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Summary

There is a need to examine the knuckle region of Hanford’s and Savannah River’s double shell tanks
(DSTs). Commercial, off-the-shelf systems to examine the knuckle are not available. Preliminary tests at
the Pacific Northwest National Laboratory (PNNL) in FY 1999 indicated that a unique technology
utilizing ultrasonics could provide a solution to the knuckle examination problem. In FY 2000 PNNL
embarked on a study to provide evidence that the ultrasonic technology had the capability to detect and
size stress corrosion cracks in the knuckle region of the DSTs. In FY 2001 PNNL designed and
fabricated a prototype system, known as the Remotely Operated Nondestructive Examination (RONDE)
system, which is capable of examining the knuckle region of the DSTs. At the end of FY 2001, PNNL
demonstrated the prototype system.

In FY 2002, PNNL concentrated on enhancing the prototype system and completing acceptance
testing, equipment qualification, and performance demonstration testing. Also in FY2002, PNNL
designed and fabricated a SAFT scanning bridge for the Savannah River Site.

In support of the FY02 testing and performance demonstration of the RONDE system, a cracked
knuckle mockup was fabricated. Intergranular stress corrosion cracks (IGSCC) were grown in plate
material and fabricated into a mockup. This mockup proved invaluable in supporting the performance
testing.

Equipment qualification and performance testing of the RONDE system have been completed. All
required defects in all of the mockups including the IGSCC mockup were readily detected. The NDE
Level III Ultrasonic inspector assigned to this project sized all of the detected flaws in the knuckle region
of both the sawcut and IGSCC mockups. The sizing results are shown below:

Machined Defects Sizing

The accuracy requirement for depth sizing of machined defects is a root mean square (RMS) value of
2.54 mm (0.1 in.). The graph below is a plot of the data provided by NDE Level 111 Ultrasonic inspector
Mr. Wes Nelson.
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Mr. Nelson’s RMS value for all machined defects is 1.4 mm (0.055 in.), well below the 2.54 mm
(0.1 in.) criteria.

Inter-Granular Stress Corrosion Cracks (IGSCC)

The requirement for sizing IGSCC is the same as the requirement for the machined defects, namely
2.54 mm (0.1 in.).

The graph shown below is the plot of the data provided by Mr. Nelson.
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The RMS value of this data is 1.8 mm (0.07 in.), which is well within the 2.54 mm (0.1 in.)
requirements.

The work described in this report was funded and supported by the U.S. Department of Energy's
(DOE) Tanks Focus Area (TFA) Safety program under the coordination of Mike Terry. The TFA

provides science and technology solutions to safely and efficiently remediate waste stored in underground
storage tanks at five DOE sites.
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1.0 Introduction

One of the key elements in ensuring the integrity of the Hanford’s Double-Shell Tanks (DSTs) is the
examination of the knuckle region of the primary tank. This examination poses a significant technical
challenge because the area that requires examination is not accessible using conventional measurement
techniques. Utilizing an advanced nondestructive evaluation (NDE) method known as Tandem Synthetic
Aperture Focusing Technique or T-SAFT, PNNL has been able to detect and size flaws in mockups
designed to simulate the waste tank knuckles. T-SAFT has the ability to accurately size the crack both in
length and depth.

This report documents work performed at PNNL in FY02 to support further enhancements and
performance testing of the Remotely Operated NDE (RONDE) system capable of inspecting the knuckle
region of Hanford’s DSTs. The enhancement effort concentrated on improving the system capabilities
and scanning speed. PNNL fabricated a carbon steel mockup with grown intergranular stress corrosion
cracks (IGSCC). This carbon steel crack mockup contained IGSCC that was used for equipment
qualification as well as performance testing the capabilities of the system. This report also documents
work performed at PNNL in FY02 to support the design and fabrication of a prototype T-SAFT scanning
bridge for the Savannah River Site Small Roving Annulus Inspection Vehicle (SRAIV).

The remaining twelve sections of this document are as follows: Section 2 describes the requirements
that must be met for the successful examination of the knuckle region of the DSTs at Hanford. These
requirements were also used as a basis for the SRAIV. Section 3 provides background information on
SAFT and T-SAFT technology. Section 4 provides information on the mockups used during the
development of the SRAIV system and the qualification of the RONDE system. Section 5 describes the
mechanical design of the SRAIV scanning bridge used for placement of the ultrasonic transducers for
data acquisition. Section 6 describes the control system design for the SRAIV scanning bridge. Section 7
describes the electronic design of hardware used for data acquisition and control of the SRAIV scanning
bridge. Section 8 describes the SAFT/T-SAFT software and modifications to enhance the RONDE
system. Section 9 provides data showing the visualization capabilities of the enhanced RONDE system.
Section 10 provides modeling activities performed at lowa State University in support of pit detection and
scanning improvements and at PNNL in support of flaw characterization. Section 11 discusses the
demonstrations performed in FY02. Section 12 provides conclusions for work performed in FY02.
Section 13 provides information concerning work for FY03.

