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_ __ _ - - .

Abstract

SAIT-UT technology is shown to provide significant The specification for the hardware implementation is
enhancements to the inspection of materials used in provided for the SAIT-UT system along with a descrip-
U.S. nuclear power plants. This report provides guide- tion of the subsequent developments and improvements.
lines for the implementation of SAIT-UT technology One development of technical interest is the SAFT real
and shows the results from its application. time processor, Performance of the real-time processor

is impressive and comparison is made of this dedicated
An overview of the development of SAIT-UT is provid- parallel processor to a conventional computer and to
ed so that the reader may become familiar with the the newer high-speed computer architectures designed
technology. Then the basic fundamentals are presented for image processing. Descriptions of other improve-
with an extensive list of references. A comprehensive ments, including a robotic scanner, are prosided.
operating procedure, which is used in conjunction with
the SAIT-UT field system developed by Pacific North- Laboratory parametric and application studies, per-
west Laboratory (PNL), provides the recipe for both formed by PNL and not previously reported, are dis-
SAIT data acquisition and analysis. cussed followed by a section on field application work

in which SAIT was used during inservice inspections of
operating reactors.
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Executive Summary

A multi-year program for the Development and Valida- the SAFT-UT system, which became the real-time
tion of a Real-Time SAIT-UT System for Insenice SAFT processor, had not been developed at that time.
Inspection of Light Water Reactors was established at Subsequently, data processing and analysis occurred in
the Pacific Northwest Laboratory (PNL) to develop the the PNL laboratory.
Synthetic Aperture Focusing Technique for Ultrasonic
Testing (SAIT-UT) and demonstrate the technology in The objectives of the program, for the NRC, have been
reactor insenice inspections. achieved with the end product being a transportable

field system that can achieve real-time SAFT imaging.
The objectives of this program for the Nuclear Regula- In conjunction with Westinghouse and Dynacon, it was

,(tory Commission (NRC) Office of Nuclear Regulatory shown that other commercial data acquisition equip-
Research include: ment could be used to acquire suitable data, which was !

subsequently SAIT processed and analyzed. These
Design, fabricate, and evaluate a real-time flaw data were acquired from the reactor pressure vessel at*

detection and characterization system based on the Indian Point Unit II Nuclear Power Plant operated
SAIT-UT for insenice inspection (ISI) of all re- by Consolidated Edison of New York. Further demon-
quired light-water reactor (LWR) components. strations of this capability came when Combustion

Engineering and Amdata, Inc. performed an ISI with an
Establish calibration and field operating proce- I-98 ultrasonic testing (UT) system of a static-cast el-*

dures. bow in the hot-leg of the Trojan Nuclear Power Plant
operated by the Portland General Electric Company.

Demonstrate and validate the SAFT-UT system Data was subsequently SAIT processed, analyzed, and*

through actual reactor Isis. used to further characterize the indications found.

Generate an engineering data base to support the With the evolution of the real-time SAIT processor,*

American Society of Mechanical Engineers pre-processing techniques such as selective filtering
(ASME) Code acceptance of the real-time SAIT- were used on laboratory and field data to evaluate if
UT technology. improvement in the images would result. Slow process-

ing times had previously prohibited utilizing different
The scope of the program is defined by the following: pre-processing techniques because feedback of the

results was too slow in coming. Pre-processing tech-
,

Conduct laboratory tests to provide engineering niques proved most useful on coarse grained inhomoge-a I

data for defiming SAIT-UT system performance. neous materials such as Centrifugally Cast Stainless |
Steel (CCSS). All the defects in round-robin studies on )

Complete the development of a special processor CCSS have generally been detected by SAFT, but the*

to make SAIT a real-time process for ISI applica- problem has been one of a high false call rate because
tions. of coherent scattering from the large grains. False calls

were reduced significantly by the pre-processing filter-
Fabricate and field test a real-time SAFT UT sys- ing, leading to the application of the technique to static-*

tem suitable for field inspection of nuclear reactor cast data files from the Trojan Nuclear Power Plant,
piping, nozzles, and pressure vessels. Resuhs from the Trojan data files were not as dramatic

as were observed in the large grained CCSS data set;
The technology has been developed and put into a form however, the signal-to-noise ratios of the images did
for easy transfer to others. A substantiallaboratory improve substantially, thereby making interpretation of
data base exists for showing the effectiveness of the the images more straightforward.
SAFT technology for reliably detecting and characteriz-
ing defects. Some field validation work has occurred, Subsequently, fast processing times have also opened
but the extensive work for field validation can only be the door for thick section materials such as pressure
said to have begun. Several field trips occurred to vessels. Previously, thick material data files were too
Dresden Unit #2 and to Vermont Yankee where data large to process in a reasonable amount of time and
was gathered on-site but the data processing portion of would typically take days or weeks to process. The
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Executive Summary

speed of the real-time processor performance is impres. Beginning with an overview of SAFT history and basic
sive. A typical thick-section pulse-echo data file that fundamentals, this report provides a single source one
previously took 36 days with 260 hours of host CPU can use to become familiar with the SAFT technology.
time was completed in 64.2 minutes and required only A comprehensive list of references as well as summa-
6.8 minutes of host CPU time! Thus, a real-time rics of key SAFT documents are provided. Laboratory
SAFT-UT field system is a reality, meeting the primary and field application work not previously reported, a
objective of the NRC program. comprehensive operating procedure used in conjunction

with the SAFT-UT field system developed by PNL, and
The ability to SAFT process data files in real time has new parametric studies will be of interest to both the
reduced the time necessary for conducting parametric novice and experienced SAFT investigator The Con-
studies that help predict the effects of errors in process- clusions section highlights the significant achievements
ing parameters and algorithm assumptions. Thickness of the SAFT program and discusses the future possibili-
and material velocity errors in TSAFT-2 data files were ties for the SAFT technology. The SAFT-UT field
studied. The placement of the resulting image is dra- system was assembled from commercially availabic
matically affected by deviations of either thickness or hardware; a complete description of the specifications
velocity from the true values of the specimen under of the hardware used, equipment model numbers, ad-
test. However, the general image integrity is retained. dresses of vendors that supplied the hardware, and
Another study focused on the narrow band approxima- pertinent drawings are included as an Appendix.
tion of the SAFT algorithm. By performing a time
derivative prior to SAFT processing,it was found that
the signal-to-noise ratio improved for wide-band data
files.

Computer technology has greatly advanced since the
SAFT-UT field system was first designed and developed
by PNL. The original SAFT-UT field system consists
of three equipment racks plus a RAMTEK image pro-
cessor. The most recent system developed at PNL, for
the NRC NDE Mobile Laboratory, fits on a single table
top based on a 486 PC and a SUN workstation.

I
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1.0 Introduction !

i
i

Since the mid-1970s, the Nuclear Regulatory Commis- Section 3 provides the reader with a complete bibliogra-
'

sion (NRC) has supported development of the Synthetic phical listing of all NRC publications written about the '

Aperture Focusing Technique for Ultrasonic Testing SAIT technology, including all publications written by
(SATT-UT). Specifically, the inspection of structurally the University of Michigan and PNL. Further, synopses ;
important components in nuclear reactors has been the of key publications are included for readers whom may
major application emphasis. Research began at the have only this SAfT final report at their disposal. |

University of Michigan, which included laboratory adap- |

tation of existing SAIT algorithms from radar applica- Section 4 provides a complete operating procedure for l

tions to the ultrasonic realm. An extensive database the SAIT-UT field inspection system developed at ;
'

and laboratory-oriented software library was developed PNL. Included is an in-depth review of the analysis
on a Digital Eq.tipment Corporation VAX-11/780 logic that has evolved from the many field and laborato-
running the UNIX operating system, ry studies that have transpired over the years. Both the

novice and experienced SAIT user will find this section ;

The NRC also funded Southwest Research Institute in extremely beneficial. ;

the late 1970s and early 1980s to take the SAIT tech-
,

nology being developed at the University of Michigan Section 5 reports on the outcome of a thick-section |
and demonstrate technology for some limited field study; i.e., pressure vessels. Further, a discussion of the

,

applications. development of TSAIT-3 is included. Centrifugally cast J

stainless steel (CCSS) has historically been a difficult !

In 1983, the research effort was transferred to the Pa- medium in which to reliably detect and size cracks. ,

cific Northwest Laboratory (PNL) to develop a fieldable included in Section 5 is a section on advanced pre- |

system based on the technology developed at the Uni- processing techniques developed at PNL, which can bc |

versity of Michigan. At PNL, the effort was focused on used prior to SATT processing to enhance the subse- {
accelerating the computation process, streamlining the quent images, thereby reducing the number of false :
software package, and reducing the physical size of the calls and improving the inspectability of anisotropic !

hardware involved. " Portability" became the key word materials such as CCSS. !

in terms of both the hardware and software. I

Laboratory tests were performed to examine the effects )
A major objective was to offer a practical and fieldable of thickness and velocity parameters on TSAFT-2 imag- ,

technology to commercial companies. This process es. Section 6 goes on to report a bandwidth compensa- !

many times is referred to as " technology transfer." It tion study performed by PNL to document the limita- ;

was considered important to the success of technology tions of the narrow-band approximation used in the |
transfer to provide a user-friendly software package and SAFT algorithm. A utility developed to improve the
offer the ability of integratmg the developed SAIT pro- SAIT images of wide-band data files is described and
cessing accelerator (Real-Time SAIT Processor) on the explained,
user's host computer. |

Twice SAIT was used to process data acquired by com-
Section 2 is intended to give the reader an oveniew of mercial equipment during insenice inspections of oper-
the SAIT technology, beginning with background infor- ating reactors. Section 7 begins with a report on the
mation from a historical perspective and concluding Indian Point Unit 11 pressure vessel inspection, where
with an overview of SAIT fundamentals. In the back- data was acquired by Westinghouse /Dynacon and sub-
ground and history section, one is led from the early sequently processed and analyzed by PNL using the
radar applications of the SAIT technology, through the SAIT technology. A second report describes the Tro-
early ultrasonic applications at the University of Michi- jan Nuclear Power Plant insenice inspection, where
gan, to the culmination of the SAIT technology at data was acquired by Combustion Engineering /Amdata

| PNL. The SAIT fundamentals section provides a basic from a static-cast stainless steel hot-leg cibow. Once
! understanding of the logic employed to process data again, data was subsequently processed and analyzed,

files that have been collected using the SAIT pulse- using the SAFT technology, at PNL.
echo configuration.

I
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1.0 Introduction

|
One of the most important contributions made by PNL including the Mini-Round Robin, the performance

)to further the SAFT technology is the development of demonstration test for intergranular stress corrosion
the Real-Time Processor (RTP). Section 8 covers in crack (IGSCC) detection and sizing and the PISC Ill J
detail the performance benefits of the RTP for both Full Scale Vessel Test. These tests have shown that the
pulse-echo and tandem SAIT applications under vari- SAFT UT technology is a viable technique for detecting i

Ious conditions. Also included in Section 8 is an over- and characterizing defects in light water reactor materi-
view discussion of the implementation of the Real-Time als. '

Processor from a programmer's perspective.
,

In an effort to tie together all of the years of research, !
Section 9 covers the upgrades to the SAFT-UT inspec- both at PNL and the University of Michigan, a conclu-
tion system. The field host computer, described in sions section (Section 11) is included. In this section, |
Appendix A, was upgraded from a VAX 11-730 to a the high points of the SAFT technology are reiterated
MicroVAX III. A robotic scanner was added to the pointing out the significant achievements that have

|
SAFT-UT system. The robot permits the scanning of brought the SAFT technology to where it is and an !

large objects with complex surface geometry. A new insight as to what the future of SAIT might be.
data acquisition system, based on a PC/486 computer,

,

was assembled and installed. This upgrade increased Section 12 provides a list of references used to write
the amount at data that could be acquired in a single this final SAIT report.
scan. The SAIT code was ported to a Sun Microsys-
tems, SparcStation computer. This permits SAIT data The SAIT-UT field system was assembled from com- !

processing and analysis on inexpensive graphics work- mercially available hardware. The specifications of the '

stations. A redesigned SATT-UT system has been hardware used, equipment model numbers, addresses of
i

assembled for the NRC's NDE Mobil Laboratory. This vendors who supplied the hardware, and pertinent j
new system is significantly smaller in overall size and drawings are described completely in an appendix. j

significantly faster in operation.

Section 10 discusses the SAIT-UT technology that has |
been validated by participation in various blind tests

!

|
1
l

I
i

i
1

j

l

'
.
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2.0 Overview of SAFT Fundamentals

Section 2 is intended to give an overview of the SAFT
technology, beginning with background information techniques to maintain phase coherence in radar sys-

tems. In ultrasonic systems operating in the 1 to 10-from a historical perspective and concluding with an
MHz frequency range, the propagating disturbance can

overview of SAFF fundamentals. The background and
history section leads the reader from the early radar be recorded directly using high-speed, analog-to-digital

epplications of the SAFT technology, through the early
conversion techniques. Second, radar imaging is per-

ultrasonic applications at the University of Michigan, to
formed in a relatively uniform medium with a single I

the culmination of the SAFT technology at PNL. The index of refraction and a single mode of propagation.
Ultrasonic imaging, on the other hand, uses media with ;SAFT fundamentals section provides a basic under-
variable indices of refraction. This fact leads to a num-standing of the logic employed to process data files that

have been acquired employing the SAFT pulse-echo
ber of complicating phenomena such as beam steering
caused by refraction, multiple-mode propagation causedconfiguration.
by mode conversion, and guided-wave phenomena
caused by material anisotropy.

2.1 Background and History of SAFT original uhrasonic applications of SAFT followed di-
rectly from the radar experience (Prine 1972; Burck-

The resolution of all imaging systems is limited by the hardt, Grandchamp, and Hoffman 1974). Ultrasonic
effective aperture area, that is, the area over which data data were recorded on photographic film by means of a
can be detected, collected, and processed. Before syn- phase reference or coherent demodulator. Such a
thetic aperture techniques were developed, this maxi. recording procedure is diagrammed in Burckhardt,
mum aperture size was limited by the ability to fabri. Grandchamp, and Hoffman (1974). The received sig-
c:te and control the physical aperture used for data nals were amplified and mixed with a signal from a
collection; e.g., in optics and astronomy, large-aperture reference source to provide a coherently demodulated
telescopes were limited by lens / mirror aberrations and signal used to modulate the intensity on the oscillo-
atmospheric turbulence; in radar and radio astronomy, scope. The output of the os.cilloscope was recorded on
the physical size of antennae was limited by the need film using a camera that was scanned in synchrony with
for portability. SAFT is an imaging method that was the scanning ultrasonic transducer. The resuhs of such

developed to overcome some of the limitations imposed a scanning procedure are illustrated conceptually in
by large physical apertures. SAFT has been successfully Figure 2.1. Figure 2.1(a) shows the plane to be imaged
applied in a broad range of imaging (ontexts-radar, (including two point reflectors), the scanning ultrasonic
geophysical exploration, radio astrono.ny, ultrasonic transducer, and the divergent ultrasonic beam. Figure
testing, and others. 2.1(b) shows the data that were recorded on film. In

range Z, the signals are highly confined. This range
First applications of SAFT involved improving the later- resolution, DZ,is determined by the bandwidth of the
al resolution of airborne radar mapping systems. For ultrasonic pulse. In azimuth X, the indications from the

I

airborne data collection systems, antenna rize is neces. two pomt targets are smeared laterally because of the
sarily limited to some fraction of the size of the air, divergent beam used to collect the data; however, these i

plane being used to scan the antenna. By scanning a smeared indications are modulated and appear as one- !

small antenna over a large area, a large effective aper. dimensional Fresnel zone plates. The phase variation is

fure can be synthesized and resolution can consequently slow near the center of the indication and fast near the
be improved. edges. The spatial frequency content of these indica-

tions is directly related to the range of the point tellec-

Analogies between SAFT processing of radar data and tor. This recorded data was processed optically by a

SAFT processing of ultrasonic data are significant; how. laser and a series of lenses that allows refocusing of th,si
ever, there are some fundamental differences between data in the X direction only. The processed image was

microwave propagation and uhrasonic propagation. then recorded photographically.

These differences have led to different implementations
of SAFT processing. First, radar frequencies are many Even though th.is rnode of ultrasonic synthetic aperture

.

orders of ma;;nitude higher than ultrasonic frequencies. focusing has long smcc been outmoded, it does illus-

This requires the use of special detection and recording trate a number of pomts inherent with SAFT:

.
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2.0 Overview of SAFT Fundamentals
!
!

Imaging is a multiple-step process. Some kind of 1977; Frederick, VandenBrock, Elzinga et al.1979;
*

collection and storage scheme must be implement- Frederick, VandenBrock, Ganapathy et al.1979; Gana-

ed to organize data for a subsequent reconstruc- pathy et al.1981; Ganapathy, Wu, and Schmult 1982;
Ganapathy and Schmult 1982; Ganapathy et al.1983).tion process.
In addition, cooperative programs have been carried out

The object being imaged must remain stationary at the University of Missouri at Columbia (Scydel 1978;
*

Hamano 1980) and at Southwest Research Institutewhile it is scanned.
(Jackson 1978a,1978b,1981). The original goal of the

Range resolution is controlled primarily by the work at the University of Michigan was to demonstrate
*

bandwidth of the insonifying pulse. the feasibility of SAFI to "obtain improved resolution
with respect to other NDT methods, and in this way to

Lateral resolution is ccmtrolled by the effective obtain a better idea of the size, shape, and orientation
a

aperture. The effective aperture is limited by the of a discontinuity in the pressure vessel or piping." The

divergence of the insonifying ultrasonic beam, the initial results demonstrated improved lateral and axial

directiity of the target, and the size of the resolution with planar SAFT-UT applied to a series of

scanned aperture. artificial defects (side-drilled holes) in aluminum test
blocks. All of the initial work was performed with

Lateral resolution can be independent of range longitudinal ultrasonic waves (Frederick, Scydel, and*

because points located at larger distances have a Fairchild 1976).
ilarger " effective aperture."

The second year's work at the University of Michigan

The first digitalimplementations of one-dimensional concentrated primarily on extending the SAFT process-

SAFT processing in ultrasound soon followed these ing algorithm to three-dimensional data sets (Frederick,
initial demonstrations. Digital SAIT processing was Fairchild, and Anderson 1977). This extension involved

demonstrated in the area of nondestructive testing far-reaching changes in data collection, processing, and

(NDT) by the University of Michigan (Frederick et al. display techniques.

1976) and in medical imaging at the Mayo Clinic
(Johnson et al.1975) recording, and coherent summa- During the third year of research (Frederick et al.
tion to demonstrate the feasibility of digital SAFT. The 1978), three-dimensional longitudinal-wave (L-wave)

major differences between the two demonstrations lay SAFT processing was demonstrated with natural and

in the data collection procedure. The NDT system artificial defects in several series of test blocks. At this
used a single, scanned, focused transducer to simulate time, the University of Michigan joined the University
an array of point sources and receivers. The medical of Missouri at Columbia in a collaborative effort to
system used multiple-channel recording and an acoustic develop signal processing procedures that 'would yield

array for data collection. This method was used be- further improvements in axial flaw resolution and sup-
cause the medical system had to image moving objects; pression of " front-surface ringdown."
all the data had to be recorded before the objects
moved an appreciable distance. Signal processing techniques studied intended to decon-

volve the transducer impulse response for the reflected

This need for high-speed data collection in medical ultrasonic signal. Spectral division and linearpredictive
imaging has subsequently caused the SAFT imaging decom'olution were two techniques successfully applied

approach to be abandoned in favor of phased-array and to this problem. Linear predictive deconvolution was
annular-array imaging techniques. In nondestructive suggested as a means for performing "rcal-time" decon-
cvaluation (NDE), the goals of high resolution and volution because it can be implemented in the time
imaging system flexibility have far outweighed the data domain as a recursive digital filter.
acquisition speed requirements. ,

Also demonstrated was a digital subtraction technique !

Research, sponsored primarily by the Nuclear Regulato- for suppression of the large front-surface echo encoun-
ry Commission, has been carried out at the University tered in L-wave SAFT. Figure 2.2 shows the benefits of
of Michigan (Frederick et al.1976; Frederick et al.

