of air flow rate.
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APPENDIX C.  Salt Sample Processing 
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APPENDIX D: Vibration Data for Sampler Assembly 

Virginia Vaughn/SRR/Srs

08/13/2009 03:17 PM 
To Robert Leishear/SRNL/Srs@Srs

cc Anthony Wells/SRR/Srs@Srs, David 
Gleaton/WSRC/Srs@Srs, Albert Tanner/SRR/Srs@Srs
Fw: Small Drill Motor

Bob,

Below are the readings that were taken on the Drill Motor: Note: Data was taken at different 
frequencies.
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APPENDIX E: Resonance in Structures 

- 124 - 



SRNS-STI-2009-00416, REVISION 0 

- 125 - 



SRNS-STI-2009-00416, REVISION 0 

- 126 - 



SRNS-STI-2009-00416, REVISION 0 

- 127 - 



SRNS-STI-2009-00416, REVISION 0 

- 128 - 



SRNS-STI-2009-00416, REVISION 0 

- 129 - 



SRNS-STI-2009-00416, REVISION 0 

- 130 - 



SRNS-STI-2009-00416, REVISION 0 

- 131 - 



SRNS-STI-2009-00416, REVISION 0 

- 132 - 



SRNS-STI-2009-00416, REVISION 0 

- 133 - 



SRNS-STI-2009-00416, REVISION 0 

APPENDIX F: Flow Rate Conversion Factors 
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APPENDIX G: EDL Work Instructions 
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APPENDIX H: SRR Sampler Controls 
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