1.1



2.0 Requirements

To assure that the DSTs at Hanford maintain their structural integrity, an inspection plan was
developed and implemented (Pfluger 1994). This inspection plan describes the ultrasonic testing (UT)
system, the qualification of the equipment and procedures, field inspection readiness, DST inspections,
and post-inspection activities. The plan also provides the basis for the flaw characterization requirements.
Utilizing this information, a Functions and Requirements (F&R) document was developed by PNNL
(Pardini and Samuel 2001) to define a system capable of reliably examining the knuckle region of the
primary waste tank. Specifically, PNNL is chartered with developing a Nondestructive Examination
(NDE) system to examine the knuckle region. PNNL examined this inspection challenge and determined
that the best approach would be based on using SAFT, and an advanced NDE sizing technique utilizing
tandem transducers known as T-SAFT. This T-SAFT sizing approach was used as a basis for designing a
scanning bridge that could also be used on the waste tanks at the Savannah River Site. SRS developed an
F&R based on the PNNL F&R for the RONDE system (Wong et al. 2001).

The flaw characteristics of interest are planar flaws located in the knuckle region emanating from the
inside surface of the tank. This region contains the highest stress point of the entire primary steel tank
(Shurrab et al. 1991). Examinations shall concentrate on cracks that are caused by stress corrosion and
are circumferentially oriented. Figure 2.1 provides a graphical example of a planar-type stress corrosion
crack that is of interest.

Transition

;
/

Stress Corrosion Crack

Transition Weld

Figure 2.1. Planar Crack on Primary Tank Inside Diameter

The flaw characterization requirements (Pfluger 1995; Jensen 2001) stipulate the minimum dimension
required to be characterized and specific accuracy requirements. Circumferential cracks emanating from
the inside surface of the primary tank shall be detected when the crack depth is greater than 0.2t where t is
the thickness of the knuckle region. Characterization of the crack shall be in accordance with Table 2.1.
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Table 2.1. Sizing Requirements

Minimum Dimension
Condition to be Characterized® Accuracy

Cracks (circumferential) | 305 mm (12 in.) long x 0.2t deep | +2.54 mm (£0.100 in.) (depth)

+25.4 mm (£1.00 in.) (length)

(a) Nominal tank wall thickness is t.

The SAFT/T-SAFT system shall be capable of detecting planar flaws located in the knuckle region of
the primary tank. The knuckle region as shown in Figure 2.2 describes the inspection areas. The
inspection area begins just above the construction weld on the vertical portion of the tank and extends just
past the transition weld located on the tank bottom. Locations of construction welds vary depending on
which tank farm is being inspected.

Requirements for the detection and characterization of pitting, wall thinning, and cracks oriented in

the meridional direction were addressed in the FY02 work. The discussion of this work is discussed in
Section 8.

Transition Weld (all tanks)

~914 mm

Region of Interest
(between arrows)

\ Construction Weld Located Here

(AY,SY, AZ, AW, AN, AP)

Construction Weld Located Here
(AZ, AN, AP)

~305 mm

\ Transition Weld (all tanks)

AN
~1219 mm ,‘

¢ ~305 mm >

Figure 2.2. Examination Parameters in Knuckle Region
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3.0 Technology Background

3.1 SAFT Technology

SAFT technology is able to provide significant enhancements to the inspection of materials when
using unfocused ultrasonic transducers where the attenuative effects of path length, material noise, and
sound beam divergence are evident. The resolution of all imaging systems is limited by the effective
aperture area, that is, the area over which data can be detected, collected, and processed. SAFT is an
imaging method, which was developed to overcome some of the limitations imposed by large physical
transducer apertures, and has been successfully applied in the field of ultrasonic testing. Relying on the
physics of ultrasonic wave propagation, SAFT is a very robust technique.