NUREG/CR-6344 2.2 ;
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I,

applying this technique. The raw A-scan shown in laboratory applications. The following list summarizes
Figure 2.2(a) contains a large indication caused by the the highlights of this work: |
ultrasonic signal reflected from the front surface of the'

test block and from a small side-drilled hole located 4.6 Software was developed and implemented for per--

mm below the front surface. By subtracting only the forming SAFT-UT on specimens with regular sur-
front-surface signal from Figure 2.2(a), it is possible to face topography; c.g., cylinders, plancs not parallel
improve the signal-to-noise ratio of the side-drilled hole to the scan plane. !
indication as shown in Figure 2.2(b). Figure 2.3 shows I
two SAFT-processed images derived from this type of Software was developed and implemented for per- |

*

data. Figure 2.3(a) shows the contour plot of a conven- forming SAFT-UT on specimens with arbitrary |
tionally processed SAFT image. Figure 2.3(b) shows surface geometry. i

SAFT images produced from the same data; however,
before processing, the front-surface echo was digitally Software was developed to perform multi-depth*

subtracted. With this sort of preprocessing of the raw focusing and expanding aperture SAFT-UT.
radio frequency (rf) data, it appears possible to detect i
artificial defects within 2.0 mm of the top surface. The focusing properties of SAFT-UT were numer-

|
*

ically analyzed. The point spread function of i

A significant effort during the final years of the pro- SAFT was studied as a function of aperture size, I
gram at the University of Michigan was the design and pulse attenuation, random position errors, pulse
development of a special-purpose SAFT processor for bandwidth, horizontal sample intervals, and front-
real-time operation. A processor was built and demon- surface variations.
strated by GARD, Inc. (Ganapathy et al.1985). This
pioneering work in parallel processing established per- Advanced data presentation techniques were ana-*

formance marks that proved that the SAFT processing lyzed. Perspective contour plotting, grey scale,
could be performed at rates making field implementa- color plotting, and interactive displays were con-
tion a real-time process. However, the advances in sidered. Finally, a RAMTEK high-resolution
computer equipment and performance resulted in the graphics imaging display system was selected and
design and fabrication of the PNL special-purpose a graphics / analysis utility was written. i

processing using off-the-shelf boards. The successful l

PNL SAFT real-time processor was a logical extension Processing needs, associated with performing real-*

of the work at the University of Michigan and GARD, time SAFT-UT, were analyzed. Commercially
Inc. available computer systems and array processors

were analyzed and found to be either inadequate
Starting in 1977, a * Program for the Field Validation of or too expensive for performing real-time SAIT-
Synthetic Aperture Focusing Technique for Ultrasonic UT. The concept of a special-purpose, hardware

,

Testing" was undertaken at Southwest Research Insti- implementation, SAFT processor was proposed I

tute (SwRI) (Jackson 1978a and 1978b). The thrust of and developed. However, this also was inade- |

this program was to apply many of the techniques de- quate (variations of the SAFT algorithm could not
veloped by the University of Michigan group and to be casily implemented) and a second real-time
produce a SAFT-UT system suitable for use during site processor was developed using a parallel proces-
examination of actual nuclear power reactors. The sor architecture. This second real-time processor
initial work performed by SwRI was aimed at impro ing utilized commercially available hardware and the

,

the ultrasonics and electronics " front end" of the SAFT- software could be casily modified to accommodate !

UT system. A final report on all of the work per- different SAFT algorithms (pulse-echo, TSAFT,
formed by SwRI was published (llamlin 1985), and the TSAIT-2, TSAFT-3). |

reader is referred to that report for all of the details.
Special-purpose scanning head hardware has been*

Over the past twelve years, work has continued to im- developed. Such hardware allows for high-speed
prove SAFT-UT inspection systems for both field and scanning of arbitrary surfaces and allows for con-

stant transducer offset. The scanning hardware
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|



- - - - . . .._ - . _ .. ~ . _ . - . -- .- . .. - .

2.0 Overview of SAFT Fundamentals

|

|
was further modified to accommodate multiple regarding the ultimate resolution and computational

,

transducer configurations such as TSAFT 2 and complexity associated with performing SAFT-UT have |

TSAFT-3. been answered. Culmination of the SAFT program has
resulted in a real-time SAFT-UT field system and hand-

Tandem SAFT configurations were developed to in-hand work with commercial companies performing*

overcome the ambiguities inherent in pulse-echo, special insenice inspections on operating reactors. I

single-transducer configurations. Further, a spe- Transfer of the SAFT technology to the commercial
,

cial tandem configuration (TSAFT-3) was devel- sector has been a goal of the NRC. This goal has not j
oped for thick-section materials such as reactor been fully met, but the process has started. |

pressure vessels.
'

Parametric studies were performed to study the 2.2 Overview of SAFT Fundamentals*

effects of errors in parameters used during SAFT
processing. Included in these studies were effects The reader is referred to Busse, Collins, and Doctor
from assumptions made within the SAFT alg* (1984); Frederick and Fairchild (1976); Frederick, Fair-
rathm itself. child, Anderson (1977); Frederick, VandenBrock,

Elzinga, et al. (1979); and Frederick, VandenBrock,
The SAFT-UT field data acquisition system was Ganapathy, et al. (1979) for extensive details on SAFT I+

developed and employed in the field during inser- fundamentals. The following is a brief oveniew of the
ivice inspections of operating reactors (Dresden SAFT process and why it leads to significant improve- ;

and Vermont Yankee) with subsequent data pr ' ment in full-volume imaging. SAFT relics on the phys-
cessing at PNL. Further, SAFT data was acquired ics of ultrasonic wave propagation and thus is a very
using two different commercial data acqms,ition robust technique. !
systems and subsequently processed and analyzed i

to characterize real defects in a reactor pressure Synthetic apenure focusing refers to a process in which
vessel (Indian Point Unit II) and a static-cast the focal properties of a large-aperture focused trans-
stainless steel elbow in the hot-leg of a reactor ducer are synthetically generated from data collected
(Trojan Nuclear Power Plant). over a large area using a small transducer with a diver-

gent sound field. The processing required to focus this
Advanced preprocessing techniques were devel- collection of data has been called beam-forming, coher-

*

oped for anisotropic materials such as centrifugal- ent summation, or synthetic aperture processing.
ly cast stainless steels.

Inherently, SAFT has an advantage over physical focus-
Installation of the SAFT utilities on a VAX+

ing techniques in that the resulting image is a full-vol-
11/750 owned by Combustion Engineering (CE) ume focused characterization of the inspected area. |
constituted the first step in educating CE person- Traditional physical focusing techniques provide focused
nelin the operation and mspection requirements data only at the depth of focus of the lens. For the
of SAFT. This step paved the way for field vali- typical pulse-echo data collection scheme used with
dation testmg. SAFT-UT, a focused transducer is positioned with the

focal point located at the surface of the part to be
A real-time processor was built for Sandia Nation- inspected. This configuration is used to produce a

*

al Laboratories and the SAFT utilities were in- broad, divergent ultrasonic beam in the object under
stalled on a Micro-VAX computer, which was test. Alternatively, a small-diameter contact transducer
designated as the host computer in the Sandia may be used to generate a divergent beam in the speci-
SAFT-UT system. This was the first attempt and men material. As the transducer is scanned over the
trial for technology transfer. surface of the object, the A-scan record (rf waveform)

is digitized for each position of the transducer. Each
To summarize, much developmental research work has reflector produces a collection of echoes in the A-scan
been performed over the past twelve years to improve records. If the reflector is an elementary single point
and implement SAFT UT. Many of the basic questions
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2.0 Overview of SAFT Fundamentals |

reflector, then the collection of echoes will form a imalves shifting a locus of A-scans, within a regional
hyperbolic surface within the data-set volume. The aperture, by predicted time delays and summing the
shape of the hyperboloid is determined by the depth of shifted A-scans. This process may also be viewed as
the reflector in the test object and the velocity of sound performing a spatial matched filter operation for each
in the material under test. This relationship between point within the volume to be imaged. Each element is !

,

echo location in the series of A-scans and the actual then averaged by the number of points that were
location of the reflectors within the test object makes it summed to produce the final processed value. If the
possible to reconstruct a hip,h-resolution and high sig- particular location correlates with the elementary point
nal-to-noise ratio image from the acquired signals. response hyperboloid, then the values summed will be

in phase and produce a high-ar.iplitude result. If the
If the scanning and surface geometries are well known, loc bu does not correlate with the predicted response,
it is possible to accurately predict the shape of the locus ihm destructive interference will take place and the
of echoes for each point within the test object. The spatial average will result in a low amplitude value,
process of coherent summation for each image point reducing the noise level to a very small value.
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| Figum 2.1. Schematic of the Results Produced by the Original SAFT-UT Experiments
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WITHOUT FRONT-SURFACE REMOVAL
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Figure 2.2. Demonstration of Signal-to-Noise Improvement Gained by Subtraction of Front Surface Signal
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2.0 Overview of SAFT Fundamentals

MATERIAL: 304 STAINLESS STEEL FREQUENCY = 5 MHz
A = 1.2 mm HOLD DIA. - 1.5 mm
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3.0 Where to Go for Additional Information

Section 3 provides the reader with a complete biblio- Busse, L. J., H. D. Collins, and S. R. Doctor. 1984
graphical listing of all NRC publications and selected Review and Discussion of the Development of Syn-
other relevant publications concerning the SAFT tech- thetic Aperture Focusing Techniquefor Ultrasonic
nology. This listing includes all the documents written Testing (SAFT-UT). NUREG/CR-3625, PNL-
by the University of Michigan and PNL. This section 4957. Pacific Northwest Laboratory, Richland,
also provides synopses of key publications for readers WA.
who may have only the SAFT final report at their dis-
posal. Collins, H. D., and B. P. Hildebrand. 1972. "The Ef-

fccts of Scanning Position and Motion Errors on
Hologram Resolution," in AcousticalImaging, Vol.

3.1 Fibliography 4, ed. G. Wade. Plenum Press, New York, NY.
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bined Acoustical llolography and Line-SAFT,"in detected defects in terms of size, shape, orientation,

,

Proceedings of the Germany-United States Work- { cation, and composition. This enhanced performance
shop on Research and Dcrelopment of New Pro- is brought about by a high-resolution ultrasonic image,

cedures in NDT. Springer Verlag. which is the output of the SAFT process. SAFT-UT is"

: a particularly flexible imaging method that can be

Schmitz, V., O. A. Barbian, and W. Gebhardt.1983. adapted to many different materials, specimen geome-

" Defect Assessment by Ultrasonic Testing," in tries, and propagation modes. SAFT-UT is accom-
! Measurement and Characterization of Weld Defect, P shed by applying a signal processing algorithm to ali

' * " ' ' * * f r w mplitude versus time data (A-scans).I - A Critical Appraisal of Nondestmctive Testing by
'

The algor. hm allows each point within the inspecteditthe British Welding Institute, Cambridge CBI
| 6AL England' v lume to be focused upon by mathematically simulat-
| ing the action of a lens specifically formed for imaging

Seydel, J. A. 1978. (Signal Processing) Methods Devel- that point in the volume. This method of image forma-

opment. NUREG/CR-0135, University of Mis- tion permits each of the pomts to be imaged at the
| souri, Columbia. maximum agilable resolution. The images produced

are volumetric; i.e., th y provide a three-dimensional
, ,

VandenBrock, C., M. B. Elzinga, J. R. Frederick, and map of any defect and the surrounding area. Such ai

S. Ganapathy. November 1980. " Synthetic Aper- map can be accurately interpreted.
,

:, ture Ultrasonic Imaging in Metals." National
Bureau of Standards Special Publication 596 Many aspects of SAFT-UT are treated in this report:

Ultrasonic Materials Characterization: 249.
IIistorical Background of SAFT-UT*

32 Synopses of Key SAFT Documents Theory of SAFT-UT !.

For readers who may have only the "SAFT Final Re- Implementation of and Results Using SAFT..

port" at their disposal, synopscs of key SAFT docu-
ments have been assembled. These synopses are in* From the results presented, it appears that SAFT-UT
tended to give an overview of past information pub- has been truly successfulin providing a flexible high-
lished about the SAFT technology. For more detailed resolution imaging system for the laboratory environ-
information, readers should acquire the particular docu- ment. This method ofimaging appears to be ideal for
ments desired. the inspection of critical industrial components, espc-

cially in the nuclear power industry.

The application of SAFT-UT imaging methods to field-
testing of reactor piping, pressure vessels, and nozzles
appears to be a feasible and highly desirable extension
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of the basic research carried out so far. With the de- nuclear reactor piping, nozzles, and pressure
velopment of a special-purpose, real-time SAFT proces- vessels.
sor, this transfer of defect detection / imaging technology
from the laboratory to the field appears to be both Ongoing work is advancing the evolution of the SAFT-
practical and feasible. UT field system from concept to reality. The final sys-

tem was operational by the end of fiscal year 1985.
3.2.2 Development and Validation of a Real- Reported here are a system oveniew, optimization of

Time SAFT-UT System for the Inspection of front-end electronics, and procurement of hardware for

Light Water Reactor Components, Vol. I the final system configuration.

(Doctor et al.1986) In demonstration tests, a special-purpose SAFT proces-
sor being designed by General American Research and

A three-year program for the Development and Valida- Development, Incorpor:ted, met its speed requirement '

tion of a Real-Time SAFT-UT System for Insenice for real-time operation. However, because the hard- j
inspection of Light Water Reactors was established at ,vired system was intended to implement pulse-echo
PNL to develop SAFT and demonstrate the technology mode only, it could not be easily changed to accommo-
in reactor mscrvice mspech,ons. date other algorithms, e.g., Tandem SAFT. Also, rede-

,

sign was needed to produce a reliable unit suitable for
The objectives of this NRC program include these: field work because the first version had been intended

only for laboratory demonstration of the concept. PNL
Design, fabricate, and evaluate a real-time proposed a new design based on commercial hardware.

*
;

flaw detection and characterization system i

based on SAFT-UT for inservice inspection The theory of pulse-echo operation is described here
(ISI) of all required light water reactor and extended to cover the tahdem mode of operation. !

(LWR) components * The tandem mode was developed to image vertically j
oriented defects by overcoming the ambiguities of cor- 1

Establish calibration and field operating ner-trap pulse-echo data. Laboratory experiments were
*

procedures. conducted to begin refinement of criteria to be used for
sizing vertically oriented defects for both modes of '

Demonstrate and validate the SAFT-UT sys" operation.
*

tem through actual reactor insenice inspec-
i

tions. SAFT data were obtained from several examinations of I
material samples and piping welds in the field. Samples

Generate an engineering data base to sup- included a specimen provided by Southwest Research
*

port ASME Code acceptance of the real- Institute from the Duane Arnold reactor, a thick section
time SAFT-UT technology. of steel plate with induced defects examined by Risley

Nuclear Laboratory, and plate 2 of the PISC 11 pro-
The scope of the program is defined by the following: gram. The field welds included four at the Dresden

Unit 3 power plant and nine at the Vermont Yankee
Conduct laboratory tests to provide engi- power plant. Analyses of these data are presented,

*

neering data for defining SAFT-UT system
performance. Several changes were made in the SAFT processing

scheme to speed up the processing of ultrasonic data
Complete the development of a special pro- for SAIT analysis. The changes included optimization*

cessor to make SAFT a real-time process for of the SAFT algorithm on the VAX 11/780 computer,
ISI applications. selective processing, acceleration of the envelope detec-

tion algorithm, and conversion of SAFT software from
Fabr:cate and ficid-test a real-time SAFT- the UNIX implementation of the C language to*

UT system suitable for field inspection of VAX/VMS C.

NUREG/CR-6344 3.6
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,

3.2.3 Development and Validation of a Real- and its features are described in terms of operator- :

Time SAFT-UT System for the Inspection of oriented software designed to minimize operator com-

Light Water Reactor Components, Vol. 2 Puter skill requirements. Features such as transducer !

P "' "' "' 8 |(Doctor et al.1987a) es ibe .

A multiyear program for the Development and Valida- The modes of signal processing with the emphasis on
,

tion of a Real-Time SAFT-UT System for Insenice the implementation of the tandem SAFT mode are
| Inspection of Light Water Reactors was established at described. Examples, where image ambiguity is
| PNL to develop the synthetic aperture focusing tech- reduced, are presented. Processing speed-up routines,
'

nique (SAFT) and demonstrate the technology in reac- including selective processing and envelope detection,
tor mservice inspections. are described and performance is demonstrated.

,

The objectives of this program for the NRC include The real-time SAFT processor box using the 68000
'

these: family of microprocessor is described and performance ;

matrices pre;ented for in design versus the VAX i
Design, fabricate, and evaluate a real-time 11/780 and VAX 11/730 for both thin material (pipe) |

*

flaw detection and characterization system and thick mat: rial (pressure ussel) files. This design I

based on SAFT-UT for ISI of all required approach clearly provides the processor speed necessary
LWR components. to achieve real-time SAFT operation.

|
Establish calibration and field operating The field experience consisted of taking the SAFT-UT |

*

procedures. system to Commonwealth Edison and demonstrating |
for the first time in-field processing of SAFT data on a

Demonstrate and validate the SAFT-UT sys- narrow-gap pipe weldment containing fabrication flaws.
*

tem through actual reactor insenice inspec-
tions. A detailed analysis was conducted on PISC 11 Plate 2

data and compared to other PISC 11 team performanc-
Generate an engineering data base to sup- es. This block was the first out oflaboratory testing on

*

port ASME Code acceptance of the real- the SAFT-UT data acquisition system with subsequent
time SAFT-UT technology. PNL processing of the data. Many things were learned

about how to develop procedures to reduce potential
The scope of the program is defined by the following: inspection errors. The SAFT results were very good

under the circumstances and were better than the glob-
Conduct laboratory tests to provide engi- al average and average of the advanced teams. The

*

neering data for defining SAFT-UT system data clearly shows that image sizing criteria must be
performance. applied as a systematic function of defect type (i.e.,

planar versus volumetric); otherwise, consistent over- or
Complete the development of a special pro- under-sizing will result. For the data presented, a loss-

*

cessor to make SAFT a real-time process for of-signal criterion was applied resulting in an over-sizing
ISI applications. trend.

Fabricate and field test a real-time SAFT-*
Data was collected on a series of 15 centrifugally cast

UT system suitable for field inspection of stainless steel weldments that are part of a round robin
nuclear reactor pipmg, nozzles, and pressure being conducted under PISC II. The data collection

,

vessels. methods are described, but no analysis was performed !

8 u 8 % reporkg pcM
Ongoing work is advancing the evolution of the SAFT-
UT field system from concept to reality. The final sys-

| tem was operational by the end of the fiscal year 1985,
|
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3.2.4 Development and Validation of a Real- ongoing work is focused on advancing the evolution of

Time SAFT-UT System for the Inspection of the SAFT-UT field system from concept to reality. The
final field system was operational by the end of fiscalLight Water Reactor Components, Vol. 3
year 1985; and the emphasis this past year has been m

(Doctor ei al.1987b) terms of parametric sensitivity studies on operational
parameters, further development of the real-time SAFT

A multiyear program for the Development and Valida- processor box, and detailed analysis of a number of de-
tion of a Real-Time SAFT-UT System for Insenice fccted samples.
Inspection of Light Water Reactors was established at
the Pacific Northwest Laboratory (PNL) to develop the The tandem SAIT mode was developed in 1985 to
synthetic aperture focusing technique (SAIT) and dem- overcome some of the serious shortcomings of the
onstrate the technology in reactor inservice inspections. pulse-echo mode. This first implementation of the

TSAFT mode was developed by using a fixed source
The objectives of this program for the Nuclear Regula- and scanned receiver. During this year, the TSAFT-2
tory Commission (NRC) include these: mode was developed, which uses a scanned source and

scanned receiver. The performance of the TSAFT-2
Design, fabricate, and evaluate a real-time flaw mode is clearly superior and allows defects with depth

*

detection and characterization system based on larger than the transducer beam diameter to be sized
SAFT-UT for insenice inspection (ISI) of all re- accurately and shows an improvement of the resolution

'

quired LWR components. performance.