"Synthetic aperture focusing" refers to a process in which the focal properties of a large-aperture
focused transducer are synthetically generated from data collected over a large area using a small
transducer with a divergent sound field (Busse et al. 1984; Hall et al. 1988). The processing required to
focus this collection of data has been called beam-forming, coherent summation, or synthetic aperture
processing. The resultant image is a full-volume, high resolution, and high signal to noise ratio (SNR),
focused characterization of the inspected area.

Utilizing the pulse-echo configuration for typical data collection, the transducer was positioned on the
surface of the PNNL mockups, and radio frequency (rf) ultrasonic data were collected. As the transducer
was scanned over the surface of the specimen, the A-scan records (rf waveform) were amplified, filtered,
and digitized for each position of the transducer. Each reflector produced a collection of echoes in the A-
scan records. The unprocessed rf data sets were then post-processed using the SAFT algorithm, and
invoking a variety of full beam angle values (between 1 degree and 12 degrees) in an attempt to optimize
the spatial averaging enhancement.

If the reflector is an elementary single point reflector, then the collection of echoes will form a
hyperbolic surface within the data-set volume. The shape of the hyperboloid is determined by the depth
of the reflector in the specimen and the velocity of sound in the specimen. This relationship between
echo location in the series of A-scans and the actual location of the reflectors within the specimen makes
it possible to reconstruct a high-resolution, high SNR focused image from the acquired raw data.

If the scanning and surface geometries are well known, it is possible to accurately predict the shape of
the locus of echoes for each point within the test object. The process of coherent summation for each
image point involves shifting a locus of A-scans, within a regional aperture, by predicted time delays and
summing the shifted A-scans. This process may also be viewed as performing a spatial matched filter
operation for each point within the volume to be imaged. Each element is then averaged by the number of
points that were summed to produce the final processed value. If the particular location correlates with
the elementary point response hyperboloid, then the values summed will be in phase and produce a high-
amplitude result. If the location does not correlate with the predicted response, then destructive
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interference will take place and the spatial average will result in a low amplitude value, thus reducing the
noise level to a very small value.

All SAFT processing software was contained in and invoked on a personal computer (PC)
workstation. The SAFT imaging software provides the user the capability to view the entire ultrasonic
data set (three-dimensional array of points) in two-dimensional slices. The software provides a platform
for viewing color-enhanced composite images that depict slices of the three-dimensional array in the X-Y
plane (C-scan view), the Y-Z plane (B-Scan end-view) and X-Z plane (B-scan side view).

3.2 T-SAFT Technology

A single transducer in pulse-echo configuration works well for location and detection of a defect but
may provide ambiguous results for sizing of the defect in the knuckle region and beyond due to the lack
of a tip-diffracted signal. The tandem configuration reduces the ambiguities and improves sizing of
vertical defects. During the examination of the mockups, the pulse-echo or pitch-catch configuration
coupled with SAFT processing was used for detection and localization of a defect, and this information
was used to optimize the spatial positioning for a tandem configuration to be implemented for sizing of
the defect.

Fundamentally, the tandem SAFT (T-SAFT) configuration provides a uniform illumination of the
vertical object plane. The central ray of the transmitter’s divergent beam is always centered on the
receiving transducer by scanning the transmitter synchronously but in the opposite direction of the
receiver. At the completion of each pass of the transmitter and receiver, the two-transducer configuration
is incremented so that a rectilinear pattern is obtained. Since a more uniform illumination of the vertical
object plane is possible, the vertical extent of a defect can be accurately measured. When both paths are
collected and processing occurs beyond the far surface, the result is a real and conjugate image. Sizing is
accomplished by measuring the extent of the real and conjugate images and dividing the resultant value
by two. In the T-SAFT mode, the transmitter initially starts in front of the receive transducer. Both
transducers are scanned equal distances but in opposite directions as shown in Figure 3.1 (top view) and
Figure 3.2 (side-view).

Tandem image analysis uses techniques similar to those of pulse-echo analysis. Defects may be
categorized as volumetric, planar, or crack. The primary difference between the tandem and pulse-echo
image is that the tandem image of a crack presents the entire cross section of the crack and not just the
corner-trap and tip-diffracted echoes. Often, the tip-diffracted echo is very illusive because of the weak
nature of the tip-diffracted echo compared to the very strong corner-trap echo; and without a tip-diffracted
echo, the vertical extent of a crack is difficult to estimate.

The signal-to-noise ratio of a tandem image is often much superior to that of a pulse-echo image,
because a separate receiver eliminates noise caused by the initial pulse, the near surface interface, and the
specular backscatter from the material structure under examination. Tandem image indications are
vertical in appearance, as opposed to the slanted (projected) appearance of a pulse-echo image. The
location of the indication within the image space is influenced by the material thickness, velocity, and
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a) Initial Position of Transducers for T-SAFT Scanning (Top View)

b) Final Position of Transducers for a Single Pass in T-SAFT Scanning Mode (Top View)

Figure 3.1. T-SAFT Scanning Transducer Configuration

Figure 3.2. Side View Showing V Paths

refracted angle. The wall thickness in the area of the knuckle region is assumed to be accurately known.
The SAFT/T-SAFT algorithm implemented at PNNL assumes isotropic and homogeneous material with
respect to acoustic velocity; that is, the calculations performed by the SAFT processing algorithm make
the approximation that the velocity is constant throughout the material. Also, the algorithm requires that
the acoustic velocity of the material under test be known to some degree of accuracy. This is the case
with the carbon steel specimens used as mockups.

3.3 Signal Parameters

The SAFT signal processing algorithm requires the entry of multiple parameters that affect the
resultant processed output. This section describes the basis for using the various signal processing
parameters employed on the raw data. The SAFT processing software requires the operator to enter
pertinent information associated with the transducer(s) used, the acoustic modality, refracted angle,
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frequency, geometric information, material property information, sampling information and so forth.
These parameters vary in their significance with regard to their affect upon the resultant processed output.

The RONDE system utilizes 70-degree shear waves as the primary inspection modality. The
transducers used are circular-contact, flat piston radiators, 12.7 mm (0.50 in.) in diameter with nominal
center frequencies of 3.5 megahertz (MHz). The transducers are affixed to wedges that provide the
correct incident angle for propagation of 70-degree shear waves in the tank knuckle mockups. The full
beam angle (entered in degrees) affects the processed image and determines the size of the synthetic
aperture to be used when SAFT processing is performed. Typically, small beam angles are used initially
to reduce the processing time and larger angles are used later if a higher image quality is desired.
Utilizing the line SAFT code developed during FY02 allows the operator to process the rf data with a
12 degree processing angle. The beam entry diameter also affects the processed image. SAFT assumes a
synthetic aperture with a point source at the beginning, expanding in the general shape of a cone. Since
the aperture is small at the near surface, the number of off-center A-scans used during processing is also
small. In order to take advantage of the spatial averaging inherent in SAFT processing, the operator
typically enters a value equal to one-half the transducer element diameter. The effect on the synthetic
aperture used in the processing is to create a cylinder with a diameter equal to the beam entry diameter
parameter that would extend into the material until it intersects the normal aperture cone.

Material properties are also very important to the processing scheme. In the case of the knuckle wall,
the material type, wall thickness and acoustic properties are all known to a high degree of accuracy.
Sampling information includes parameters that are related to the temporal sampling (digitization) of the
waveform as well as the use of linear averaging for reduction of electronic (white) noise. In order to
achieve sufficient sampling, a sample rate of 20 MHz was employed. At an examination frequency of
3.5 MHz, this corresponded to a digitization rate of approximately 6 points per cycle. Due to the
attenuative effects of long path lengths and beam divergence, the receive amplifier was required to
operate at high levels. The step increment in both the X and Y-axes affects the quality of the processed
image. Typically, increment steps of A/2 (where A is the wavelength) are desired; however, in order to
reduce file sizes to more manageable levels and decrease the processing times, slightly larger increment
step sizes were used in certain instances. The wavelength in the knuckle material was approximately
0.91 mm (0.036 in.), and the incremental step size in the scanning axis (X) was nominally kept at
0.64 mm (0.025 in.) for detection and 0.25 mm (0.010 in.) for depth sizing. Finally, selection of a
threshold value for processing can affect the resultant processed file. If a threshold value is selected, and
the amplitude of any elementary data element being processed is below this threshold value, then no off-
center A-scans will be summed. A threshold value of -40 dB was used in order to increase processing
speed, yet still produce valid processed results; however, the threshold value was lowered to 0 dB later on
specific scans to help detect the lower weld signal.

34



4.0 Mockups Used for RONDE Qualification
and SRAIV Development

Various mockups have been fabricated for use in the development of the RONDE and SRAIV
systems. Three mockups were specifically used for the qualification of the RONDE system. The first
mockup contains machined sawcuts at various depths. The second contains EDM notches at various
depths. The third contains grown IGSCC at various depths.