Establish calibration and field operating proce- Extensive efforts were expended to conduct parametric*

dures. studies on the sensitivity of the SAFT-UT system to
some of the processing variables. The variables studied

Demonstrate and validate the SAFT-UT system during :his reporting period included: pulse-echo sam-*

through actual reactor insenice inspections. pling rate,3-D SAFT mode versus the Line-SAFT
mode, TSAFT velocity changes of up to 20%, TSAFT

Generate an engineering data base to support thickness changes of up to 20%, TSAFT resolution*

ASME Code acceptance of the real-time SAFT- performance, imaging of nonvertical defects, and per-
UT technology- formance of TSAFT and TSAFT-2 for accurately sizing

vertical defects. The SAFT-UT system performed as
The scope of the program is defined by the following: predicted based on theory. As the sampling rate in-

creased, the imaging resolution improved until twice the
Conduct laboratory tests to provide engm, eer, g Nyquist sampling rate was achieved. The resolutionm*

data for defining SAFT-UT system performance. performance of the 3-D SAFT mode was shown to be
very superior to the results for Line-SAFT for reflectors

Complete the development of a special processor exhibiting high spatial frequencies. The surprising*

to make SAFT a real-time process for ISI appbca- result for changes in velocity and thickness was to have
tions. a large shift in the defect location and a minor blurring

or resolution loss in the image. The SAFT UT system
Fabricate and field test a real-time SAFT-UT sys- performance deteriorated the same as other acoustic*

tem suitable for field inspection of nuclear reactor methods because of signalloss when defects became
piping, nozzles, and pressure vessels. non-vertical and scattered the acoustic energy outside

,
the receiver aperture. The changes are documented

During this year, a formal agreement was put m place and predictable from simple acoustic scattering theory,
with Combustion Engineering in which they joined the The superiority of the TSAFT-2 mode over the original
program and began asisting in validating the SAFT TSAFT configuration was demonstrated through a
technology on nuclear power plants. series of sawcut sizing measurements showing the in-

crease in resolution performance by a factor of 1.4.
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The evolution of the real-time SAFT processor box is that is transportable to field emironments, and provides
continuing, and further studies of the performance is on-the-spot (real-time) images for defect sizing and
showing that the real-time rates of ten A-scans per characterization. This includes accelerating the compu-

| second can be achieved when the new 68020 micropro- tation process, streamlining the software package, and
cessor boards are used, reducing the physical size of the hardware involved.'

i
| Some very good studies were performed in the labora- In addition to field system design,it was considered

tory on blocks and pipe specimens from a number of necessary for the advancement of SAFT-UT technology j
sources. The SAIT performance was very good and to offer a software and hardware package that is easy to j
was within predictions for the apertures that the speci- use and could readily be implemented by other organi- 1

| mens allowed. TSAFT-2 was shown to provide zations. " Technology transfer" became an important I
| improved near-surface performance over pulse-echo on item in the scope of the project and," Portability" be- |

the NAVSEA block. The large-diameter pipes in the came the key word in terms of both the hardware and
Materials Reliability Center at PNL were examined and software.
much was learned about refining the SAFT procedure
to minimize efforts during the data collection phase. Development of a real-time SAIT processor was an
Furthermore, it was found that if the electronics satu- important achievement in providing rapid SAFT-UT
rate, the resultant image will be blurred and result in images. This device is a parallel architecture peripheral
systematic oversizing of the defect. Data were collected to the host computer and performs all of the computa- |
on a series of KAPL specimens, and the images were tionally intensive SAFT computations. It significantly j
good although no feedback h&s been received on the accelerates the SAFT computation and relieves the host !

SAFT result versus the destructive results or even in- computer so that it may more effectively perform the
tended defects. Results were obtained on a series of executive and graphics operations. !
CCSS specimens and all thermal fatigue cracks in the ]
specimens were detected; but at the same time, a num- A variety of software utilities were developed to assist
ber of false calls were made. The false calls result the user in processing the data collected and interpret-
from the coherent backscattering that is produced by ing the results. These include an on-line editor for data 1

the large anisotropic graia structure. Data were also files and their associated parameter blocks, an interac- I

collected on a series of 45 quadrants of pipe specimens tive interface to the real-time SAFT processor and
that are part of the Mini-Round Robin study in prog- SAFT processing software, and three graphic utilities
ress at PNL. These data were analyzed and has not that provide extensive defect sizing and characterization
been compared with true-state destructive results. This capability.
is planned for next fiscal year.

A major hardware design goal of the transportable real-
32.5 The SAFT-UT Real-Time Inspection time field system was to implement off-the-shelf compo-

System Operational Principles and Imple- nents. The purpose of this was to facilitate technology

mentation (Hall, Reid, and Doctor 1988) transfer. While it is apparent that the overall size of
the field system could be reduced through custom de-
signs of certain modules, commercially available compo-

A multiycar program for the Development and Valida- nents were chosen wherever possible to make this tech-
tion of a Real-Time SAFT-UT System for inspection of nology more available to other organizations. The few
Light Water Reactors was established at the Pacific. exceptions to this objective are detailed in the final
Northwest Laboratory (PNL) to develop the synthetic portion of this document.
aperture focusing technique (SAFT) and demonstrate
this advanced imaging technology in reactor inscnice This document was written as a basis for implementing
inspections. The developed systern presents a visual the SAFT-UT software and hardware developed at
image of uhrasonic indications from reflectors located PNL. A theoretical overview of the PNL implementa-

i in piping and pressure vessels of nuclear reactors. A tion of SAFT-UT is given. Included is an architectural |

| significant portion of the effort at PNL was oriented overview of the SAFT-UT field system including the I

| toward building a system based on SAIT technology real-time SAFT processor. A detailed operating de-

|
,
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scription is provided for each SAFT-UT software utility the mechanics and software control of the algo-
offered in the package. A precise description of the rithms required to permit system operation.
installation SAFT-UT software utilities is also given,
along with an explanation of the technique for interfac- 6) The SAFT-UT technique can be used to generate
ing foreign data files to this program set. Finally, an images of both volumetric and crack-type defects.

,

'

itemized parts list and hardware description is given to
complete the comprehensive documentation of the 7) The SAFT-UT technique can be used to generate
SAFT-UT real-time fieldable imaging system. images of defects located beneath cladding or

located in the vicinity of strong geometrical )

3.2.6 Program for Field Validation of the reficctors.

Synthetic Aperture Focusing Technique for |
8) SAFT-UT can be utilized to produce images of aUltrasonic Testing (SAFT-UT) (Hamlin 1985)

variety of defect types and will be successful when

t r ce g an u ro ag gen-
iqu w s d e oped a d es ed he p r rm nce eration.

capability of this system was evaluated and is summa-
rized below: g ,; ; g; g; g g;;;

1) SAFT-UT is a viable NDE technique capable of to image yects is the ability to define
the phys.ics of the acoustic mteractions that take place -

,

perform.mg accurate measurements of the spatial at the surface of the defect. The SAFT-UT technique
location and extent of acoustically reflective sur-

depends on the acoustic energy returned from the de-
faces contamed m objects similar to the structural g ;g g g,; ;
components and weldments m nuclear power problems, results in failure to image the defect. Fur- |

reactor systems. h M in vobing this technique should concentrate
on defining a better understanding of the limitations of

2) SAFT-UT inspection equipment demonstrated the UT technique itself from an acoustic physics stand- i

effective operation at higher sensitivity levels than .

P "''is practical using conventional UT inspection
equipment. 3.2.7 Development of a Real-Time Residue

3) Interpretation of the SAFT image displays is Number Processor for SAFT Inspection,
much more definitive and easier to perform than Phase II Final Report, September 1984
the evaluation of indications obtained from con- through April 1986 (Polky 1986)
ventional UT equipment.

|
A high-speed SAFT-UT imaging system has been de- )

4) To provide a SAFT-UT system possessing the signed using residue number system (RNS) computa- '

flexibility necessary to perform general field-rated tional methods. The imaging system is based on a new
flaw analysis functions, both 0-degree and angle- frequency domain correlation process applied to con-
beam inspection capabilities must be incorporated. ventional pulse-echo ultrasonic data, wherein the data is

collected over a two-dimensional aperture. The result-
5) In contrast to the use of an immersed focused- ing three-dimensional data set in x, y, and " time-of- |

1beam inspection mode for SAFT-UT, the surface flight" may be processed by the frequency domain
inspection mode can also be utilized. The surface SAFT (FSAIT) system in either real-time or batch
contact inspection mode can be applied to compo- (post-test) modes. In the real-time mode, it is expected
nent surfaces representative of actual field compo- that true flaw recognition would be of primary interest
nents. Use of this inspection mode offers engi- and the resulting images would be competitive with
neering advantages over the focused-beam mode current time-dorrain SAFT techniques. However, the
because of greater simplification (lower cost, greatest benefit of FSAFT is for detailed analysis of
shorter development time, higher reliability) of critical flaw types using the high-speed batch or fast

NUREG/CR-6344 3.10

_ _ _ . ..



. - _. . ~~ __- -- --- - _ - _ . . _ ~ - . . - _ . - -

3.0 Additional Information
,

inspection mode. The system's performance results may be built using a correlation-reconstruction SAFT
from using custom RNS hardware to speed the correla- algorithm, implemented with RNS techniques and off-
tion process, which for typical sub-volumes of 64 x 128 x the-shelf electronic components. Images are recon-
400 sample points would execute in 11 seconds. This structed in a number of theoretic transform compo-
rapid execution time includes all memory exchange nents. All computations can be made in a highly paral-
overhead as well as forward and inverse number thco- lel computational architecture. These methods also
retic transforms (NTTs) and point spread function allow image enhancement to be easily performed for
(PSF) multiplications. improved flaw visualization, and with negligible speed

| reduction. It has been determined that high-resolution
i The hardware design concentrated on a custom memo- three-dimensional flaw images may be generated and |
| ry management processor and RNS computational that a commercially viable product could result through
'

modules. Although no hardware was fabricated, it is development of a prototype real-time RNS processor.
believed that a commercial system could be realized The hardware is expected to be made up of 100-nsec bit

| with conventional electronic components operating at a slice microprocessor components and large RAM stor-
base clock frequency of 10 Mllz. age units. Such a processor would provide the NDE

community with a valuable new tool that could generate
A FORTRAN-coded software simulation was developed significant improvements in real-time flaw visualization
in conjunction with the analysis phase of this effort. of critical components encountered in nuclear power
Through the use of this code, it was determined that plant inspection. Special inspection conditions, such as
data volume slicing, overlap save, and frequency domain muhiple reflections and crack tip detection in the pres-
techniques could be used effectively in the real-time ence of corner reflecting effects, may be overcome by
hardware implementation. modifying the functional form of the PSF. It is also

possible that semiautomatic flaw classifications could be
it was determined by analysis and simulation that the included in the process without significantly adding to
PSF is the critical element in the effective use of the computational burden. Based on the performance
FSAFT for inspection. The PSF may be customized by estimates of the Phase-I cffort, this new image process-
the user to affect a variety of reconstruction results. ing system has the potential to acquire and focus the
Most important of these is the ability to mold the PSF equivalent of 145 A-scans per second, which translates
to enhance unusually difficult flaw characterization into an inspection rate of more than 1000 cubic inches
problems. Ilowever, more research is required to per minute for typical pressure vessel specimens. A
better understand the nature of optimum PSFs and near-term prototype version can be fabricated, using
their limitations in the FSAFT algorithm. Not only can some disk memory to reduce risk and cost, with a thro-
the PSF be customized for direct imaging, but it may ughput of 40 focused A-scans per second. This proto-
also be hybridized to include image enhancement pro- type design may be easily upgraded to the higher throu-
cessing within the reconstruction process. The over- ghput rate for a future production model.
head incurred by forming a composite PSF is zero. j

Therefore, FSAFT imaging can give the user greater 3.2.9 Design and Development of a Special |

capability for characterizing flaws than other methods, Purpose SAFT System for Nondestructive
and can do so without any additional computational Evaluation of Nuclear Reactor Vessels and j
burden' Piping Components (Ganapathy et al.1985) |

3.2.3 An Ultra-High Speed Residue Proces-
cal report descr.bes research work perform-This techm. i

sor for SAFT Inspect. ion System Image En- ed by the Ultrasonic Imaging Laboratory for the U.S.
hancement, Final Report, October 1983 Nuclear Regulatory Commission (NRC) in fulfillment
through March 1984 (Polky and Miller 1985) of NRC Contract No. NRC-04-75-182, "Uhrasonic Im-

aging Techniques for Real-Time In-service Inspection of

| The Phase-1 feasibility study of residue number system Nuclear Power Reactors."
(RNS) image processing for SAFT inspection has suc-'

cessfully determined that an advanced inspection system
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The purpose of this multiycar contract (1980-1983) was The work was performed in the Ultrasonic Imaging
to develop a field-implementable real-time system based Laboratory, Department of Electrical and Computer
on Synthetic Aperture Focusing Techniques (SAFT) Engineering, the University of Michigan, Ann Arbor,
developed previously at the University of Michigan. To Michigan. The project was performed under the tech-
accomplish this objective, the first year's effort was nical direction of Prof. S. Ganapathy. The project
spent on implementing improved display techniques and monitor was Dr. J. Muscara of the U.S. Nuclear Regu-
analyzing potential bottlenecks in the development of a latory Commission.
field-implementable real-time system. The second
year's effort concentrated on the detailed analysis of This technical report covers work done primarily over
processing requirements and initial design of a SAFT the period January 1,1982, to September 30,1983. The
processor. The results of the first two years' efforts are details of this report are based heavily on the results
detailed in the NRC reports NUREG/CR-2154 (Octo- reported in earlier reports, primarily NUREG/CR-2154
ber 1981) and NUREG/CR-2703 (January 1983), re- and NUREG/CR-2703. Details of previous work on all
spectively. aspects of this research are available in one or more of

the following NRC technical reports:
The final year was devoted to the detailed design of the
special purpose SAFT processor and an overall design NUREG-0007-1: January 1976
of a field-implementable SAFT-UT system. The design NUREG-0007-2: September 1977
specifications were subsequently handed over to Gener- NUREG/CR-0135: May 1978
al American Research and Development, Incorporated, NUREG/CR-0581: January 1979
as part of a subcontract to enable them to build a pro- NUREG/CR-0909: September 1979
totype. This prototype was successfully fabricated by NUREG/CR-2154: October 1981
late 1983 and met the overall objectives of the design. NUREG/CR-2703: January 1983.
This report, the third and final annual report, discusses
the design details and the results of the construction of
the SAFT processor and includes recommendations on
the other components of a ficid-implementable NDE
system based on SAFT.
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4.0 SAFT-UT Field System Operatiug Procedures
.

4

This section provides a general operating procedure for PNL that the robust nature of the SAIT technique and
the U.S. Nuclear Regulatory Commission (NRC) field- algorithm provides very high-quality ultrasonic imaging, '

usable Synthetic Aperture Focusing Technique for and that the majority of erroneous interpretations have
Ultrasonic Testing (SAFT-UT) system. been due to errors made during the data acquisition

phase.
The result of the PNL effort to develop a fieldable
SAFT-UT system is housed in three transportable racks Consequently, this section willlay out a procedural for-
cnd consists of four functional parts: the host computer mat that can be followed by new SAFT-UT users to
(a VAX-11/730), graphics processing and display, data provide them with the information necessary to acquire i

acquisition, and real-time processor. A detailed hard- and analpe SAFT-UT data. ,

ware description may be found in Appendix A of this !
document. All of the SAFT software utilities refer- 4,1 Getting Started I
enced throt.ghout this section are described in detail in '

ne SAFT-UT Real-Time Inspection System - Operation- This section provides the user with background infor- i

al Principles and Implementation (llall, Reid, and Doc ~ mation that should be read prior to actually operating )for 1988). the SAFT-UT ficld system. It then goes on to explain
,

how to turn on the system, interface with the data
The focus of this section is on operating the SAFT-UT acquisition software, and make preliminary adjustments
field system. Each section will discuss a different as- to the SAFT-UT equipment. Everything necessary to
pect of the SAFT data acquisition and/or analysis * set up a particular scan configuration and collect SAFT

,

data is covered. Figur; il provides a picture of the !
Section 4.1 covers turning on the power, interfacing SAFT-UT field system ident fying switches, knobs, Ii
with the data acquisition software, making preliminary and/or modules by a number. Each function is subse-
adjustments, and beginning a scan. quently described in this section. As each switch, knob, i

and/or module is described, a number in brackets (e.g., i

Section 4.2 deals with pulse-echo data acquisition. It <1>) corresponds to one of the numbers in Figure 4.1,
'

includes a discussion of things to consider when scan- so the reader can easily identify the physicallocation.
ning piping or thick-section vessels.

4.1.1 Background Inforniation |Section 4.3 gives detailed information about the three
. .

available tandem configurations. Application of the i

To operate the SAFT-UT field system properly, one
|tandem configuration on piping and thick-section vessels

must have a basic understanding of the SAFT philoso-
|is Mso vered.

phy and scanning conventions that are used. Figure 4.2 ,

grapMy shows tk scan catwndons assumed )Finally, Section 4.4 provides an insight to'both the
throughout the SAFT software set. The Z axis repre-strengths and limitations of the SAFT-UT field system
sents depth into the matenal with the axis ongm locat-

, ,

as it pertains to the analysis of acquired SAFT data
ed at the surface of the matenal; the deeper mto the

sets. The logic used to analpe both pulse-echo and
matenal, the larger the value of Z.

tandem images has been developed over the years and
is a result of reviewing the large data base that PNL

, Tk X d is k m e M h mb of k mi-
has acquired. A desenption of the analysis logic is

al and is normally perpendicular to the wall being
provided.

scanned. The Y axis is the increment axis and is paral-
lel i *cl 8 scannd h scan mechanism isThe integrity of the data base is important. No amount assmne to han

of sophisticated processing will help the resultant image
if the data base is of a low quality. One must always

1. traveled in the positive X direction while collect-
pay close attention to details when using the SAFT-UT

ing a plane of data
field system to ensure that the mechanical scanner posi.
tioning, front-end analog adjustments, and file header

2. incremented in the Y direction
mformation are correct. It has been our experience at
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3. scanned back to the original position of X without The terminal, connected to the data acquisition rack,
collecting data should now be prompting the user for a date entry

1 (Figure 4.3-remember to include any dashes or colons);
4. again traveled in the positive X direction collect- enter the date using the prompted format (dd-mmm-

ing the next plane of data. yy). Next, the user is prompted for the time (Figure
43); enter the time using the prompted format

i It is essential that the data file A-scan records be or- (hh:mm:ss). Once the user has entered the date and
dered in this manner. An A-scan record consists of a time, a period appears on the terminal; this is the
predetermined number of points describing the rf wave- DEC-11/23 microcomputer prompt symbol. The user
form along the Z axis. SAfT utilities have been devel- is now in the RT-11 operating system erniromacnt and
oped to transform data that have been acquired with may perform any of the allowable RT-11 commands.
different axes orientations. SAFT data acquisition is controlled by the DEC-11/23

microcomputer, which performs the executive function;
For angle-beam applications, care must be taken to it monitors and supervises the scanner stepper motor
conform to the incident angle convention. Universally, controllers, data digitization, delay gate generator, and
the utilities expect the transducer to be tilted along the position encoder circuitry. Storage and interface func-
X (scan) axis and in the negative direction, as shown in tions, with respect to communication with the field host
Figure 4.2. If the transducer is tilted so that the sound analysis computer (the VAX-11/730), are also con-
lield precedes it, then this is considered a negative inci- trolled by the microcomputer. The data acquisition mi-
dent angle. In most applications, the incident angle will crocomputer software serves as the operator interface
be negative. Again, SAFT utilities have been developed for the real-time mode of operation. A menu-driven
to transform data that has been acquired using a posi- format is used to ensure that the user will correctly
live incident angle. enter, prior to the scan, SAFT parameters that are used

to process the raw data file.
4.1.2 Power-Up and Log-On Procedures

The host VAX needs to be booted. Press the return

Ensure that POWER SWITCHES <1,2,3,4> (no par- key on the terminal connected to the host VAX (con-
ticular order) are in the ON position and that the D_C sole port); the prompt symbol ( > > > ) should be seen.
PWR <5> and CJ14 <6> buttons are depressed. Two Type, > > > B < return > to start the booting process.

more power switches must be ON; the first is located at Upon successful completion of the boot process, the
the rear of the DISK DRIVE <7> unit, and the sec- terminal should be prompting the user,"PLEASE EN- )
ond is located at the rear of the DEC-11/23 <8> mi- TER DATE AND TIME (DD-MMM-YYYY l

;

crocomputer. Each of the aforementioned switches is IIH:MM)." Enter the date and time in the promoted !

normally left in the ON and/or depressed position. format and press the return key. Some initial programs |

will run and then the final message "The l

Turn on the main power to the DATA ACOUISITION PNL_SAFT_ FIELD _VAX VAX-11/730 system has |
;

RACK <9> by switching the MAIN POWER been rebooted" will be presented to the user. The

SWITCH <10> to the ON position; observe that the SAFT-UT field system is now ready to use. The user
RUN <11> light is lit, indicating that the DEC-11/23 must invoke the data acquisition software that will j

microcomputer is on line. Turn on the power to the Prompt the user for information to begin collecting, j

host VAX and the rest of the SAFT-UT field system by processing, and displaying data.

turning the h1AlN POWER KEY SWITCH <12> to
the LOCAL position. Depress the RUN/STOP <13> 4.1.3 Initiating the Data Acquisition Soft-
button to bring the disk drive up to speed (observe that ware
the READY <14> light is lit after the disk drive co-

,

mes up to speed). The DEC-11/23 microcomputer is A command file named " SCAN," executed by typing

| now ready for the user to log on and for the host VAX .@ SCAN < return > (Figure 4.3), places the user in the
to be booted. SAFT data acquisition program. Figure 4.4 presents

what the user will see next on the terminal. The user is

|

|
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first prompted to select the transducer configuration. A not digitizing the area of interest+

vcriety of common scanner configurations are presented
to the user, each with various standoff options. The an error in the actual starting depth.-

appropriate respon-- h to type >(a number.1 throunh
8) < return >. Next, the user is prompted to select the An error in the actual starting depth affects the correla-
scan axis to be used (Figure 4.4; pulse-echo configura- tion of the data when the SAFT algorithm is applied.
tions only); type >(1 or 2) < return >. Finally, the user The resulting processed image would most likely be of
is prompted to enter if this scan is to straddle (trans- poor quality. The incident annie is the angle of the
ducer scanning from the side opposite the scanner central ray (before entering the material) relative to an

i
location) the object plane or not. This entry is neces- imaginary line perpendicular to the near surface of the
sary to ensure that the scan axis will be directed to material under test and is entered in degrees. If the
travel in the correct direction to collect data in the sound field precedes the transducer as it is scanned,
standard SAFT format; type, >(Y or NT < return >. then the angle is negative. Errors in the incident angle
Figure 4.5 presents what the user would see if a tandem will affect the initial delay and the resulting image in
configuration were selected. the same way as errors in the standoff parameters. The

full beam ancle. also entered in degrees, will affect only
The user is now presented the menu in Figure 4.6, the processed image. It determines the size of the

,

which allows (1) viewing the header narametm, (2) synthetic aperture to be used when SAFT processing is I

editing the transducer characteristics, (3) editing the performed. A calculated value may be entered initially
material characteristics. (4) modifying the sampling using Equation (4.1) for a small-diameter, flat piston
dea, (5) modifying the scan narameters. (0) continuing radiator: j

to the next menu. and (-1) modifying the conficuration
mode. Each option may be exercised by selecting the 0.5 * 1
appropriate code, >(1.23.4.5.0. or -1) < return >. Full Beam Angle = sin.:

|

4.1.4 General Header Requirements
where: A = the wavelength in the material given in

if the user types >1 < return >. the complete header inches (of the transducer's center fre-
information is viewed on one screen, as shown in Figur. quency)

e 4.7 (pulse-echo configuration) and 4.8 (tandem config- d = the diameter of the transducer element

uration). given in inches.