4.1 Sawcut Mockup

A flaw standard was created to assist in the detection and sizing of flaws that would simulate a crack
developing in the knuckle region of the DST.

Figure 4.1 shows the location of the flaws on the flaw standard mockup. Ten flaws are located on the
ID of the knuckle region.

Figure 4.1. Sawcut Mockup
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4.2 EDM Mockup

The EDM standard was created to assist in the development of the time variable gain amplifier. This
provided a standard set of notches at specific depths and locations. The RONDE system responses were
set up based on the amplitudes from the EDM notches. Figure 4.2 shows the EDM mockup.

Figure 4.2. EDM Mockup

4.3 1IGSCC Mockup

The IGSCC Mockup was developed to test the RONDE systems capability to detect and size real
stress corrosion cracks in the knuckle region. Figure 4.3 shows the mockup with a close-up view of one
of the IGSCC shown in Figure 4.4.

Each of the cracks in the IGSCC mockup has different depths and lengths. Figure 4.4 provides an
example of one of the cracks that was detected and sized during the RONDE equipment qualification.
This crack is approximately 76 mm (3 inches) in length.
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Figure 4.4. Approximately 76 mm (3 inch) Long IGSCC in Mockup
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5.0 RONDE and SRAIV Mechanical Design

The RONDE mechanical design was completed and discussed in the FY 2001 annual report.

The SRAIV-SAFT system consists of two primary system components: the AMS-1T motorized
magnetic wheel vehicle and the SAFT/T-SAFT Bridge Scanning System. The AMS-1T vehicle is
designed and built by Force Technology. The SAFT/T-SAFT Bridge is designed and built by PNNL.
Figure 5.1 shows the overall system.

Force Technology, AMS-1T
Yehicle

FrML, SAFT
Briclge

Tank Knuckle Mockup

Figure 5.1. Small Roving Annulus Inspection Vehicle-SAFT

5.1



5.1 Magnetic Wheel Vehicle

The Force Technology AMS-T1 Vehicle maneuvers the SAFT/T-SAFT bridge on the tank wall. The
bridge hangs from the vehicle like a pendulum. This feature permits the vehicle to turn in any direction
and transverse the wall at any angle desired. Force Technology recommended that the camera be
removed from the vehicle and that the bridge be attached to the “Magnet Wheel Support Plate.” There
are four M4 holes for interface mounting. Figure 5.2 shows the completed SRAIV attached to the Force

Institute crawler.

 SLBTAT

[N

Figure 5.2. SAFT/T-SAFT Bridge Attached to the Force Institute Crawler
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5.2 SAFT Bridge

The bridge controls the X and Y movements of the transducers. It uses high precision linear worm
drive assemblies for positioning. The maximum X scan distances are 305 mm (12 inches) and the
maximum Y scan distance is 152 mm (6 inches). Figure 5.3 shows the scanning bridge.

Collapse Anti-lock Spring Systern

Riser Catch Preventer (both sides)

Y-Scon Belt Tensioner,

-Scan Belt Drive

Eectrical Juntion Box

ompression Spring Swivel Pivot Joint

Adjustable Spring Hinge
Y-scan Expand/Collapse Lead Screw

Y-5can Upper to Lower Beld

Belt Tensioner
Eectro-magnet System

Adjustable Height Ball Feet

Figure 5.3. SAFT/T-SAFT Bridge

The Compumotor brand stepper motors mounted on the bridge control accurate positioning of the
transducers. The transducers are mounted on spring steel arms. By itself, the bridge measures 909 mm
(35.8 in.) wide, 937 mm (36.9 in.) long and 99 mm (3.9 in.) high when in the collapsed state. The bridge
weighs approximately 8.4 kg (18.5 pounds).

The spring steel arms permit scanning on both the tank wall and the tank knuckle (see Figures 5.4 and
5.5). These transducers have the ability to be lifted from the tank wall for the journey to the scan
location. Once the bridge has been positioned at the scan location, electromagnets are activated to lock
the bridge in place for the scan. The electromagnets also prevent the spring steel arms from pushing the
bridge away from the tank wall. The spring steel arm curvature is compressed when the arms are
retracted.

53



Figure 5.4. The Bridge X-scan Spring Arms Capable of Scanning on the Wall and the Knuckle

Figure 5.5. X-Scan Spring Arms Placing Transducers on the Knuckle
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After completing the scan, the bridge magnets are released and the crawler is driven forward
approximately 152 mm (6 inches) or less. The vehicle encoder ensures the accuracy of the distance
driven forward. The scan process is then repeated.

When scanning is completed the SAFT/T-SAFT scanning bridge is closed and the entire system is
retrieved from the tank annulus. Figure 5.6 shows the SRAIV crawler and scanner in the closed position
for retrieval. Figure 5.7 shows the SRAIV crawler and scanner within a simulated 127 mm (5 inch) riser.

Figure 5.6. SAFT/T-SAFT Scanning Bridge in the Closed Position
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Figure 5.7. Crawler and Scanning Bridge Inside of 127 mm (5 in.) Acrylic Riser
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6.0 RONDE and SRAIV Control System

The RONDE control system was completed and discussed in the FY 2001 annual report.

The SRAIV-SAFT control system is composed of three main components:

e SRAIV-SAFT scanning bridge
e Tank top electronics
e Control station

The diagram shown in Figure 6.1 provides the general layout of components at the SRS tank farm.
Approximately 30 m (100 ft.) of multi-conductor cable separates the crawler/scanning assembly from the
tank top electronics. A computer, pulser/receiver, and motor controls reside in the tank top electronics
enclosure. Operation of the T-SAFT scanning bridge is done remotely using a fiber optic link connected

to a remote computer and can be done at great distances. Crawler operation is performed by SRS using a
Force Institute control station.

I Tank Top Instrument Enclosurel

LTSN

-

1]
]
1
’
’

s

Ritec Pulser

Ritec Receiver

’

100 ft. Cable

Instrument Drawer 001

Data Acquisition Computer
\
Industrial PC K

S

SRALIYV Control Trailer

~ Force Crawler

PNNL SAFT Bridge

Tank Knuckle

Figure 6.1. General Layout Diagram
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6.1 SRAIV-SAFT Control

PNNL designed the SRAIV-SAFT control system around existing control architecture that was
developed under a previous contract with the U. S. Nuclear Regulatory Commission (USNRC). Control
system design is similar to the previous NRC SAFT/T-SAFT control system designs, with the main
exception being that newer hardware has replaced the motor control system. In this case a Parker 6K4
universal controller has replaced a Parker AT6400 motor controller. The new 6K4 controller is self-
contained, and utilizes either serial communications or Ethernet communications for the connection to the
host computer. The older AT6400 controller was mounted in the host computer on the ISA bus. Since
the ISA bus has been removed from most new computers, it was decided that it was time to upgrade the
motor controller from previous SAFT/T-SAFT systems. For the SRAIV system, a serial link between the
host computer and the 6K4 controller was used.

The 6K4 controller is a low level motor controller that works in conjunction with the Parker OEM
stepper motor drives. It provides an interface between the motor drives, which supply power to the
stepper motors, and the host computer. Commands are given to the 6K4 controller by the host computer,
which is translated into electrical pulses that are sent to the stepper motor drives. The stepper motor
drives translate these electrical pulses into motor drive pulses for the stepper motors.

Motor control for the RONDE system is done via several commands that are sent to the 6K4
controller. Most of these commands are identical to the AT6400 model, but some commands are either
changed or removed entirely. The SAFT/T-SAFT software, running on the host computer, sends the
control commands through a Parker developed driver for the 6K4 controller. A function is called within
the SAFT/T-SAFT software that links with the Parker driver, in order to send the commands through the
serial link. The advantage of this system is that the Parker driver allows multiple connections to it, which
allows easier debugging of the software. Commands that have been sent by the driver are readily visible
during debugging, as well as the response from the controller. The 6K4 controller will then send signals
to the motor drives to move the stepper motors.

Once the motors have been commanded to move, the software listens for motor pulses using a high-
speed counter module that is used to synchronize the motor movement with data collection. This allows
accurate sample timing and position information for each data set.

6.2 Tank Top Electronics

The tank top electronics will be located near the entrance riser to the tank annulus. Multi-conductor
cables extend from the tank top electronics enclosure to the SRAIV crawler and scanning bridge. Housed
in the tank top enclosure are electronics for driving the scanning bridge mechanisms, and the ultrasonic
pulser/receiver for inspection of the tank knuckle. Figure 6.2 shows the tank top enclosure and associated
electronics. Section 7 of this document discusses the tank top electronics in greater detail.
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Figure 6.2. SRAIV-SAFT Tank Top Enclosure

6.3 SRAIV-SAFT Control Station

The SRAIV-SAFT control station provides the computing hardware necessary to perform the data
acquisition and data analysis.