The transducer header information (Figure 4.9) consists Most likely, the full beam angle will be altered later
of items such as transducer frequency, standoff criteria, using the DEDIT (llall, Reid, and Doctor 1988) utility
angle of incidence, full beam angle, and beam entry and a new process file generated. Typically, small

diameter. Parameters such as the refracted ancle and { beam angles are used initially to reduce the processing

number are calculated from the header information. time and larger angles are used later if a higher image

Freauency. entered in megahertz,is used for reference quality is desired. Beam entry diameter. in inches,

only and has no effect on the outcome of the processed affects only the processed image and is normally zero,

image. However, the standoff heicht and velocity affect SAFT assumes a synthetic aperture with a point source

the initial delay, which determines the depth along the at the beginning, expanding in the general shape of a

sound path where digitization begins. The standoff cone. Since the aperture is small at the near surface,

height is entered in inches, and the standoff velocity is the number of off-center A-scans used during process-

entered in inches per second. An error in the entry of ing is also small. The front surface echo is often very

these parameters will result in the initial delay (period large and degrades the near-surface image; one may

of time from the initial pulse to where digitization of take advantage of the spatial averaging inherent in the

the rf waveform begins) being incorrect. An error in SAFT processing by entering a value for the beam entry

the initial delay may result in diameter (a diameter normally equal to one-half the
transducer element diameter is entered). The effect on
the synthetic aperture used in processing is to create a
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cylinder with a diameter equal to the beam entry diam- jack of the Leerov TR8837F Transient Recorder <17>.
eter parameter that would extend into the material until An entry of 30 nsec is then entered for the header
it intersects the normal aperture cone. sample period. One must remember to switch the

cable back to the external clock if sample periods other
The material category (Figure 4.10) includes specimen then 30 nsec are desired. The start sampline point is
velocity, thickness, and pipe radius. Material velocity entered in inches along the sound path in the material
will affect the initial delay. Therefore, the start of the and marks the beginning of the digitization window.
digitization window will be incorrect if an error exists in The stop samnline point is also entered in inches along
the material velocity entry. As with the standoff and the sound path in the material and marks the end of
incident angle parameters, material velocity errors may the digitization window. If the digitization window is
result in not digitizing the area of interest and/or poor not adequate, aperture limiting will occur and system
image quality. Material velocity is entered in inches resolution will degrade,i

per second.
Finally, lateral s.q.an parameters (Figure 4.12) are dis-

In the tandem configuration, both the material thick- played. Default values are initially presented. All of
ness and the velocity will affect the position of the the scan parameters are entered in inches. The initial
image. Experimental results at PNL show the tandem receiver X relative to the weld center entry is for refer-
image integrity is not compromised when small errors ence only. This entry places an arrow (when the image
(up to 20%, assuming the area of interest was digi- is viewed with one of the graphics utilities) where the
tized) in thickness and/or velocity exist; however, the weld center or some other reference line should be
image will be mispositioned within the image space. relative to the image space. In the tandem configura-
For this reason, the pulse-echo images are relied on for tion (Figure 4.13), one additional scan entry is the
confirmation of the defect location. In the pulse-echo transmit X relative to the initial receiver X and is mea-
configuration, the material thickness. in inches, is used sured from the center of each beam entry point. This
as a reference only, indicating the near-to-far surface entry is critical in tandem configurations; an error will
extent of the scanned object. The pipe radius entry is result in poor image quality. In the tandem configura-
used as a reference value and is entered in inches. If tion, the number of transmit 1/2 vees to the object
the object is flat, then " flat" is entered. plane are also displayed for reference information. The

scan increment: X.Y axes. X scan lencth. and Y scan
Sampline (Figure 4.11) includes items related to the lencth are straightforward entries. liowever, in a
temporal sampling of the waveform; i.e., sample period SAFT-UT system, one must remember that the X and
(entered in nanoseconds) and start / step of the sampling Y increments are the spatial sampling parameters and
window (entered in inches along the sound path). generally should 've no greater than one wave-length in
Parameters such as the number of points and initial the material under test. As the spatial sampling be-
delay are calculated from the header information. comes more dense, the image quality typically improves.

Physical aperture limiting may occur if the X and Y |

Temporal sampling (sample period) is a very important scan axes lengths are too small. Often, aperture limit-
parameter in a SAFT-UT system and should always be ing (physical or synthetic) results in the edges of the |

a minimum of one-fourth the wave-length period (i.e., image being poorly defined.
the wave-length period of 2.25 Milz is 444 nsec; a
temporal sampling of 100 nsec will provide at least four In general, the header entries should be made with
samples per cycle). Generally, the image quality im- great care. A wrong entry could pmduce erroneous
proves as the temporal sampling is increased. The results; however, mistakes may be corrected later using
sample period may range from 500,000 to 50 in a 5,2,1 the host computer DEDIT utility. Often the correct
sequence. A sample period of 30 nsec (primarily used values are not available if much time has passed since
for frequencies of 5 MIiz and greater) may be achieved the data was collected.
by removing the cable from the LeCrov 8501 Procram-
mable Clock <15> clock 1 output jack (the other end At this time, some preliminary hardware settings need
of the cable is connected to the Procrammable Pulse to be verified before a "0" is selected to present the next
Divider <16>) and connecting it to the clock output menu. Specific setup considerations for pulse-echo and
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t .ndem configurations will be addressed in the sections When power is first applied, the SAFT-UT system
reserved for each configuration. The remainder of this defaults to the tandem mode with the rear transducer;

i section will address the preliminary settings and/or being the source and the front transducer being the
rdjustments of the Pulser / Driver, Mode Selection, and receiver.
Time Variable Gain (TVG) modules. Beginning a
scan, data acquisition software entry points, and system 4.1.7 Time Variable Gain Setup

t shutdown procedures will also be addressed.

Both the TVG amplifier "RF output" and "DC ramps"
i 4.1.5 Pulser / Driver Setup may be viewed on the Tektronix Oscilloscone Monitor
'

<20>. Channel 1 of the oscilloscope monitors the
Before selection "0" (Figure 4.4) is entered and the TVG amplifier output, and the sensitivity should be set
Command Selection Menu in Figure 4.14 presented, a to 0.1 V per division. The input to the digitizer accepts
mumal sepetition rate must be selected. When in the a 0.5-V peak-to-peak signal. Channel 2 of the oscillo-
command selection menu, the digitizer is read each scope monitors the TVG ramp and the sensitivity
time the return key is pressed. If no repetition rate is should be set to 1 V per division. The TVG ramp
selected, no sync pulse is provided to the digitizer, and varies from 0 to 5 V. The Time Variable Gain Amnlifi-
the DEC-11/23 microcomputer is in an endless wait n <19> may be used to compensate for material
loop with nothing else happening. The fylser/Driva attenuation and/or reduce the front-surface echo
<21> provides four preset repetition rates that may be (pulse-echo configuration). Normally, a calibration
selected by pressing the button directly below the series block with defects at various depths is used to adjust
of light-emitting diodes (LEDs) labeled " REP RATE." the slope of the TVG amplifier to obtain equal ampli-
With each push of the button, a new repetition rate is tude echoes. The upper pair of adjustments control the
selected. The upper LED indicates " REMOTE." In slope starting time relative to the initial pulse and the
the remote position, the repetition rate is provided by initial gain. Each of the next three pairs of adjustments
the Procrammable Pulse Divider <16> module when allows a complex TVG slope to be set. Each pair ad-
each scan increment value is reached. To the right of justs the slope segment starting time relative to the end
the bottom LED is a screwdriver-adjustable potentiom- of the previous slope segment and the gain of that
eter that allows the repetition rate to be set to a user- segment. The final gain is controlled by the bottom i

specified value. adjustment. When a scan is beirg set up, a flat gain
should be used to find the echoes of interest. Then, a

A range of pulse widths is available and may be select- TVG slope may be set using calibration block echoes to
ed by pressing the button to the right of the repetition determine the gain slope of the TVG amplifier,
rate selection button. Each time the pulse-width button .

is pressed, the corresponding LED lights to indicate the 4.1.8 Beginning a Scan |
range selected. The adjustment just above the pulse- !

width selection button is for fine-tuning the pulse width To proceed to the command selection menu, ensure
to produce a peaked symmetrical echo when looking at that a manual repetition rate is selected and type >0
the TVG amplifier output. < return >. The initial delay is shown (Figure 4.15), and

the user is given the opportunity to enter a different j
4.1.6 Mode Selection value. CAUTION: This value determines where along '

the sound path (usually the standoff time plus the de-
Mode selection is accomplished by pressing one of four sired depth in the material) digitization will begin, and j

pushbuttons on the Mode Selection Module <18>. erroneous results may occur if this value is incorrect. If
The upper button selects the front transducer for pulse- the user does not wish to change the initial delay, the
echo mode. The next button selects the rear transducer return key should be pressed. The header is presented
for pulse-echo operation. Tandem configurations are (Figure 4.16) one last time so it may be checked.
selected by pressing the third button for a front-source Pressing the return key again presents the Command
cnd rear-receive transducer, or the fourth button if a Selection Menu shown in Figure 4.14. This menu is
rear-source and front-receive transducer is desired. intended primarily to allow the user to reset encoders,

|
|
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position the scanner, set gains, and verify signal integri- then be started by typing $ SCANRD < return >. This
ty. After placing the scanner in a reference location, command invokes the SAFT data collection utility on
the user may then select *RS* to reset the encoder the host VAX. It prompts the user to determine if an
counters and establish a "home" position. Precise existing data file will be used as the input or the data
movement of the scanner may then be performed by acquisition system will provide the input; it also asks if
selecting "X1," "X2," or "Y" (Figure 4.17) depending on concurrent processing and graphics will be used. Pro-
which axis the user wishes to reposition. Each time a cessing and analysis of the images may take place after
selection is made, the information at the top of the the data is collected. If concurrent processing is de-
screen (Figure 4.14) is updated. This information is sired, further parameter input is necessary,
related to the actual digitized waveform and scanner
position. Pressing the return key will digitize a new Figures 4.21 and 4.22 are presented on the terminal
waveform at the current location of the scanner. At when concurrent processing is selected. The user is
this time, the user may view the oscilloscope that dis- prompted to enter a number of processing parameters.
plays the digitized signal to verify expected echo timing Processing parameters determine
and signal gains.

if envelcpe detection of the processed file will oc--

The user may select a simple " help" facility from this cur (smoothing of the processed data by removing
menu by entering " lie" Also, the header pararneters the high frequencies)
may be viewed by selecting "VI," or control may be
passed to the previous menu by selecting "CM" (change what threshold value will be used (only data val--

menu) or "CS" (change to scan parameters). ucs equal to or greater than -[ selected decibel
levelj of the maximum value will be processed)

When the operator is cominced that the parameters are
correct and the scanner is nositioned to becin a scan. the normalization mode - If a value falls below.

the "SC" (scan) option is selected and control is passed the threshold value, either 0 or the raw value will
to the menu shown in Figure 4.18. The user must now be used; and if the point is processed, it will be
decide if the data acquisition system is to transfer the disided by one of the following: a) number of off-
collected data to the host VAX-11/730 computer direct- center values that were summed, b) a constant, or
ly or store it on the local disk drive. Normally, the data c) the square root of the number of off-center
is transferred directly to the host VAX. However, if values that were summed. Each normalization
the data acquisition system is being operated in a stand- option also provides the choice of substituting
alone mode, then local storage would be selected. If zero or the raw data value for data not processed.
transfer to the host VAX is selected, a sittual terminal
program is invoked, making the DEC-11/23 microcom-
puter emulate a terminal and c(mnecting the user to the data sampling adjustment: no, automatic, or man-.

VAX host computer. Figure 4.19 shows what the user ual sampling adjustment - The automatic sampling
would see on the terminal screen. It provides the user option adjusts the Z axis increment of the output
with some cues about what to do next. If the user has file to be equal to the X and Y axes. Therefore, a
not previously invoked the virtual terminal program (it smaller processed file will be created. Manual
may be invoked stand-alone by typing .Run VT <re- sampling provides the user with a method of set-
turn >), the user name and password must be entered. ting the X, Y, and Z sampling reduction value;
The "$"is the VAX VMS prompt symbol. Once it i.e., after selecting option 2 (Figure 4.23 for manu-
appears, the user is in the VMS operating system emi- al sampling adjustment), an entry of 2 for the Z
ronment and may invoke any of the VMS commands or and the X, Y axes would reduce the data used
utilities. To begin a scan, the user must first set the during processing by a factor of 2. The Z axis of
default directory in which data will be stored in using the processed file may be reduced; an entry of 2
the VMS change directory format; i.e., type $ set de- would reduce the Z axis of the output file by a
fault Iditertory treel < return >. If a new directory is to factor of 2.
be created, type $ create / directory Idirectory treej
< return >. The Scanrd program (Figure 4.20) may
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Finally, the user may select to process beyond the SAFT-UT parameters. Collecting data can be a time-.

far surface; if "Y" is entered, processing will occur consuming and difficult task. Therefore, a little extra
to data that lies beyond the path time to the far time spent ensuring header parameters are correct may
surface. preclude repeating data collection.

At this time, if a tandem configuration is chosen, some 4.1.9 Data Acquisition Software Entry Points
additional processing parameter queries will appear.
Refer to Section 4.3.4 (tandem processing parameters) The data acquisition software is actually a chain of pro-
before continuing. grams, and program entry may be at a different link in

the chain than the beginning. The sequence of events
To invoke concurrent graphics, one simply types Y <re- will occur normally from the point of entry. There are
turn > in answer to the prompt shown in Figure 4.22. five main program entry points:
At this time, control is transferred back to the DEC-
11/23 microcomputer. SCANMN (to execute, type .run scanmn*

< ret urn > )
Figure 4.24 shows the final menu in the sequence. Two
lines of comments may be entered bv the operator QUERY (to execute, type .run auerv < return >).

related to the particular scan being pe formed. These
comments will become a permanent record in the data SCANMU (to execute, type .run scan.mg.

file. The desired scanner speed is queried next--a 0 will < ret urn > )
invoke the default speed value or the user may specify a
new value in inches per second. With each stroke of SCANVT (to execute, type .run scam't < return >).

the scanner, the speed is automatically adjusted until
the desired scanner speed or the maximum speed rela- SCANPT (to execute, type .run scannt < return >)..

tive to the data acquisition loop is achieved.

A virtual terminal program called VT may be run (type
Finally, the data file name is entered; i.e., xxxxxx.xxx if .run VT < return >) to communicate with the host
the data file is to be created on the data acquisition sys- VAX; however, do not attempt to run SCANRD on the
tem or xxxxxxxxx.xxx if the data file is to be created on host VAX because the serial interface does not get
the host VAX. Automatic scanning begins. initialized properly. The user must run the S.CANVT

program to initialize the serial interface; SCANRD may
At this time, the scanner is told to travel a specified then be invoked on the host VAX. !

,

scan-axis distance. At specified increment intervals, the
remote pulser is triggered. After the initial delay peri- The user must remember that when the data acquisition |od, the transient recorder digitizes the analog signal and program is entered at other than the beginning entry
this waveform is stored in memory. At the end of a point, previously specified parameter values will be used
single scan or stroke, the full scan length of data is for that part of the software that is by-passed. This at-
transferred to the host computer while the scanner is tribute is desirable if the user is doing muhiple scans
returning (data is taken in only onc direction). If con- that have identical parameters.
current processing and data display are selected, the
host computer will begin processing each scan line of 4.1.10 System Shutdown Procedures
data and present an image on the graphics display when
the number of scan lines of data collected equal half of If the field system is to be powered down after use,
the synthetic aperture width. The user may view the type CNTL P < return > on the terminal connected to
image while scanning is in progress. the host VAX. The user will see the system prompt

symbol ( > > > ); type > > > H < return > to halt the
The preceding is a description of the menu sequence host VAX. Press the RUN/STOP <13> button to
used to initiate a typical SAFT scanning process. The spin down the disk. When the READY <14> lamp
menus have been designed to provide a logical goes off, the SAFT-UT field system power may be shut
sequence to help the user define all the necessary
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off using the MAIN POWER SWITCH <10> and the orientation of the defect is not known) before the opti- f
MAIN POWER KEY SWITCH <12>. mum inspection angle is found. The desired scenario is ;

for the central ray of the transducer to be normal to ;
Sections 4.2 and 4.3 will address configuration-specific the defect, producing a higher-amplitude echo and
details, and Section 4.4 will discuss image analysis. yielding the best signal-to-noise ratio. If a focused

transducer is to be used, the focal point is placed at the

4.2 Single Transducer Pulse-Echo Op. near surface. A water column is used to provide the
proper standoff and the coupling of the sound wave intocrah.on the material. The water column is tilted at an angle to
provide the desired refracted angle of the sound field

A single transducer to transmit and receive the sound within the material. A small-diameter, contact trans-
wave is the fundamental configuration used with the ducer may also be used for angle-beam inspections by
SAFT-UT field system; i.e., the same transducer used using a Lucite wedge to provide the proper incident
to generate the sound field in the material under test is angle (Figure 4.26) and an ultrasonic gel to provide the
also used to receive the return echo. A rectihnear coupling of the sound wave into the material. Typically,
pattern is obtamed by incrementing the scanner one shear waves are generated in the material, although
increment at the completion of each stroke of the scan- longitudinal waves are sometimes used when investigat-
ner. ing cracks to enhance the tip-diffracted echo. Tip-dif-

fracted cchoes are very weak when compared to the
This section will discuss the various uses of the pulse- high-amplitude, corner-trap echo (the corner-trap echo
echo configuration and how to apply that configuration is from the intersection of the crack and the far surface
to piping and/or thick-section vessels. of the material) and are difficult to distinguish from

acoustic noise. Longitudinal waves produce a lower- 1

4.2.1 Pulse-Echo Configurations amplitude echo from the corner-trap, making the tip-
'

diffracted echo more distinguishable because it has
When the central ray of the transducer's sound beam is similar amplitude. Because of the nature of the pulse-
perpendicular to the material under test, the inspection echo algorithm (direct path to the defect), thickness
is referred to as a normal-beam inspection. If the and velocity errors have a minimum effect on the loca-
central ray of the transducer is not perpendicular to the tion of the defect within the image space. Therefore,
material under test, then it is referred to as an angle- the pulse-echo configuration is relied on for defect
beam inspection. detection and location.