The control station consists of a single computer that performs two functions:

e Data acquisition
e Data analysis
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7.0 SRAIV Electronics

The electronics design was based on a previous design of a SAFT/T-SAFT system developed by the
NRC as well as the RONDE system. Much of the electronics was specified as a requirement to be
compatible with the old SAFT/T-SAFT software that was being implemented. Further narrowing of the
electronics was specified to be the natural progression of industry standard upgrades for the existing
equipment to the latest designs while still being compatible with the existing software with minimal
changes. As a result the following hardware is used.

e Compumotor 6K4 RS-232 serial port controller

National Instruments 32 bit PCI slot PCI-6602

Tektronix — Gage Compuscope 12 bit 100 Mega sample per second digitizer - PCI (dual slot)
Ritec ultrasonic square wave pulser SP-801

Ritec broadband receiver BR-640

PNNL is currently using a Parker OEM drive to control the stepper motors on the SRAIV scanning
bridge. During the enhancement work this year on the RONDE system, a low noise stepper motor driver
was found which virtually eliminated noise in the system. Built by Precision Motion Controls, these
motor drives would enhance the current SRAIV system. PNNL recommends that as an enhancement to
the SRAIV prototype, new low noise stepper motor drives replace the current Parker OEM drives.

The LinEngineer stepper motor was chosen for the X1 and X2 drives on the scanning bridge because
they are smaller size, weight, and bolt pattern and fit within the tight constraints given.

The computer that resides in the tank top enclosure has been upgraded to an industrial grade 2.5 GHz

Pentium computer running Windows XP operating system. Cyber Research specializes in thin line rack
mount computer systems.
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8.0 RONDE Enhancements

8.1 Improving the Ultrasonic Signals

The data acquisition system includes the PC platform, analog to digital (A/D) conversion electronics,
pulser-receiver electronics, signal conditioning electronics and filters, and the front-end scanner-
transducer-coupling system. Any field-ready and reliable inspection system must be built upon a robust
structural framework for data acquisition. Of primary importance to the entire system is the PC platform
on which the inspection system resides. PNNL has upgraded the RONDE system to the fastest available
PC platform commercially available. The tank-top computer is now a 2.5 GHz machine operating with
Windows XP. The Control station computer is a dual Zeon processor 2.2 GHz machine optimized for
data analysis. In order to enhance the dynamic range capability of the ultrasonic signals, a high-speed,
12-bit A/D converter with expanded memory capability was implemented. This significantly improved
the system’s data acquisition speed and dynamic range, and provided a more efficient method for
invoking linear waveform averaging in order to reduce random and electronic white noise introduced by
amplifiers and other environmental sources. PNNL implemented numerous hardware noise suppression
techniques to overcome the various noise sources inherent in the prototype RONDE system. The largest
contributors to the noise problem were the stepper motor drivers that were used. Previous experience in
other PNNL systems indicated that stepper motor drives that pulse width modulated the motor input
produced a large amount of noise on the ultrasonic signal. When the system was under development,
PNNL contacted Parker (supplier of Compumotor motors and drives) and purchased their lowest noise
motor and drives. These were acceptable (i.e., signal to noise ratio was acceptable based on signal
averaging) at the time, but PNNL continued to pursue a less noisy set of electronics. Further investigation
found that a supplier (Precision Motion Control) provides a low noise motor driver that does not pulse
width modulate the input. PNNL recently replaced the stepper motor drives, which greatly improved the
signal, thereby allowing data acquisition with no averaging. In the past the motor noise was overcome by
an averaging algorithm, however this prevented the system from operating at an optimum speed.
Previous scanning speeds ranged from 5.1 to 7.6 mm (0.2 to 0.3 inches) per second in the “X” direction
(vertical movement of the transducer), which translated to approximately 32 minutes to scan a 305 mm
(1-ft) length around the tank. With the new improvements scan speed is now 38 mm (1.5 inches) per
second which translates to approximately 11 minutes to scan a 305 mm (1-ft) length around the tank. To
make enhancements to the system such as changing the motor drivers, etc. also require changes in
software and other data acquisition hardware. A complete list of changes that were done to improve the
ultrasonic signal and data acquisition speed follows:

e New Motor Drives (LN-2 from Precision Motion Control)

o New 6K4 Motor Controller (Previous motor controller required an ISA slot and the newer faster
computers no longer support the ISA bus. The replacement 6K4 board fits into a PCI slot.)
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e New PCI 6602 Counter Timer (Utilizing the off the shelf counter timer card and National Instruments
breakout box allows for upgrading to faster computer (previous counter timer card was ISA), requires
less circuitry, and allows computer control of remote electromagnets on the RONDE scanning
bridge.)