A normal-beam inspection may be performed by using One may use any of several pulse-echo configurations
a focused transducer, housed in a water column (Figure to characterize a material under test, profiting from the
4.25), with the focal point of the transducer placed at full-volume focusing and spatial averaging that a SAFT-
the near surface of the object. This placement produc- UT system provides. One of the most common applica-
es a diverging field of sound within the material under tions of SAFT-UT has been imaging cracks associated
test. Volumetric defects, geometrical conditions, and with welds that join two sections of pipe together. The
even weld location may be imaged using the normal- next section describes the procedures commonly used
beam configuration. Application of the SAFT process- by PNL staff to collect data on pipe sections with the
ing to the raw data set focuses the entire volume, not SAFT-UT field system.
just a single plane as with conventional methods.
Therefore, a single normal-beam inspection may reveal 4.2.2 Piping Considerations
a multitude of information about the material under
test. Piping comes in many different diameters and thick-

nesses. The primary problem one encounters with any
An angle-beam inspection is performed if the defect piping is the counterbore cut normally done to pipe
presents a small cross-sectional area when a normal- when preparing to weld two sections together. Other
beam inspection is performed (such as cracks). Often, problems include coupling the sound into the material,
many different refracted angles are tried (if the actual
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physical alignment of the scanner, and physical dimen- ray, where it enters the material under test, to the
sions of the pipe. scribe line. Access to each side of the weld may be

limited. Often, data is taken on the far side of the weld
Often, cchoes from the geometry of the counterbore with the scanner track sitting on the near side of the

'

are interpreted as cracks. One may use the normal- weld. In this case, the transducer " straddles" the weld
beam image to profile the far surface of the pipe, iden- and is looking back toward the scanner. Straddling the
tifying possible geometrical conditions created by the weld is more convenient because the scanner and the
counterbore or other weld preparation procedures. track need not be moved. Only the transducer holder
SAFT is particularly affected by counterbore problems is rotated 180*, which is a simple process. One must al-
due to the large physical aperture scanned and the ways check that there is enough " throw" in the scan axis
divergent nature of the sound within the material. to allow a sufficient physical aperture to be scanned; if
Return echoes from the far surface, to the defect, and not, the scanner track may need to be moved closer to
back to the receiver will not l'e the path length expect- the weld center line,
ed if the counterbore is very severe. Image quality may
degrade because SAIT assumes that the near and far The size of the piping is also important when consider-
surfaces will be parallel. Normal-beam scans are a ing SAFT-UT. A small radius pipe presents two prob-
must when scanning pipes to determine the severity of lems. First, the radius of the pipe creates an error
the counterbore. between the desired distance to be moved and the

actual distance moved along the circumferential axis.
Near-surface shrinkage in the area of the weld is com- The mechanical scanner must always be calibrated
rnon when pipe sections are joined by a weld. Shrink- along the circumferential axis by moving the scanner
age of the near surface may add to the already difficult along the Y axis, under program control, a predeter-
problem of coupling the sound into the material. Cou- mined distance (usually 6 in. [15.2 cm]). Verify the
pling is always a problem but even more so when scan- actual distance moved and edit the AMAPS.SCN file to
ning a pipe, because often one must scan the pipe in a reflect the correct counts per inch needed for both the
position other than horizontal. PNL has favored miner- Y-axis steeper motor and encoder. Equation (4.2) may
al oil as a couplant/ lubricant. Ultrasonic get adheres be used to determine the corrected counts-per-inch
better when the pipe is vertical or overhead. Therefore, value.
the get is the usual choice in these situations. The
pressure applied to the wedge or water column also corrected counts-per-inch ~ predetermined distance
plays a part in how well sound is coupled into the mate- existing counts-per-inch actual distance moved
rial; too much pressure and the wedge or water column
tends to act as a squeegee, reducing, or in some cases
totally eliminating, coupling of the sound into the mate- Second, the pipe thickness may be a problem. SAFT
rial. Plastic wedges should be arced to conform to the uses a divergent sound field, as previously mentioned,
pipe curvature, and grooves may be filed into the front, and the aperture is very small at the near surface.
back, and sides to improve the flow of the couplant Therefore, not much focussing takes place near the top
under the wedge, reducing the chances of the wedge of the aperture cone. Thin materials inherently limit
acting like a squeegee, the aperture size so focusing is limited. One may still

take advantage of the spatial averaging inherent in the
Accurate location of a defect is dependent on the care SAFT processing algorithm when a thin-section materi-
taken to enter valid header information and the physical al is scanned. SAFT resolution performance improves
set up of the scanner. Typically, the types of defects as the thicknesses of the material increase, permitting a
one looks for in piping are cracks that lay along larger physical aperture.i

l circumferential welds. Defect location is relative to a
circumferential scribe reference line, usually describing 4.2.3 Thick-Section Considerations
the center of the weld (the normal-beam image helps
certify this assumption). Care must be taken when Thick-section materials such as steel pressure vessels
mcking measurements from the transducer to the scribe are well suited for a SAFT-UT system. The physical
line; all measurements should be taken from the central

1
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size of the divergent sound field is more than adequate, The tandem image is clearly easier to interpret. Accu-
plus usually fewer obstacles prevent scanning of a large rate pulse-echo vertical measurements are difficult
spatial aperture. One does need to be mindful of atten- because of the clusive nature of the tip-diffracted echo.
uation problems and large data files. The tandem configuration was implemented to elimi-

nate the ambiguities present in the pulse-echo configu-
Attenuation problems may be overcome somewhat by ration and to improve the sizing of vertically oriented
setting the TVG amplifier ramp (see Section 4.1.6). planar defects.
The *F number" (transducer diameter to focallength
ratio) of the transducer selected should be reasonable. 4.3 Dual-Transducer, Tandem Opera-
Too low an "F number" may result m a poor signal-to- .

nnoise ratio, and too high an "F number" will limit the
physical aperture. Experience at PNL has shown that

A s.mgle-transducer, pulse-echo configuration works well jan F4 transducer is a good compromise for most thick.
section work, for location and detection of a defect but may provide

ambiguous results. The tandem configuration reduces

Large data files become very cumbersome to handle the ambiguities and improves sizing of vertical defects. !
I

when applying any of the SAFT utilities; for this reason, Three tandem configurations have evolved (TSAFT,

data files should be kept to a manageable size. When a TSAFT-2, and TSAFT-3), and each new configuration .

scan is first set up, being conscientious of the spatial has improved the capabilitics of the SAFT-UT field sys- |
tem.aperture dimensions, digitization window, and sampling

density will minimize the file size. Once a defect is
localized, a finer grid scan may be performed. Typic. 4.3.1 Tandem Configurations ;
ally, data files greater than 10,000 blocks (1 block =
512 bytes) should be avoided. The data file size is Fundamentally, tandem SAFT, or TSAFT, consists of a
calculated and displayed (Figure 4.24) prior to begin. fixed transmitter placed in line with, or in tandem with, !

ning a scan. A control C at this point will abort the a scanned receiving transducer (Figure 4.28). The i

scan if the user wants to change some of the parame. transmitter is placed such that the divergent sound )
ters to obtain a smaller file si7c. Equation (4.3) may be beam illuminates the primary object area. The receiver j

used to calculate the data file size. is translated to receive the direct energy reflected from l

the defect area. At the completion of each pass of the
'

receiver, the scanner is incremented so that a rectilinear
File size in blocks - (x) . (y) + (z +32) Pattern is obtained. Physically the transmitter must be512

positioned far enough behind the receiver to not aper-
ture-limit the receive transducer (receiver physically

number of points in the X dimension running into the transmitter). Typically, the transmitter Iwhere: x =
(X length /X increment) is placed 3/2 vees back from the vertical object plane

'

y= number of points in the Y dimension (the central ray strikes the far surface, the near surface, |
(Y length /Y increment) and the far surface once more before illuminating the
number of points in the Z dimension object plane [ path 2 of Figure 4.29]), providing enough jz =
(refer to Section 4.1.3 under sampline). room for the receiver to scan an adequate spatial aper- |
The extra 32 bytes per A-scan are for ture. In the case of surface-connected defects (cracks),

'

header records. the receiver is scanned over a larger spatial aperture so
that echoes from path 2 and path 3 (Figure 4.29) may

Although the pulse-echo configuration is reliable, am. be received. When both paths are collected and pro-
biguous results may be obtained; i.e., a volumetric cessing occurs beyond the far surface, the result is the

defect above a surface imperfection may look like the real and the conjugate image (Collins and Gribble

tip-diffracted ccho from a deep crack. Figure 4.27 1986). Because multiple bounces off the surfaces of the

presents a comparison between a pulse-echo image and matcrial are used in the TSAFT configuration, errors in

a tandem image of a 0.3-in.-deep (0.8-cm) semi-circular the material velocity and thickness affect the location of

sawcut in a 0.6-in.-thick (1.5-cm) aluminum coupon. the defect relative to the far surface and the illuminated
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object plane. As with pulse-echo, severe counterbores TSAFT-2 image (using 54' transmit and 47.2' receive
or other irregularities in the far surface will degrade the inspection angles) of a 0.7-in.-deep (1.8-cm) sawcut that
image quality through distortion of the sound fields. has been placed in the far surface of a 9-in.-thick (22.9-
Because of these variables, errors in vertical sizing cm) carbon steel block. The B-scan end view reveals
would occur if the far surface were used as a reference two weaknesses of this conGguration. First, a portion
to size the vertical extent of a surface-connected defect. of the real image is missing; second, the conjugate
For this reason, sizing is accomplished by measuring the imagn is highly degraded.
extent of the real and conjugate images and dividing the I
resultant value by two. A third tandem conGguration, a special case of TSAFT- '

2 called TSAFT-3, was implemented for thick-section
The TSAFT implementation does not uniformly illumi- vessels where it was not practical for the transmit trans-
nate the vertical object plane, because the transmitter is ducer to be 3/2-vees from the vertical image planc due
stationary with a limited sound field aperture (due to to the long material paths attenuating the sound field.
transducer size and refraction effects) and the intensity TSAFT-3 overcomes the physical problems of TSAFT-
of each ray within the aperture is not constant. The 2, allowing the transmit transducer to be 1/2 vec from
amplitude of the received echoes vary because of not the vertical object plane. The transmit transducer is
only the characteristics of the defect but also the inten- offset [when small Lucite wedges are used, the offset is
sity of the sound field illuminating the defect. Depend- typically 0.75 in. (1.9 cm)] such that it passes by the
ing on the thickness, some of the vertical image plane receive transducer in a side-by-side fashion as shown in
might not even be illuminated. If a defect exists in an Figure 432. There are no provisions to compensate for
area not illuminated, it would go undetected. Vertical the offset distance between the transmit and receive
sizing of defects was also influenced by the intensity transducers; the long material paths from the transduc-
distribution of the sound field; deeper cracks were not ers to the vertical object plane make the effect of the
uniformly or fully illuminated, and the amplitude of the offset negligible when small transducers are used. The
upper structure would drop-off rapidly, causing one to transmitter would initially start in front of the receive
undersize the vertical extent, transducer as shown in Figure 432(a); both transducers

are scanned equal distances but, as is typical of the
A second implementation of tandem, called TSAFT-2, TSAFT configurations, in opposite directions as shown
provides a uniform illumination of the vertical object in Figure 432(b). TSAFT-3 provides all of the advan-
planc. The central ray of the transmitter's divergent tages of TSAFT-2. In addition,it allows a shorter
beam is always centered on the receive transducer by material path (1/2 vee) to be used, greatly improving
scanning the transmitter synchronous but in the oppo- the signal-to-noise ratio in thick-section materials.
site direction with the receiver. Since a more uniform
illumination of the vertical object plane is possib!c, Figure 433 shows the positions of the transmit and re-
near-surface defects will be detected, and the vertical ceive transducers when they are toward the extremes of
extent of a defect will be accurately measured. the scanned aperture. Path 1 provides data for the

conjugate image, and path 2 data is used for the real
Thick-section materials inherently prohibit the use of image. The real and conjugate portions of the defect
multiple bounce paths normally associated with TSAFT image may be observed simultaneously by choosing to
modes; attenuation of the sound field becomes intolera- process beyond the far surface during TSAIT-
ble. A practical solution is to limit the number of 2/TSAFT-3 processing. The vertical extent of a sur-
bounces to one (before the sound strikes the vertical face-connected defect may be accurately determined by
object plane). Figure 430 shows the center ray paths measuring the full vertical extent of the image and
to the vertical object plane for a 1/2-vee TSAFT-2 dividing the result by two. This technique reduces the
configuration. The difficulty using TSAFT-2 in this sensitivity of the vertical sizing measurements to varia-
configuration is the physical limitations; i.e., the trans- tions in material velocity and material thickness, and
mitter can scan forward only until it hits the receiver. the location of the far surface relative to the image
Unfortunately, a portion of the realimage (path 2, need not be known acctrately.
Figure 4.29) and most, if not all, of the conjugate image
(path 1, Figure 4.29) is lost. Figure 431 shows the
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Processing TSAFT-3 data requires manipulating three interpretation. This technique greatly improves imaging
data file header parameters; i.e., material thickness, the of defects in thick-section materials.

| number of transmit bounces, and the number of receive

| bounces. If the correct material thickness is used, the 4.3.2 Piping Considerations
| image space for TSAFT becomes too large to process.
, The TSAFT algorithm processes the entire material Thin-wall piping does not present a long enough mate-
| thickness; when processing beyond the far surface is rial path; hence, the receive transducer's aperture is

chosen, twice the material thickness is processed. small when compared to the receive aperture in thicker
materials. If the transmit transducer is placed 5/2 vees

When dealing with thick-section specimens and the back from the object plane and the receiver is scanned
TSAFT modes, it is necessary to limit the depth range 3/2 vees back, a larger aperture may be realized. This
that is processed and subsequently displayed. Figure technique is not always easy to implement if access to
434(a) presents a typical TSAFT-3 setup, on a 9-in.- the pipe is a problem or the weld has been overlaid,
thick (22.9 cm) steel block that has a 0.7-in.-deep (1.8- As with the pulse-echo configuration, consistent cou-
cm)sawcut placed into the far surface. This setup will pling of the sound field into the materialis of primary
be used as an example. In our example, the region of concern. Loth the aperture size and the coupling con-
interest is only the lower fifth of the material thickness. sistency will affect the image quality. TSAFT-2 is the
Processing is selected to be beyond the far surface, but best configuration to use on piping if space permits.
limited in range as shown by the shaded area in Figure TSAFT may be used if space is a problem but should
434(a). To accomplish this, a fictitious material thick- not be relied on for sizing information. The TSAFT
ness value, equal to the original thickness divided by configuration should be used only to resolve questions
five (1.8 in. [4.6 cm]), is entered into the file header about pulse-echo results that may be ambiguous.
parameters using the DEDIT utility. If a different
region of interest were desired, the material thickness A different technique must be used for thick-section
could be divided by any odd number. The transmit and vessels. The long material paths encountered in thick-
receive paths are then " folded" as shown in Figure section vessels may help the image quality by allowing a |

434(b), to give equivalent material path lengths. The large aperture to develop within the material; at the
correct number of transmit and receive bounces are same time, the longer material paths may attenuate the
counted and entered into the file header parameters. sound field, decreasing the signal-to-noise ratio.
For our example, the number of transmit bounces
would be 5 and the number of receive bounces would 4.3.3 Thick-Section Considerations
be 4. An easy rule-of-thumb is as follows:

Because of the large aperture present in thick-section
The number of transmit bounces will always be an vessels, an improvement in the image quality should be.

odd value. seen; however, a poorer signal-to-noise ratio is also
common when longer material paths are encountered.

The number of receive bounces will always be one Thick-section vessels do not tend themselves well to the.

less and an even value. normal tandem configurations. Both TSAFT and
TSAFT-2 require the transmit transducer to be at least

The material thickness value to be entered is the 3/2 vees back from the object plane so the receive.

true material thickness divided by the number of transducer will not collide with the transmitter when
transmit bounces. scanning the spatial aperture required. The material

path would be much too long in a thick-section vessel if
Once the necessary header modifications have been the transmitter were placed 3/2 vees back from the
made, the TSAFT-3 data file may be processed normal ~ object plane (i.e., a 9-in.-thick [22.7-cm] vessel would
ly. Figure 435 shows the corresponding TSAFT-3 present a 51-in. [13-m] material path if a 45' rehoded
image of the identical sawcut shown in Figure 430. angle were used). TSAFT-3 allows the transducers to
Notice that the conjugate image is much improved and pass each other in a side-by-side fashion; thus, a 1/2-
that the full information is now available for operator vee material path may be used to reduce the effect of
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v material thickness and velocity errors normally associat- the object plane; i.e., >(NUMBER OF RECEIVE

] ed with multiple-bounce TSAFT configurations. BOUNCES) < return >.
,

i ,

i Because the transmit and receive transducers are Collecting tandem data is similar to collecting pulse- j
'scanned simultaneously (TSAFT-2 or TSAFT-3 configu- echo data, except tandem data should not saturate.j

rations), the path length to the defect remains constant. The edges of a processed image will be bloomed if the i
! For this reason, if the area of interest is known, the signalis allowed to saturate, and sizing errors will re- |

digitization window does not need to be very large. sult. Tandem data is more sensitive to material thick-
| The total data file size may be greatly reduced by keep- ness and velocity errors than pulse-echo data (see Sec-
! ing the digitization window just large enough to encom- tion 4.13) because of the multiple vec paths normally

| pass the received echo over the entire aperture, used. Accurate values thould be used for these header
i parameters.
j Some additional parameters need to be known before
; processing tandem data files. The user is queried for Both the pulse-echo and tandem processed data files of

| the processing mode and the number of transmit and an area of interest need to be analyzed prior to making
i receive bounces before the object plane. any decisions about the character and size of possible

defect indications.

j 4.3.4 Tandem Processing Parameters
4.4 SAFT Data Analysis Techniques

Additional processing parameters are needed when pro-
; cessing tandem data files. Figure 436 presents the que- SAFT data analysis techniques have evolved over the
4 ried format for the processing mode. The user must course of several years as a direct result of reviewing
; enter a selection by typing >(A.B.C. or D) < return >. the large, diverse data base that has beerl acquired on
. Typically, mode B is selected. If processing occurs an extensive range of specimens and defects.
{ beyond the far surface, provided a large enough spatial
i aperture is scanned, a real and conjugate image will be 4.4.1 General Information
} seen when the processed file is viewed. Processing

j modes other thar B are intended for experimental use, An understanding of the material properties, geome-
|

and the resultant processed files may contain erroneous tries, and defect characteristics is a must before one can
{ results. properly analyze a processed data file. The material
! properties include the material thickness and sound i

j Except in the case of TSAFT-3, tandem data acquisition velocity, while the geometries include the shape and near- i
: usually requires that the energy field bounce off the and far-surface profiles. SAFT processing assumes flat

far and near-surface mterfaces one or more times parallel surfaces and homogeneous material. Devia-:

| before striking the object plane. After striking the tions from these conditions may affect the position of
, object plane, the energy may again bounce off the near- indications within the processed image or the image

.

j and far-surface interfaces one or more times before quality. Studies have been completed showing the |
being received. The number of bounces for both the effects of velocity and thickness errors on TSAFT-2

'

:

! transmit and receive transducers are parameters that images. A 03-in.-deep (0.8-cm) vertical sawcut in a flat
f must be entered prior to processing a tandem data file. aluminum coupon was used as the target. Figures
i showing the results are referenced and described in
j Figure 437 graphically presents examples of 3/2- and Section 4.43.
; 5/2-vce transmit paths. The user enters the number of
j transmit bounces prior to the object plane by typing In general, the procedure used to size an indication
j >(NUMBER OF TRANSMIT BOUNCES) < return >. (pulse-echo or tandem) is as follows:
} Figure 437 also presents examples of 0/2- and 2/2-vee
| receive transducer paths. As with the transmit trans- 1. Enter the APLOT utility (Hall, Reid and Doctor

ducer, the user enters the number of bounces prior to 1988) by typing APLOT IFILENAMEl <RE-
i

,
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TURN >. The prompt symbol will change to image and divide by two. Special techniques are
<APLOT>. used if the indication is not surface- connected

and will be detailed later.
2. Box the indication in both the XZ and YZ views

using the following command sequence: Section 4.4.2 will give a detailed description of tech-
niques used when analyzing pulse-echo files, and Sec-

< APLOT> plane xz tion 4.43 will go on to describe the techniques used
<APLOT> ph1 when analyzing tandem files.
<APLOT> hs

(At this point, select corner #1 by placing 4.4.2 Pulse-Echo Analysis
the curser in the desired location and press-
ing the enter switch located on the remote When analyzing a SAFT-processed file, it is important
curser control. Repeat the process for cor- to know as much as possible about the material, weld-

,

ner #2.) ing techniques used (if applicable), and characteristic !
<APLOT> phi defects that may be encountered. Often one may need
< APLOT> plane V7 to view many files. The files may have been collected
<APLOT> hu from different sides of the defect or perhaps the files

(Repeat the aforementioned procedure.) made use of different insonification angles. Whatever
< APLOT> PA1 the case, it often requires viewing many files to ulti-

mately determine what category of defect is being
This allows the image to be normalized by the viewed.
maximum value of a single indication. Because a

,

4-dB sizing criterion is used, this step is extreme- Defects may be classified into three primary categories: I
ly important, if there is a larger indication nearby
that is not discriminated against by the boxing 1. Category 1 consists of VOLUMETRIC indica-
procedure, the image will be normalized by the tions. Volumetric indications include inclusions i

larger indication and 4-dB sizing of the smaller such as slag and/or porosity with a high degree of I

indication would be invalid (the indication would cylindrical or spherical size. Most often, volumet-
be undersized). ric indications are not surface-connected and may |

present several echoes. Figure 438 presents the l

3. To enter the curser sizing mode, type <APLOT> image of a 0.2-in.-diameter side-drilled hole that I
curs < return >. Press the enter switch twice to was placed 0.5 in. (13 cm) up from the far sur- {establish the reference point, then move the curs- face of a 2-in.-thick steel block. The side-drilled I
er to the point of measurement and press the hole emulates a volumetric defect that is not sur-

'

enter switch again. The XZ or YZ (depending on face connected. Three echoes are evident. The
the view used to take the measurement-measure- uppermost echo is the direct reflection, while the
ment can be taken only on the last siew plotted) echo located at the far surface (represented by a
values will be given on the terminal screen in dashed line) is the corner-trap echo, and the echo
inches. that plots below the far-surface line is the mirror

4. If the far-surface distance is accurately known, the

cursor can be referenced to the far surface (indi- 2. Category 2 consists of PLANAR indications. Pla-
cated by a dashed line). Vertical measurements nar indications include lack of fusion or inclusions. |
can be made using the 4-dB criterion relative to A planar indication may be surface connected and i

| the far surface. If the far-surface distance is sus- provides a strong direct echo that is sensitive to
pect, one must use the -6-dB beginning of the the angle of insonification and may be the only
corner-trep envelope (pulse-echo mode) and the - echo received.i

6-dB beginning of the tip-diffracted echo that is
directly vertical for sizing references. For tandem
files, one must measure the extent of the entire

|
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,

3. Category 3 consists of CRACK indications. Crack important; a pulse-echo image of a real echo will show
indications are normally surface-connected, diffuse a slanted appearance because of the different time-of-
reflectors that provide a strong corner-trap echo flight paths. A globular indication may be noise or
and a weaker tip-diffracted echo. The sawcut some other incoherent source. A real defect will pres-
emulates a crack providing a strong corner-trap ent an indication that is present in more than one
echo and a weaker tip-diffracted echo. If the planc, and sequencing through the image gives one a
crack is tilted, the tip-diffracted echo will not be feel for the consistency of the indication as well as its<

directly vertical from the corner-trap echo but will shape.
be displaced in the direction of the tilt. As the
crack is tilted away from the direction of insoni- Volumetric and planar defects are measured at the -6-
fication, the tip-diffracted echo becomes stronger dB levels, and it is extremely important to use the maxi-
and will merge with the corner-trap echo as the mum beam angle possible (within the physical aperture
crack becomes perpendicular to the angle of in- constraints) to ensure optimum focusing and sizing.
sonification.