e New tank-top computer (Upgrading the tank-top computer allowed PNNL to use the new 6K4
controller and counter timer card, and increased the stability of the system operating with Windows
XP. Utilizing Windows XP and it inherent remote operation capability, allows PNNL to remotely
monitor the entire A-Scan display in real time, which was impossible using the older technology.

o Upgrade to Gage Compuscope 12100 (12-bit) Digitizer (To extend the detection capability it was
necessary to improve the dynamic range and resolution of the system. This enhancement changed the
system configuration from an 8-bit system to a 12-bit system providing considerably more dynamic
range).

o Implemented Noise Suppression Techniques (Additional noise suppression was implemented, such as
additional shielding of coaxial cables).

8.2 Enhancements to Improve User Friendliness

8.2.1 Provide Operator with new Software Capabilities and Controls

Many of the enhancements to improve the user friendliness of the system were software related. The
initial system was very cumbersome in operation since many of the operations were done manually or
required numerous steps and hand calculations. For instance, PNNL has added the automatic “Home”
and “Park” capability to the RONDE scanning system. With a simple keystroke the transducers can be
positioned to the “Park” position (transducers are moved to a position off of the tank surface and the
scanning bridge is positioned in the middle of the scanning range). This “Park” position allows for
movement of the scanning bridge without damaging transducers and places the transducers in a balanced
“Y” position so that the scanning bridge may be aligned to the upper knuckle weld. When it is time to
perform a scan, the “Home” position moves the transducers to a start position and aligns the two
transducers to begin a scan sequence.

Another software improvement was the “Get” function, which provides a digital readout of where the
transducers are located on the scanning bridge (in X1, X2, and Y positions). Additional software was
written to correlate position of the transducer with the crawler encoder position. In an effort to assist the
operator during the Y translation of the crawler, a tilt sensor was added to the system and a software
function was included to provide a digital readout of this tilt position. Other software modifications are
listed below:

e Changing the T-SAFT code to operate under the Windows XP operating system.

o Modifying the T-SAFT code to implement the new 12-bit digitizer card.
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e Modified the data acquisition software for the increased scanning speed, which was possible with the
reduced noise motor drives.

o Disabled software features of the laboratory T-SAFT code which are not applicable to this inspection.
This restricts the operator’s software input and provides less confusion.

8.2.2 Streamline the Ultrasonic Detection and Analysis Procedure

Up until recently the ultrasonic procedure utilized pulse echo (PE, sending and receiving the
ultrasonic pulse from the same transducer) for flaw detection. The procedure sequence began with a PE
scan to detect the upper knuckle weld, which could be used as a fiducial mark in setting up the scanning.
With the weld located in the “X” coordinate, a PE scan was then completed for flaw detection over the
entire 1-ft. length (circumferentially around tank). Ifa flaw was detected and located, a new pitch-catch
(PC, sending the ultrasonic signal from one transducer and receiving with another) scan was implemented
to select the plane of the flaw for tandem sizing setup. Once the plane of the flaw was determined,
tandem sizing was performed. Because the PC method requires more gain in the system than PE, it was
not advisable to perform detection since the noise became excessive. With the advent of the many
changes described in section 2 above, PNNL was able to perform the detection scans with PC thereby
eliminating the need to perform PE. The cascade effect allowed for removal of noise inducing
components such as the pre-amplifier, diplexer, and the remote switching necessary to change from PE to
PC. All of these changes streamlined the procedure considerably and allows the operator to simply
perform a detection scan and directly perform a tandem sizing without any change to the ultrasonic
system.

An additional electronic component was designed and fabricated to provide an easier method for the
operator to perform distance amplitude correction of the ultrasonic attenuation. PNNL designed and
fabricated a time variable gain amplifier (TVGA). The TVGA provides a uniform amplitude of the flaw
signals based on distance (time) from the transducer. The TVGA improved detection capability at
extended distances from the transducer.

8.3 Mechanical Enhancements

The prototype RONDE system underwent a few mechanical modifications to improve operability and
stability. Modifications included installing dust and rust covers over key rotating components and
installing limit devices on all axes. These limit devices included travel limits and transducer stops. To
provide more robust scanning, the motors driving the two “X” axes were rotated 90 degrees to provide a
direct drive.

Deployment of the R