In conclusion, the pulse-echo defect types can be dhid-
One must first consider the processing parameters that ed into three categories: volumetric, planar, or crack.
will be used to process the data before analysis may Sizing of a defect is normally performed by measuring
begin. Of extreme importance is the full beam angle the vertical extent (cracks) or the cross-sectional dis-
that will be used. Generally, the larger one can make tance (volumetric / planar) at the -6-dB levels, once the

1 the beam angle, the better the focussing will be, provid- defect has been isolated and the image normalized by
ed that information was gathered at the extremes of the the maximum value of the defect to be sized. Often
defined aperture. A corner-trap echo will ideally focus multiple images may be required to classify the defect
to a iinc, centered around the far surface. If a larger into a particular category and to further confirm the
becm angle than that over which data was actually shape of the defect.
acquired, the resultant image dynamic range may be
greatly reduced as zero values will be averaged in Tandem sizing and analysis use techniques similar to
where data does not exist. pulse-echo but provide images that are often easier to

interpret. The next section provides an insight into ana-
The material velocity, couplant velocity, and incident lyzing tandem images.
angle will affect how well the data correlates. Errors in
the values entered into the header will often result in 4.4.3 Tandem Analysis
an image with a reduced dynamic range and/or poor
focusing. Care should be taken to ensure data integrity Tandem image analysis uses techniques similar to those
and accuracy of the values used in the SAFT data head- of pulse-echo analysis. Defects may be categorized as,

cr. volumetric, planar, or crack. The primary difference
between the tandem and pulse-echo image is that the

To propctly analyze an image, one should have a feel tandem image of a crack presents the entire cross sec-
for what category of defect is expected. If the category tion of the crack and not just the corner-trap and tip-
of defect is not clear, invoke APLOT and plot the full diffracted echoes. Often, the tip-diffracted echo is very
XZ view. The XZ view can be sequenced plane by illusive because of the weak nature of the tip-diffracted
plane by typing APLOT>SEO 11 < return >. Sequenc- echo compared to the very strong corner-trap echo; and
ing through the XZ view by single planes often " reveals" without a tip-diffracted echo, the vertical extent of a
the category into which the defect will best fit. One crack is difficult to estima:c. The pulse-echo image
looks for the mirror ccho (category 1) or the weaker may be ambiguous as in Figure 4.38 where a corner-
tip-diffracted echo and strong corner-trap (category 3). trap echo and direct echo are seen much the same as if
Category 2 defects may require viewing several images, they were cracks. If the mirror echo were not present,
although the presence of a single echo above the far it would be hard to classify this image as a volumetric
surface provides a strong case. Each category of defect defect. A tandem image of a volumetric defect that is

- realistically requires more than one image to confirm not surface-connected presents the real and conjugate
the exact category. The shape of the indication is very

4.15 NUREG/CR-6344
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(mirror) images separated by the distance of the defect which varies in velocity as a function of angle iri the
from the far surface (Collins and Gribble 1986). If the material.
defect is surface-connected and vertical, the real and
conjugate images would be symmetrical; but if the As stated previously, the placement of the resulting
defect is tilted, the image would be asymmetrical about irge is dramatically affected by deviations of either
the far surface (Collins and Gribble 1986). thickness or velocity from the true values of the speci-

men under test. However, the er.couraging result is
The signal-to-noise ratio of a tandem image is often that the general image integrity is retained. Thus, with
much superior to that of a pulse-echo image, because a the complement of both pulse-echo and tandem scans
separate receiver eliminates noise caused by the initial of the same region, a judgement of size and location
pulse, the near-surface interface, and the specular back- may be made. The pulse-echo corner-trap image may |
scatter from the given structure. The criteria developed be used to position the defect laterally, and the TSAFT- !

for sizing the SAFT images were based on the empiri- 2 image may be used ta determine the horizontal and I

cal results that have evolved over many years of testing vertical extent of the defect. The characteristics of both
and analysis. Other work (iiildebrand 1986; Thome files may be used to verify the integrity of the other. A
1985) has shown that one can determine a sizing criteri- surface-connected crack sized by using the total vertical
on by mapping the pixel numbers versus the pixel inten- extent of the real and conjugate images and then dhid-
sity. Interestingly, the values those researchers have ing the resultr.nt value by two would provide an accu-
generated by this procedure are in agreement with the rate value of the vertical extent of the crack, even if
values that were derived empirically by the SAFT re- there were minor errors in the header entries that
search. The nice thing about the pixel procedure is that caused '.he indication to not be located symmetrically
it can be accomplished automatically; no operator skill about the far surface. Raw data should always be
is required. viewed to verify the integrity of the data and to ensure

that the data was not aperture-limited. j

Tandem image indications are vertical in appearance, as ]
opposed to the slanted appearance of a pulse-echo The normal SAFT data analysis procedure involves a
image (Figure 4.27). The location of the indication number of sequential steps that must be followed to
within the image space is influenced by the material perform the analysis correctly. These steps are summa-
thickness, velocity, and refracted angle. Care should be rized and include
taken to ensure accuracy of the tandem header en'. ries.
Errors normally do not change the appearance cf the 1. 0* SAFT scan with display in B- and C-scan to
indication but do influence the location. Two perfor- identify volumetric defects, length size volumetric
mance evaluation studies were focused on the TSAFT-2 defects, and all geometric conditions
configuration to determine the sensithity of this mode
to velocity errors and thickness measureraent errors. It 2. 45' shear mode pulse-echo scan with display in B-
was also a goal of these studies to determine the degra- and C-scan to identify defects and to determine
dation that occurs due to these variations. defect length

The SAFT algorithm implemented at PNL assumes 3. 45' shear mode pulse-echo scan from the opposite
isotropic and homogeneous material with respect to direction of Step 2 to see what the defect looks
velocity; that is, the calculations performed by the like from the other direction and to confirm de-
SAFT processing make the approximation that the fect length
velocity is constant throughout the material. This, of
course, is not exactly true in most specimens, and the 4. 45' TSAFT in the shear mode from tne two direc-
variance depends greatly on the type of material under tions in Steps 2 and 3 to be used for confirming
test. Also, the algorithm requires that the velocity be the presence of a defect, sizing the length of the
known to some degree of accuracy. This may seem to defect, and sizing the thickness dimension of the
be a trivial seguirement, but in fact in many cases it is defect
not. For example, an extreme case is CCSS material,

NUREG/CR-6344 4.16
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5. If the data is not consistent between views of the
images created by the steps listed above, then
other images taken at different inspection fre-
quencies and inspection angles can aid in clarify-
ing the interpretation.

6. For the inspection of pressure vessels from the in-
side, it is very useful to conduct an inspection with
a 70* longitudinal probe for the near-surface
zone since this yields a larger aperture for the
near-surface zone during SAFT processing.

7. Based on the calibration blocks, the transducer
frequency is selected with normally 2.25 MHz
being the best except in the case of coarse-grained
material in which a 1-Milz longitudinal or a 500-
kilz shear works better.

8. The sizing of defects is contingent on the type of
defect. Empirical relationships that have evolved
are to use a -6 dB-criterion for volumetric and de-
fccts that can be viewed by the specular reflection.
In other cases, the defects are best sized by using
a loss-of-signal criterion, and the actual decibel
drop value will vary based on the noise level of

1

the material. If the tip signal from planar defects
can be identified, then it should be used to size

i

the defect.

9. The defect type can be determined by the images
in which the defect can be seen and the shape of
the response in the images. A volumetric defect
should be seen by all the inspections. If the de-
fect has planar qualities, then it will be seen in
only those images (insonification) in which the I

scattered energy returns to the receiver.

|

|
l

l
i
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s

Negative

s[g ncident Anglei

i

Y

Scan Dwection
:

I

s

zo z'
\

sN

Figure 4.2. SAFT-UT Scan Conventions

)
|
|
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NEW VERSION OF DATA COLLECTION FOR
AMAPS SCANNER ONLY, BUT SELECTABLE

| FOR TANDEM DR PULSE-ECHO TYPE '9 scan' or 7) 'run scanner'
|

Before proceeding, please enter the time and date.

Date [dd-mm-yy]? 14-AUG-87
Time [hh:m:ss) ? 11:19

.

I

-

|

|

Figure 43. Date and Time Prompts |
|

|

I

|
|

l
1

MODE STANDOFF
............... ................. ....................

1. SINGLE TRANSDUCER - PULSE ECHO water path
2. SINGLE TRANSDUCER - PULSE ECHO plastic wedge
3. SINGLE TRANSDUCER - PULSE ECHO (ucer specified standoff velocity)

4. SAFT TANDEM CONFIGURATION xmit wedge, recy water
5. SAFT TANDEM CONFIGURATION xmit wedge, reev wedge
6. SAFT TANDEM CONFIGURATION (user specified standoff velocity)

7. SAFT TANDEM 2 CONFIGURATION xmit wedge, reev water
8. SAFT TANDEM 2 CONFIGURATION xmit wedge, recy wedge
9. SAFT TANDEM 2 CONFIGURATION (user specified standoff velocity)

ENTER SELECTION ---> 2

Select desired scan axis: 1= XI
2= X2

-------> 1

Are you set up so that the transducer (s) are strattling
the weld (y/n/ unsure)? E

Figure 4.4. Transducer Configuration Menu

|

NUREG/CR-6344 4.20
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(QUERY)

Select scanner configuration

MODE STANDOFF
............_._____ ... ...______ ....................

1. SINGLE TRANSDUCER - PULSE ECHO water path
2. SINGLE TRANSDUCER - FULSE ECHO plastic wedge
3. SINGLE TRANSDUCER - PULSE ECHO (user specified standoff velocity)

4. SAFT TANDEM CONFIGURATIG xmit wedge, reev water
5. SAFT TANDEM CONFIGURATION xmit wedge, recy wedge
6. SAFT TANDEM CONFIGURATION (user specified standoff velocity)

7. SAFT TANDEM 2 CONFIGURATION xmit wedge, reev water
8. SAFT TANDEM 2 CONFIGURATION xmit wedge, reev wedge
9. SAFT TANDEM 2 CONFIGURATION (user specified standoff velocity)

ENTER SELECTION ---> 5

Select desired scan axis: != X1
2= X2

-------> 1

Are you set up so that the transducer (s) are strattling
the weld (y/n/ unsure)? E

Figure 4.5. Selection of Tandem Mode

(QUERY)

Select options: I

1. VIEW current parameters

2. modify TRANSDUCER characteristic data !
3. modify MATERIAL characteristic data |
4. modify SAMPLING data

|
S. modify SCAN parameters |

0. continue to next menu
-1. modify configuration mode

ENlER SELECTION ---> W
|
'

Figure 4.6. Main Menu for SAFT-UT ?arameters

4.21 NUREG/CR-6344
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fj(~ titans 00C&t?
QUERY)

trnsducer^ frequency (mhr): 2.25 f number: 3.2
standoff.... hgt=foc len (in): 0.200 mat vel (in/sec):105000.
X incident angle (deg):-36.5 refracted angle (deg):-46.5-
full beam (deg): 10.0 beam entry dia.(in): 0.000

,(MATERIALQangleinmetal..
material velocity (in/sec): 120000, cire, radius (inches): flat
thickness... (in): 9.000 1/2 vee distance... 13.070

b M @le period2
samp (ns): 100 number of points: 468
depth (along sound path) in material to ... start sampling (in): 11.500 .i

QSCANie.1 delay (us):
initi 183.49 \... stop sampling (in): 14.500m

. scan axis: X1 .. . scanner NOT strattling weld area.. ,

inttial X relative to weld center (in): -11.149
scan increment: X.Y axes (in): 0.025. 0,025 ;
X scan length (in): 2.975 i

; Y scan length (in): 2.975 |

ENkNtREiURNTUCONTINhE'B !

''''' ' '''' ''' ' ''

,

Figuar 4.7. View of Current Parameters (Pulse-Echo) ,

t

t

!
!
!

J.
.

.

t

(QUERY) I

5iTRANSDUCERT
transducer frequency (mhr): 2.25 f number: 3.2
reev standoff, hgt=foclen(in): 0.200 mat vel (in/sec):105000.
xmit standoff. . height (in): 0.000 mat vel (in/sec):105000.
X incident angle (deg):-36.5 refracted angle (deg):-46.5 |

full beam angle in metal (deg): 10.0 beam entry dia.(in): 0.000
iNATERIALE~ i

~inateri al '^Jeloci ty (in/sec): 120000. cire. radius (inches): flat
thickness. . (in): 9.000 1/2 vee distance. . 13.070 i

LSAMPLING) !^
sample"pir' lod (ns): 100 number of points: 468
depth (along sound path) in material to ... start sampling (in): 11.500

$. initial delay (us): 181.59 \. . stop sampling (in): 14.500
$CAN T . . . scan axis: X1 scanner NOT strattling weld area !

,

..

l "iiihi$l X relative to weld center (in): -11.149
.

scan increment: X.Y axes (in): 0.025. 0.025 *

X scan length (in): 2.975
Y scan length (in): 2.975

'
. ..... . . .. . .

ENTER RETURN TO CONTINUE E

<

Figure 4.8. View of Current Parameters (Tandem)

- NUREG/CR-6344 4.22
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'(0UERY)
1RANSDUCLR-
transducer frequency (mht): 2.25 f number: 3.2
standoff. hgt=foc len (in): 0.200 mat vel (in/sec):105000.
X incident angle (deg):-36.5 refracted angle (deg):-46.5
full beam angle in metal (deg): 10.0 beam entry dia.(in): 0.000

Figure 4.9. Transducer licader Information

|

!

l

(QUERY)
MATERIAL
matertal velocity (in/sec): 120000, circ. radius (inches): flat
thickness. (in): 9.000 1/2 vee distance. 13.070

!

Figure 4.10. Material IIcader Information

!
l

1

(QUERY)
~. SAMPLING

sample period (ns): 100 number of points: 468
depth (along sound path) in material to . . Start sampling (in): 11.500
initial delay (us): 181.59 \. stop sampling (in): 14.500

Figure 4.11. Sampling licader Information

(QUERY)
SCAN scan axis: XI scanner NOT strattling weld area
initial X relative to weld center (in): -11.149
scan increment: X,Y axes (in): 0.025, 0.025
X scan length (in): 2.975
Y scan length (in): 2.975

Figure 4.12. Scan lleader Information (Pulsc-Echo)

|
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4.0 Operating Procedures

;

i

i
I
'

.(0UERY)#
R$ Call ,$1 rev X rel to weld center

scanner NOT strattling weld area '

'inlN . . .. scan axis:
XI .... ...

(in): -11.149 xmit 1/2 V's to vel:
xmit X rel to init rev X (in): -0.600 1.23

*
scan increment: X,Y axes (in): 0.025. 0.025

j X scan length (in): 2.975
j Y scan length (in): 2.975

i.
i -

,

i Figure 4.13. Scan Header Information (Tandem)

|
i

!

1

I.
j <SCANPT>

'

Number of Points = 468 Delay (usec) = 183.49
) Minimum" 189 Maximum" 142 Average = 125.92
;

Present Scanner Position: XI= 0.000 X2= 0.000 Y= 0.000 inches
>i

{ [[ W p]ELECTJ0Il j N (j

{ 'HE' - print help file ,

1 'CM' - change setup parameters
'CS* - change scan parameters
'VI' - view current parameters
'X1' - move scanner axis XI (normally rev xducer in tandem mode),

'X2' - move scanner axis X2
3 'Y ' - move scanner in the Y direction ;

'RS' - reset the scanner & counters ;'

] ' return' - digitire the signal & display scanner position
i

j 'SC' - proceed to scanning module
| 'EN' - end this program and exit
t

| ENTER COMMAND -->
1
4

i

j Figure 4.14. Command Selection Menu

,

j
i
a

.

T
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!
|
i

| <0VERY>

Select options:
1. VIEW current parameters

2. modify TRANSDUCER characteristic data
3. modify MATERIAL characteristic data
4. modify SAMPL]NG data

i5. modify SCAN parameters |

0. continue to next menu
-1. modify configuration mode

ENTER SELECTION --->
The delay is 103.49 usec.

Press ' RETURN' if this is correct or if you wish to change it enter number.
(WARNING: alternation of delay may result in erroneous processing) -> E

|

|

Figure 4.15. Prompt to Change the Initial Delay

i
|

(QUERY)
' TRANSDUCER __

transducer frequency (mhz): 2.25 f number: 3.2
standoff, hgt=foc len (in): 0.200 mat vel (in/sec):105000.
X incident angle (deg):-36.5 refracted angle (deg):-46.5
full beam angle in metal (deg): 18.0 beam entry dia.(in): 0.000

~ MAT ERI AL ..

material velocity (in/sec): 120000. circ. radius (inches): flat
thickness. (in): 9.000 1/2 vee distance. 13.070
SAMPLJNG
sample period (ns): 100 number of points: 468
depth (along sound path) in material to .. start sampling (in): 11.500
initial delay (us): 183.49 \. stop sampling (in): 14.500

' SCAN . . scan axis: XI scanner NOT strattling weld area
' initial X relative to weld center (in): -11.149
scan increment: X.Y axes (in): 0.025. 0.025
X scan length (in): 2.975
Y scan length (in): 2.975

ENTER RETURN TO CONTINUE E

Figure 4.16. View of Header Information Before Scanning

I

i
'
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.

Present Scanner Position: XI= 0.000 X2= 0.000 Y= 0.000 inches

$$ M NIE N $
'HE' - print help file
'CM' - cnange setup parameters
'C5' - change scan parameters
'V!' - view current parameters

,

'X1' - move scanner axis XI (normally rev xducer in tandem mode)
'X2' - move scanner axis X2
'Y # - move scanner in the Y direction '

'R$' - reset the scanner & counters
' return' - digitize the signal & display scanner position

'SC' - proceed to scanning module
p

*EN' - end this program and exit "

[NTER COMMANO --> X1 I

Present XI position is 0.0 inches
Enter X1 Location (in): 1

Scanning speed = 0.30 inches /sec. ( 30)
m,

;

Figure 4.17. Repositioning the Scanner :

!

1

1
|

<5CANPT>

Select storage / transfer mode:
1) transfer directly to VAX over PRONET.
2) store only on local PDP11/23 disk drive. <

3) both (store locally and transfer over PRONET). |

ENTER SELECTION > E I

i

Figure 4.18. Data Transfer Menu

' NUREG/CR-6344 4.26
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<SCANPT>

IF NDT LOGGED ON TO VAX THEN:
1. enter user name.
2. enter password. Then wait for prompt.
3. Set the default directory on the VAX to the directory in

which you wish the data file to reside (e.g. '58. PARKS').
4. Then enter "SCANRD'. and follow subsequent instructions.

IF ALREADY LOGGED ON TO VAX THEN:
1. Type 'SD' to make sure in right directory

which you wish the data file to reside
2. Then enter 'SCANRD' and follow subsequent instructions. ,

Welcome to PNL$ VAX-11/7DD VMS Version V3.6
;,

Username: 5 +

Figun 4.19. Connection to the VAX Host Computer

i.

<SAFTDEFS= The current VMS version is .. 3.6 )
<SAFTDESF> Today is ..... August 14, 1987 The time is .. 11:30 am

<SAFTDEFS> The SAFT-UT [ VERSION 1.1] environment has been set. |
<SAFTDEFS> Type HELP SSAFT for assistance with the SAFT utilities.-

3 1

$

$

$

$

$

$

$

$

$

$

$

$ scanrd E

Figure 4.20. Starting Data Collection on the VAX Host Computer

i

4.27 NUREG/CR-6344

|
!



_._ ._ ._. _ _ _ .- . . _ _ _ _ _ . _ . _ _ _ _ _ _ _ . - _ .. . _ _ _ . _ _ _ .

4.0 Operating Procedures

<SAFTMAIN VMS.1> initiate SAFT collection, processing & graphics

Do you want to COLLECT DATA FROM DATA ACQUISITION SYSTEM (y/n)? y
Do you want to PROCESS data while scanning (y/n)? y

SAFT pulse-echo configuration
Envelope detect this data? (y/n) > y

(detection WILL be performed),

!

! Enter data clipping threshold relative to max in db.
Typically: -40 (1 % of peak)

j -20 (10% of peak)
| -10 (30% of peak) .,

-6 (50% of peak) > -20 |
'

, I

( NORMALIZATION MODE SELECT!DN:
1) average the data sumed (1/N). raw data on skip.
2) average the data summed (1/N). zero on skip. ,

| 3) constant normalization (1/C). raw data on skip. !
4) constant normalization (1/C). zero on skip. !

5) 1/SQRT(N) data normalization, raw data on skip.
6) 1/SQRT(N) data normalization. zero on skip, s

ENTER SELECTION > E

|

I h
Figure 4.21. SAFT Processing Options

.

!
!

|

i
i

-20 (10% of peak) !

-10 (30% of peak) !

-6 (50% of peak) > -20 |

NORMALIZATION MODE SELECTION:
1) average the data sumed (1/N). raw data on skip. ;

2) average the data summed (1/N). zero on skip. ;

3) constant normalization (1/C), raw data on skip. !

4) constant normalization (1/C). zero on skip. .

5) 1/SQRT(N) data normalization, raw data on skip. '|
6) 1/SQRT(N) data normalization, zero on skip.

ENTER SELECTION > 1 ;

Data Sampling Adjustment Options: |

0) no sampling adjustment to be performed. !
1) perform automatic adjustment. !
2) perform manual adjustment.

Enter data reduction selection > 1
Do you wish to process beyond the back surface (y/n)? * n |
Do you want to DISPLAY data while scanning (y/n)? ,)E

,

|

Figure 4.22. SAFT Processing Options, Continued

|
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i

I

:
.

MANUAL DATA REDUCTION OPTION
'

If data has been oversampled in the x,y or z direction, j
sometimes it is desirable to create the output file with

{reduced sampling an this direction to minimize the size of the
,

data.
|

If you do not wish to alter the resultant data enter 0 or 1 to
the following inquiry. Otherwise enter the integer reduction

.

factor you desire. !

|
Reductions to data during processing- J

Enter Z-axis reduction factor >

Enter X,Y axis reduction factor >

Reductions to data after processing (during envelope detec-
|tion): 1

Enter Z-axis reduction factor >

Figure 4.23. Selection of Sampling Reduction

<SCANPT>

ENTER 2 LINES OF COMMENTS (40 CHARACTERS EACH):
1. ... . . ..... ...........|

1> COMMENTS ARE ENTERED HERE
2>

Enterdesiredscannerspeed(inches /sec)(<0= default >: 1

Number of 512 byte blocks = 14064
Number of A-scans = 14400
Number of points /a-scan 468=

Enter name of data file to be created > FILENAME.DAT

Total points ,, X= 120 .. Y = 120. .

Scan increment 0.025 0.025. . ..

> 53

Figure 4.24. Entering Comments and Setting the Scanner Speed
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I
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Figure 4.29. Four Propagation Paths for Ultrasonic Energy Produced by the Tandem Transmission Technique
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5.0 Laboratory Application Research Studies

i

This section describes the final extensive laboratory Reliability Center and were part of an Electric
testing conducted on the SAIT technology. A review Power Research Institute Program to study
of how well SAFT-UT performed compared to other IGSCC. The entire SAET-UT field system was ;

teams, employing both advanced and manual scanning relocated on site and much of the processing and !
techniques, who participated in a mini-round robin analysis took place on site as well (Doctor 1987b)
exercise, begins Section 5. The mini-round robin exer-
cise utilized piping specimens with IGSCC to evaluate inspection of four stainless steel overlay speci-
advanced and manual techniques, quantifying the re- mens; the specimens were supplied by Knoll
suits. Although these were laboratory tests, they have Atomic Power Laboratory and contained a variety
been included as part of the validation work discussed of unknown defects (Doctor 1987b).
in Section 10. Section 5 reports on the outcome of a
thick-section study i.e., pressure vessels. Further, a 5.1 Investigation of SAFT Imaging in
discussion of the development of TSAFT-3 is included. Thick MaterialAlso mcluded is a section on advanced preprocessing
techniques developed at PNL, which can be used prior
to SAIT processing to enhance the subsequent images. A series of tests was performed using a 9-in.-thick

Such image enhancement reduces the number of false (22.9-cm) carbon steel specimen with a number of

calls, improving the inspectability of anisotropic materi- machined defects placed in the far surface of the part.

als such as CCSS, historically a difficult medium in This specimen represents the first step m analyzing the

which to reliably detect and size cracks. performance of the SAFT-UT configurations in thick
vessel material. Ten vertically oriented semicircular

,

For completeness, important earlier laboratory applica, sawcuts were placed in this specimen, varying in depth '

tion research studies are cited as follows: fr m 0.050 m. to 0.700 m. (0.13 cm to 1.9 cm).

inspection of a saft-end from the Duane Arnold Figure 5.1 shows the B-scan side view and B-scan end*

nuclear reactor, provided to PNL by Southwest view of a SAFT-UT image of the 0.050-in.-deep (0.13-

Research Institute (SwRI) (Doctor et al.1986) cm) sawcut. The horizontal dotted line in the photo-
graph represents the position of the far surface. This

inspection of a thick-section cladded plate with scan used a 0.25-in.-diameter (0.6-cm) transducer with a*

fabricated defects - data was acquired by Risley center frequency of 2.25 Milz A Lucite wedge was i

Nuclear Laboratories and sent to PNL for SAFT used to cause a 47.2* center-beam angle in the carbon

processing and analysis (Doctor et al.1986). steel material. Notice that the corner-trap reflection of
this small defect is easily detected. Ilowever, the tip .

inspection of centrifugally cast stainless steel sam, signal does not appear in the image presented. This is*

plcs provided by the PISC 11 SSRRT - Data col. to be expected because the system resolution is on the .

lected from these samples provided an extremely order of two wave lengths (0.100 in. [0.25 cm]).

valuable database that was later used to develop
preprocessing techniques that could be applied to Figure 5.2 shows the corresponding SAIT-UT pulse-

anisotropic materials and is discussed in detail in echo configuration image of the 0.700-in.-deep (1.8-cm)

Section 5.3 of this report (Doctor et al.1987a). sawcut. The color scale normalization has been adjust-
ed in this photograph to enhance the display of the to

inspection of a submarine hull weld test specimen; image of the tip of the sawcut. Potice that the tip*

Amdata, Inc. supplied the specimen. This was the signal is now imaged very well, and that accurate

first application where the TSAIT-2 configuration through-wall sizing can now be perfored from this

was employed and proved invaluable for detecting image.110 wever, because this is a single transducer

some near surface defects (Doctor et al.1987b)
C nIIguration, the ambiguity limitations inherent with
this illumination are still present. There is not a full

inspection of three welds on two large-diameter characterization of the defect, as only the corner and*

(24-in. [60.96-cm| Schedule 80) 304 stainless steel the tip of the vertically oriented reflector are imaged.

test pipes; the pipes were located at the Materials Therefore, it is important to implement the TSAFT-2
configuration for thick vessel material.
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5.0 Research Studies

I

It is impractical to implement a multiple-bounce config- is characteristic of the TSAFT-2 configuration, they
uration in thick materials, because the attenuation and were scanned in opposing directions.
geometries become intolerable. The thick material

4

im;,lementation of TSAIT-2, then, must involve using a The corresponding image of the identical defect using |
1/2-vec transmitter and a 1/2-vce receiver. This config- the TSAIT-3 configuration is shown in Figure 4.36. I

uration illuminates the object plane by bouncing off the Notice that the conjugate image is much improved and
far surface only once, as opposed to the multiple- that the full information is now available for operator
bounce thin material configuration. The initial config- interpretation. This technique is expected to greatly
uration that will be described here utili7es a 54* S-wave improve imaging of defects in deep section material.
transmitting probe and a 47.2* receiving probe. Each l
transducer used in this configuration is 0.25 in. (0.6 cm) 5.1.1 TSAFT-3 Development |
in diameter and has a center frequency of 2.25 MIiz.

Thick-section materials inherently prohibit the use of
Figure 53 shows the TSAIT-2 B-scan side view and B- multiple-bounce paths normally associated with TSAFT
scan end view image of the 0.050-in.-deep (0.13-cm) modes; attenuation of the sound field becomes intolera-
sawcut. The horizontal dotted line represents the posi- ble. A practical solution is to limit the number of
tion of the far surface, and, although one can see the bounces to one (before the sound strikes the vertical
real and conjugate images of the sawcut, they are aper- object plane). Figure 4.31 shows the center ray paths
ture-limited in this image. A vertical extent of to the vertical object plane for a 1/2-vec TSAIT-2

!approximately 0.18 in. (0.46 cm) would be measured configuration. The difficulty using TSAIT-2 in this
from this image using a 6-db criterion. The size of this configuration is the physical limitations; i.e., the trans-
sawcut is smaller than the system resolution; conse- mitter can only scan forward until it hits the receiver.
quently, oversizing occurs. This image becomes a mea- Unfortunately, a portion of the realimage and most,if |
sure of the vertical resolution of the system. not all, of the conjugate image is lost. Figure 4.32 |

shows the TSAIT-2 image (using 54 transmit and 47.2*
Figure 5.4 shows a TSAIT-2 image of the 0.700-in.- receive inspection angles) of a 0.7-in.-deep (1.9 cm)
deep (1.8-cm) sawcut. The B-scan end-view presenta- sawcut that has been placed in the far surface of a 9-in.-
tion reveals two weaknesses of this configuration. The thick (22.7-cm) steel block. The B-scan end-view re-
first apparent characteristic is that the conjugate image veals two weaknesses of this configuration. First, a
is highly degraded. This is due to limited scan in the X portion of the realimage is missing. Second, the conju-
direction, because the two transducers obstruct each gate image is highly degraded.
other in this direction. The conjugate image is needed
to reduce the sensitivity of the vertical sizing measure- A third tandem configuration, a special case of TSAIT-
ments to variations in material velocity and material 2 called TSAFT-3, was implemented for thick-section
thickness. vessels where it was not practical for the transmit trans- |

ducer to be 3/2-vees from the vertical image planc due !
Close observation of the B-scan end view of Figure 5.4 to the long material paths attenuating the sound field.
also shows that this configuration does not image the TSAIT-3 overcomes the physical problems of TSAIT- |
center part of the reflector. The zero order (Iow spatial 2, allowing the transmit transducer to be 1/2-vce from )frequencies) are lost because the wedges of the two the vertical object plane. The transmit transducer is j
transducers were selected such that the center angles offset (when small Lucite wedges are used, the offset is j
are not equal. Thus only the top edge of the sawcut typically 0.75 in. [1.9 cm) such that it passes by the '

was imaged. receive transducer in a side-by-side fashien as shown in
Figures 433(a) and 4.33(b). There are no provisions to

An alternate TSAIT-2 configuration (TSAIT-3) was compensate for the offset distance between the transmit
conceived that climinates the deficiencies shown in and receive transducers; the long material paths from
Figure 5.4. The small diameter probes were staggered the transducers to the vertical object plane make the
slightly (0.75 in. (1.9 cm) center-to-center) in the Y cffect of the offset negligible when small transducers
direction so they pass by each other. Wedges were are used. The transmitter would initially start in front
chosen to provide identical center beam angles and, as

NUREG/CR-6344 5.2
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5.0 Research Studies

of the receive transducer as shown in Figure 4.33(a); equivalent material path lengths. The correct number
both transducers are scanned equal distances but, as is of transmit and receive bounces are counted and en-
typical of the TSAIT configurations, in opposite direc- tered into the file header parameters. For our example,
tions as shown in Figure 433(b). TSAFT-3 provides all the number of transmit bounces would be 5 and the
of the advantages of TSAIT-2; plus, it allows a shorter number of receive bounces would be 4. An easy rule-
material path (1/2-vec) to be used, improving the sig- of-thumb is as follows:
nal-to-noise ratio in thick-section materials.

1. The number of transmit bounces will always be an
Figure 434 shows the positions the transmit and receive odd value,
transducers are in when they are toward the extremes
of the scanned aperture. Path 1 provides data for the 2. the number of receive bounces will always be one
conjugate image, and path 2 data is used for the real less and an even value, and
image. The real and conjugate portions of the defect
image may be observed simultaneously by choosing to 3. the material thickness value to be entered is the
process beyond the far surface during TSAFT- true material thickness divided by the number of
2/TSAIT-3 processing. The vertical extent of a sur- transmit bounces.
face-connected defect may be accurately determined by
measuring the full vertical extent of the image and Once the necessary header modifications have been
dividing the result by two. This technique reduces the made, the TSAIT-3 data file may be processed normal-
sensitivity of the vertical sizing measurements to varia- ly,
tions in material velocity and material thickness, and
the location of the far surface relative to the image 5.2 Application of Advanced Signal
need not be known accurately.

Processing Techniques to Improve
Processing TSAIT-3 data requires manipulating three SAFT-UT Performance on CCSS Mate-
data file header parameters; i.e., material thickness, the rial
number of transmit bounces, and the number of receive
bounces. If the correct material thickness is used, the

The initial results of the SAFT-UT inspection of the
image space for TSAFT becomes too large to process. CCSSRRT samples were somewhat disappointing, be-
The TSAFT algorithm processes the entire material cause although all the cracks were detected, the false
thickness, and when processing beyond the far surface call rate was unacceptable. The samples consisted of
is chosen, twice the material thickness is processed. laboratory-induced cracks in 2.4-in.-thick (6.1-cm) CCSS

material, with both columnar and equiaxed grain struc-
When dealing with thick-section specimens and the turcs utilized. In general, SAFT performed as well as
TSAFT modes, it is necessary to limit the depth range any of the teams who inspected the blocks; however,
that is processed and subsequently displayed. Figure the algorithni mplemented tended to generate a signifi-i
4.35(a) presents a typical TSAFT-3 setup, on a 9-in.- cant amount of false calls. Crack detection was not a
thick (22.9-cm) steel block with a 0.7-in.-deep (1.8-cm) problem, but distinguishing between cracks and coher-
sawcut placed into the far surface. This setup will be ent scattering from the microstructure was difficult. In
used as an example. In our example, the region of the interest of improving SAIT performance on this
interest is only the lower fifth of the material thickness. type of specimen, further analysis was undertaken.
Processing is selected to be beyond the far surface, but Specifically, the emphasis of this analysis was focused
limited in range as shown by the shaded area in Figure on the frequency characteristics of this data base.
4.35(a). To accomplish this, a fictitious material thick-
ness value, equal to the original thickness divided by A distinct advantage of the SAIT-UT system is that the
five (1.8 in. [4.6 cm]), is entered into the file header raw (unprocessed) data is archived and available for
parameters using the DEDIT utility. If a different further analysis. With the SAFT-UT system, if one en-
region of interest were desired, the material thickness sures that the integrity of the data files are of high
could be divided by any odd number. The transmit and quality, then this becomes a data base from which
receive paths are then " folded", Figure 4.35(b), to give

5.3 NUREG/CR-6344
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future analysis may draw. The CCSSRRT data falls
whereinto this category, and as such, the complete data set is

fully retrievable. s = frequency,
F(s) = the Fourier Transform of the original data set

It has been known for some time that the coherent F'(s) = the Fourier Transform of the desired time
summation algorithm incorporated in the SAFT-UT derivative, and
operation is a narrow-band approximation. This was i.g
reviewed by Busse, Collins, and Doctor (1984) in this
program and was discussed earlier by Norton (1976) in
his thesis paper at Stanford University. The exact 5.2.1 Applying the Spectral Analysis and
method incorporates a time derivative of the raw data Subsequent Filter Technique to a CCSSRRT

'

file prior to SAFT processing. When analyzing the Data File
spectral responses of data files collected on CCSS mate-
rial with a 500 kilz transducer, significant components Specimen 5 of the CCSSRRT data set (see Betes, Doc-
as low as 150 kilz and as high as 600 kIfz may be tor and IIcaster 1987) was used for an initial analysis. .

present. This suggests that perhaps the narrow-band The parent material of this block is 2.4 in. (6.1 cm)
'

approximation may not be totally valid in this case, thick and consists of columnar material on one side of
the weld and equiaxed material on the opposite side of

Also, as will be discussed later, one sees a difference in we we s appr x mately 2.2 in. (5.6 cm)
spectrum from a cracked area and an uncracked area, an > in. cm) Imig, a crac ntroduced
This suggests that a bandpass filter incorporated in the

(estimated to be about 28% of wall thickness) on thealgorithm may enhance the image quality of the SAFT- columnar side of the weld. The crack in this specimen
.

UT system. The purpose of the experiments reported begins 4.2 in. (10.7 cm) and extends to 5.9 in. (15 cm)
herem is to define a bandpass filter that can be applied along the weld. SAFT data was collected from this
to a SAFT data file, prior to processing, that would specimen using a 0.5-Milz transducer in 45' shear
reduce the amb,iguities that exist between the coherent mode. The primary data file of interest was collected
scattering from microstructures and cracks. &M sik of & wcld area (the same side as

t k crac hTo assist in spectral analysis of the SAFT waveforms,
the APLOT (SAFT-UT analysis graphics) utility was Figure 5.5(a) shows the SAFT-UT iraage of the area
enhanced to provide a power spectrum plot on the scanned. On the left of the photograph is the B-scan
RAMTEK of any selected A-scan of a given data file. side view; while at the right, the B-scan end view is
Also, three additional SAIT utilities were added: one shown. The top of the image dir. played corresponds to
to perform a bandpass filter operation, one to perform a 1-in. (2.5-cm) depth in the material; and the dotted
a Fourier transform operation, and another to perform line, visible in the B-scan end view, represents the ex-
the time derivative of a given data file. The bandpass pected position of the far surface (2.3 in. [5.8 cm] from
filter routme simply rejects all frequencies below a the near surface). Some indications appear beyond the
specified value and above a second specified value. far surface because of velocity variations and beam
Both of these values are user-selectable. No attempt skewing. The image is apparently very noisy; and in
was made to weight this m a Gaussian form or any fact, from the B-scan end-view image, one would con-

,

more elaborate shape. The time derivative function clude that there is a crack the fulllength of the scan.
simply performs the transform using the following equa- In fact, the crack occurs only in the last 2 to 3 in. (5.1
tion shown in Bracewell s (1965) text: to 7.6 cm) of the scan. The indication that is apparent

in the first 2 in. (5.08 cm) (the left side of the B-scan

F'(s) = i2ns F(s) end view) is not from a crack structure but from the
microstructures.

Figure 5.5(b) graphically shows the A-scan of an area
that was believed to be cracked, while Figure 5.5(c)
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corresponds to an area known to be uncracked. Each results of this are shown in Figure 5.8. The final image
A-scan presented here and in subsequent figures repre- shown in this figure is comparable to that generated
sents the full digitized return signal from this material. with only a fiher operator (Figure 5.7). This can be
The digitized window includes from the front surface expected because the narrow-band approximation be-
through an cquivalent material path length of 4.5 in. comes valid subsequent to this filter operation, thus
(11.4 cm). These images, most obviously, are very noisy reducing the effectiveness of the m . dvative opera-
signals and, consequently, are difficult to interpret. tor.

Figures 5.5(d) and 5.5(e) show the power spectra that 5.2.2 Software Tools Used to Define the Op-
correspond to the adjacent A-scans. If one closely re- timal Bandpass Filter Used to Enhance the
views these figures, it can be seen that the general SAFT-Processed Imagespectra are wide band, m that they contain much more
low-frequency components than would be expected for
a 0.5-MHz center-frequency system. Also, the largest Initial resuhs indicate that if an optimum bandpass

component in the uncracked region is shifted down in filter is defined and applied prior to SAFT processing,,

frequency by 70 kilz with respect to the peak salue in the resulting image is greatly enhanced and the false

the cracked region. From these general observations, a call probability is decreased. The purpose of this sec-

series of tests was performed, mcludmg SAIT process- tion is to describe the software used to accomplish the

ing on the time derivative of the data set, on a band- task of defining the optimum bandpass filter limits.

pass filtered data set, and on a combination of both.
From the initial results, one begins to believe that there

First, the time derivative was generated from the origi- '""Y " '*9"#"'Y '"nge at which defect and non-
. defect areas may be d.iscrimmated. Proof of this as-nal data set. The results of this may be seen m. Figure

5.6. An improvement in signal-to-noise level can b sumption would be a high correlation to the premise,

observed in the image shown m Figure 5.6(a). The that large components of the power spectral response
from A-scans containing defects will correspond tomdication m the region where no defect is located .is

reduced (in the B-scan end-view, this is at the 1-m, . [2.5- small components of the power spectral response of A-

cm) location). Also, a notable reduction m background scans containing nondefects. Using the CCSSRRT data

noise is realized. When one of the spectra m this figure base, a statistical analysis of the spectrum data files was,

c nducted.is compared with those shown in Figure 5.5 it can be
seen that the effect of the time derivative on the power

The CCSSRRT specimens provided a data base in
spectrum is to de-emphasize the low-frequency com-

which the defect and nondefect areas are well defined.p nents.
The DEDIT utility was modified to allow a flag to be
set in each A-scan recording in a given data file. ThisA second test consisted of a more direct approach to
flag represents three conditions:altermg the frequency spectrum of the waveforms. A

step-wise filter was applied to the data set prior t
1. A *0" indicates an * unsure region." These A-scansSAFT processing. This filter rejected frequencies below

may lay near the edge of a defect or the edge of0.38 Milz and above 0.68 Milz. The results of this test
the specimen itself and will not be used in the

are shown m Figure 5.7. The final image presented in mtinid 41s pstFigure 5.7(a) shows a substantial improvement in sig-
nal-to-noise level. The background noise is nearly

1 A ''1" indicates a " defect region." These A-scans
ehmmated, and the false mdication at the 1-m. (2.5-cm)

are in line with a defect.location of the B-scan end v,ew has vamshed.i

3. A "-1" indicates a "nondefect region." These A-
The final test consisted of a combination of the previ- scans are n t in h,ne with a defect.
ous operations. The time derivative of the original data
set was generated. This result was then passed through

To assist in the statistical analysis, a new utility,
the bandpass filter previously described. Finally, the

STATANAL, was implemented. The STATANAL
SAIT processing was performed on this result. The

5.5 NUREG/CR-6344
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utility calculates a correlation coefficient for selected Table 5.1 presents a typical output of the STATANAL
frequency and transducer axial position ranges. Only utility for a sawcut data file, using a single frequency
records with the defect flag set to a nonzero value are range of 2.1 to 2.4 MIIz and a single X position range
used for input. Data files used as input to the of -0.7 to -0.5 in. (-1.8 to -1.3 cm) (normally, many
STATANAL utility are first converted to spectrum data small frequency and X position ranges are used). The
files using the Fourier transform utility, SPECTRUM, sawcut data file serves to check the validity of the STA-
and each A-scan record defect flag is set to reflect the TANAL utility. The sawcut data file is a 45*,2.25-MHz
nature of the A-scan using the DEDIT utility. The shear-wave file of a 0.3-in.-deep (0.8-cm) sawcut, placed
statistical results reflect how well the data in the select- in a 0.6-in. (1.5-cm) stainless steel coupon. A perfect |
cd ranges fit the ideal (i.e., corresponding spectral correlation would be a +1 and an inverse correlation |
values are of a low magnitude for nondefect areas and would be a -1. Table 5.1 presents the maximum corre- |

Ia high magnitude for defect areas). To better under- lation coefficient for the selected frequency range.
stand the correlation coefficient value, additional infor- There is a near perfect correlation coefficient (+0.907) i

mation is provided for each selected frequency and for the X position and frequency range used. Attention )
transducer position range, as shown below: is drawn to this fact by placing an asterisk next to any

correlation coefficient values exceeding +0.9. Finally,
1. the total number of defect and nondefect A-scans the last portion of the STATANAL printcut lists the

used in the statistical analysis composite spectra values for defect and nondefect A-
scans at each frequency increment. The difference

2. the arithmetic mean of the spectral magnitudes value presented indicates what frequencies provide the
largest magnitude difference between defect and nonde-

3. the standard deviation. fcct A-scans.
.

It is important to ensure that the transducer position 5.2.3 Statistical Analysis of Defect and Non-
entries are relative to the known defect location, except Defect CCSS A-Scans
in the case of blank specimens where the transducer
position entries are relative to the wcld center line. The CCSSRRT data set was split into two subsets: 1)

data acquired from specimens having an equiaxed grain
The following is a typical scenario used when employ.mg structure and 2) data from specimens having a colum-
the STATANAL utshty: nar grain structure. Each data subset was evaluated at

specific frequency and transducer position ranges to
1. Run the SPECTRUM utility, supplying the input determine which ranges yicided the highest correlation

and output filenames, to the hypothesis A frequency range and transducer
position exists nhere defect spectral response components

2. Use the DEDIT utility to appropriately set the de- will be large and corresponding nondefect spectral re-
fcct flag m each A-scan record of a selected spec- sponse components will be small.
trum data file. Edit the initial transducer position
to reflect the position relative to the known defect Each equiaxed and columnar spectrum data file A-scan
location for a specimen containing a defect, or defect flag was set to reflect the nature of the A-scan.
relative to the weld center line for a specimen

A-scans within 0.5 in. (1.3 cm or one-half the trans-
containing no defect. ducer diameter) of the edge of the specimen or outside

this tolerance about the defect were considered unsure,
3. Run the STATANAL utility. The user is prompt- and the defect flag was set appropriately. The remain- |ed for the following input: der of the A-scan records were either defect or non-

defect in nature.
a. selected spectrum data file names
b. selected X ranges (in inches) Figures 5.9 and 5.10 show the graphical results attained
c. selected frequency ranges (in MHz) for equiaxed and columnar shear-wave spectrum data
d. selected output filename. files. The maximum correlation value is plotted for

NUREG/CR-6344 5.6
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Table 5.1. Typical Printouts of the STATANAL Utility and at 0375 to 0.525 MHz in Figure 5.10. One would i

expect the resulting images to be enhanced if the equi- i

<STATANAL> There are 1 files in the stack. axed and columnar data files were first processed using :
< STATANAL> 1 SAWTVG2.SPM the filter utility, with the lower and upper frequency !

limits set to correspond to the lower and upper fre-
|

Summary of X-ranges: quency limits of the peak correlation values.
|

1 -0.700 to -0.500 inches
5.2.4 Composite Spectra of the CCSSRRT ;

. Region 1 frequency range (2.100000 to 2.400000 |

M Hz).. The composite spectra result is attained by summing |
X-range 1 the spectrum data for defect records in a single selected |
DEFECT 2448 axial position, and also summing the spectrum data for
NODEFECT 1872 nondefect records in the same axial position. This

,

AR MEAN 94.990 result is then normalized for comparison purposes. |STD ERROR 0.209 Figure 5.11 represents the composite spectra results of
|

COR COEF 0.907* the SAWCUT test file. The composite spectra is plot-
ted for the defect and nondefect records. Included in |
Figure 5.11 is a difference plot (composite spectrum

COMPOSITE SPECTRUM defect values minus the composite spectrum nondefect
values). The peak spectral component occurs at 2.25 |

NOTE: The following data was computed for Milz, the transducer center frequency. From the dif-
the first specified x range only (-0.700 ference plot in Figure 5.11, one may choose the lower I

to -0.500 inches). and upper frequency limits that would be used in the !
FILTER utility, which would then be applied to the ;

defect normalization factor = 153 data file prior to SAFT processing. The FILTER utility |
non-defect normalization factor = 117 would be expected to enhance the subsequent image. |

MHz Defect NONdefect Def-NON Specimens 3,4, and 6 of the CCSSRRT set were cho-
2.109 139.059 42.590 96 469 sen to analyze the results of applying a filter, based on |

2.129 141.216 48.624 92.592 the composite spectra results, to the data files prior to |
2.148 148.693 46.846 101.847 SAFT processing. The parent material of each block is

,

2.168 156.425 36.171 120.254 approximately 2.4 in thick (6.1 cm) and consists of a '

2.187 157.013 20393 136.620 columnar microstructure on one side of the weld and |
2.207 153.118 9.607 143.511 an equiaxed microstructure on the opposite side. Table
2.226 155.268 14.718 140.550 5.2 shows the intended characteristics of CCSS speci-
2.246 157.928 23.265 134 663 mens 3,4, and 6.
2.265 153.791 30.145 123.646
2.285 149.758 33.462 116.297 Crack detection and length were of primary concern
2.305 152.000 30.205 121.795 when dealing with the CCSSRRT data set. To this end,
2324 152.458 20.855 131.603 improvement was sought by discriminating against
2.344 It6.549 9.769 136.780 microstructure echoes based on spectra content. Indi-
2363 142.353 4.761 137.592 cations at or near the far-surface location most likely
2383 141.980 7.949 134.032 would be echoes produced by the corner-trap or where
2.402 137.484 9.000 128.484 the crack intersects the far surface. Relative location of

indications is one discriminatory criterion that is applied
when analyzing images. Therefore, indications located
well above the far surface or at the weld centerline are

cach frequency range. The peak positive correlation
salues occur between 0375 and 0.4 MHz in Figure 5.9,
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Table 5.2. Intended Characteristics of CCSS Specimens 3,4, and 6

Specimen Weld Length Crack Offset Crack Start Crack End Depth

3 7.5 .15 4.3 5.8 23 %

4 7.0 0.5 5.0 6.0 21 %

6 7.0 N/A N/A N/A N/A

NOTF. Weld Length, Crack Offset, Crack Start, and Crack End are all expressed in OD inches.
Crack Offset is the lateral distance of the crack from weld center.

The weld of specimen 3 is approximately 2.2 in. thick The weld of specimen 4 is approximately 2.2 in. thick
(5.6 cm) and 7.5 in. long (19.1 cm) (OD); a crack was (5.6 cm) and 7.0 in. (OD) long (17.8 cm); a crack was
introduced (estimated to be about 23% of wall thick- introduced (estimated to be about 21% of wall thick-
ness) along the equiaxed side of the weld. In this speci- ness) on the columnar side of the weld. In this speci-
men, the crack begins at 4.3 in. (10.9 cm) and extends men, the crack began at 5.0 in. (12.8 cm) and extended
to 5.24 in. (13.7 cm) along the weld. SAIT data was to 6.0 in. (15.2 cm) along the weld. SAFT data was
collected from this specimen using a 0.5-Milz transduc- collected from this specimen using a 0.5-Milz transduc-
er in 45' shear mode. The primary data file of interest er in 45* shear mode. The primary data file of interest
was collected from the equiaxed side of the weld area was collected on the columnar side of the weld area

(the same side as the crack). (the same side as the crack).

Figure 5.12(a) presents the resulting composite spectra Figure 5.13(a) presents the resulting composite spectra
plots (defect, nondefect, and difference) for shear-wave plots (defect, nondefect, and difference) for shear-wave
data files in equiaxed material. All of the equiaxed data files in columnar material. From the difference
shear-wave data files from the CCSSRRT data set were plot, one would choose a lower frequency limit of 0.475
used to arrive at the composite spectra plot shown in Milz and an upper frequency limit of 0.525 Mllz to be
Figure 5.12(a). From the difference plot, one would used in the FILTER utility. The filtered data file would
choose a lower frequency limit of 0.375 MHz and an then be SAFT-processed, and an enhancement of the
upper frequency limit of 0.425 MHz to be used in the subsequent image would be expected. Figure 5.13(b)
FILTER utility. The filtered data file is then SAFT shows the before (top) and after (bottom) results of
processed. Figure 5.12(b) shows the before (top) and applying the filter to specimen 4. Specimen 4 contains
after (bottom) results of applying the filter to specimen a crack that is 1.0 in. long (2.5 cm). Figure 5.13(b) (top
3. Specimen 3 contains a crack that is 1.5 in. (2.8 cm) image) shows the crack to extend from 1.5 to 5.7 in.
long. Figure 5.12(b) (top image) shows the crack to (3.8 cm to 14.5 cm) along the weld when measured at
extend from 1.9 to 5.8 in. (4.8 to 14.7 cm) along the the -6-dB points (green / amber transition), or 4.2 in.
weld, or 3.9 in. (9.9 cm) in length, when measured at (10.7 cm) in length. The bottom image of Figure 5.13-
the -6-dB points (green / amber transition). The bottom (b) shows the crack to extend from 3.7 to 5.4 in. (9.4 to
image of Figure 5.12(b) shows the crack to extend from 13.7 cm) along the weld--a length of 1.7 in. (4.3 cm)
4.4 to 5.8 in. (3.6 to 14.7 cm) along the weld, a length using the -6-dB measurement criterion (green / amber
of 1.4 in. (3.6 cm) using the -6-dB measurement crite- transition)--clearly an improvement.
rion (green / amber transition)--clearly an improvement.

Further investigation revealed that the indications com-
prising the bottom B-scan end view in Figure 5.13(b)
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were actually displaced laterally as evident in the B-scan data files are defined as those specimens that had a j
side view. The actuallaterallocation of the crack rela- high percentage of correct calls, as shown in Appendix
tive to the weld center is 0.5 in. (1.3 cm). Figures B of Stainless Steel Round Robin Test, Centnfugally Cast
5.13(c) and 5.13(d) show single-slice B-scan end views Stainless Steel Screening Phase (Bates, Doctor and
of specimen 4. Figure 5.13(c) is taken 0.5 in. (1.3 cm) Heasier 1987).

; from weld center, and Figure 5.13(d) is taken exactly on
weld center. Most likely, the indication shown in Fig- Figures 5.16 and 5.17 show the results of composite
ure 5.13(d) is associated with the weld metal and not a spectra for shear-wave defect and nondefect A-scans in
crack. Therefore, Figure 5.13(c) probably better repre- equiaxed (Figure 5.16) and columnar (Figure 5.17)
sents the crack and, in fact, does correlate better to the material for spectrum data files that had a high proba-
actual crack location; i.e., Figure 5.13(c) shows the bility of defect detection. Figures 5.16 and 5.17 indicate
crack starting at 4.9 and ending at 5.3 in. (13.5 cm). that the defect spectra magnitudes are larger than aver-

age and near the center frequency of the transducer.
Specimen 6 is a blank specimen; i.e., no cracks were The nondefect spectra show smaller than average mag-
intentionally introduced and no cracks were detected nitudes, suggesting these specimens have a spectral
using penetrant techniques. Specimen 6 consisted of response closer to homogeneous materials, which could
columnar and equiaxed material joined by a weld. account for the higher detection rates.
Figure 5.14 (top image) shows :he processed data file of
the equiaxed side of specimen 6; no filtering was ap- 5.2.5 Conclusions
plied to the raw data file prior to SAFT processing.
Indications are seen the entire length of the image, and Specific data files of the CCSSRRT data set seem to
initially no crack call was made because of the location benefit from applying a bandpass filter to the data file

,

of the indications relative to the weld center and the far before the SAFT processing. A statistical and compos-
'

surface. A bandpass filter using the equiaxed filter ite spectra analyses of the spectrum content of the
parameters (0.375 to 0.425 MHz) was applied to the CCSSRRT data set indicates that applying a generic |
equiaxed data file prior to SAFT processing. In Figure filter to all CCSS specimens to discriminate defect and
5.14 (bottom image), the indications are greatly re- nondefect areas can improve the subsequent SAFT
duced; it is even casier to conclude that this side of images. More improvement in the image can be seen if j,

specimen 6 is not cracked. Figure 5.15 (top image) one set of filter parameters is used for equiaxedi
I

; shows the unfiltered SAFT-processed results of the microstructures and a different set of filter parameters !

] columnar side of specimen 6. Once again, indications is used for columnar microstructures. The particular |'

are seen. It would be difficult in this case not to call a filter parameters chosen are selected by first plotting I

crack nearly the entire length of the image and, in fact, the defect and nondefect composite spectra for each,

initially a crack was called. Figure 5.15 (bottom image) material by using samples with known defect locations.
shows the processed filtered image of specimen 6. A Filter parameters are then selected that encompass
0.475- to 0.525-MHz filter was applied to the data prior defect spectra and discriminate against nondefect spec-<

to SAFT processing. The image is a vast improvement tra.;

over the unfiltered image and, again, it would be easy
not to call a crack. The indication seen is above the far Some CCSS materials are closer in acoustic response to
surface (identified by the dashed line) and beyond the homogeneous materials than others. Therefore, detec-
weld center (indicated by the arrow), which may allow tion of cracks may be casier and applying a filter to the
one to hypothesize that the indications are associated data unnecessary. However, for the vast majority of
with the weld material and not from cracks. CCSSRRT samples, application of a filter based on the

spectra response of known defects did improve the
Finally, the results of the CCSSRRT indicated that image signal-to-noise levels of the processed CCSS data
cracks were casier to detect in some specimens than files, thereby significantly reducing the false call rate.
others. Thesc "casy crack" specimens were used to

| generate a composite spectrum to see if there are char-
acteristics about these specimens that indeed resulted ini

the higher detection and sizing scores. High probability"

| 5.9 NUREG/CR-6344
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6.0 Laboratory Parametric Studies

Laboratory tests were performed to examine the effects parameter in the data file header block. This simulates
of thickness and velocity parameters on TSAIT-2 imag- acquiring the data at these velocities and should pro-
es. The tests were a natural follow-on to similar studies duce identical results.
conducted on TSAIT images. Section 6 goes on to re-
port a bandwidth compensation study performed by Figure 6.1 shows the series of images obtained by se-
PNL to document the limitations of the narrow-band quencing the velocity of the material. The known veloc-
approximation used in the SAFT algorithm. A utility ity is 12.2000 in./s (309880 cm/s) since the illumination
was developed to improve the SAFT images of wide- was in shear mode. Each element in the sequence
band data files. represents approximately a 10% change in velocity.

Figure 6.1(a) was processed at 97000 in./s (246380 i

cm/s), (b) at 109000 in./s (27686 cm/s), (c) is the
6.1 TSAFT-2 Configuration Velocity actual velocity of 122000 in./s (309880 cm/s), (d) is

and Thickness I3arametric Study 134000 in./s (340360 cm/s), and (c) is 146000 in./s.

(37g34g , ,j ,),

Velocity and thickness variation studies were performed it should be noted that each file was processed to in-
on the TSAIT-2 configuration to augment a similar clude the complete data; therefore, both the true and
study performed on the TSAIT configuration in 1986. conjugate images are visible. Since the object is a semi-
it was felt that, to be complete, a parallel mvestigation circular shaped sawcut, then one would expect the fully
needed to be performed on the simultaneous source- illuminated TSAIT-2 image to be elliptical with its
receiver scanning configuration of TSAIT-2.

centerline located at the back surface line. When one
, observes the image using the actual velocity, Figure

Two performance evaluation studies were focussed on 6.1(c), this is indeed the case.
the TSAIT-2 configuration to determine the sensitivity
of this mode to velocity errors and thickness measure- The images in the sequence may now be analyzed to
ment errors. Another goal of these studies was t determine the major differences that have occurred.
quantify the degradation that occurs due to these varia- The most pronounced effect of velocity differences is
1"*5- shown to be a vertical and lateral displacement error.

As the velocity increases, it is apparent that the image
The SAFT algorithm implemented at PNL assumes is mapped deeper into the material and translates fur-
isotropic and homogeneous material with respect t ther away from the scanning device. When obsening
velocity; that is, the calculations performed by the the vertical movement of these images, it can be noted
SAFT processing make the approximation that the that, in general, for every 10% increase in material
velocity is constant throughout the material. This, of velocity, a vertical movement of abr,ut 1/4T is realized.
course, is not exactly true in most specimens, and the This observation is important. It is apparent that
variance depends greatly on the type of material under TSAFT-2 is significantly sensitiv: to velocity errors and i

test. Also, the algorithm requires that the velocity be results primarily in positional e rors. This response is I
known to some degree of accuracy. This may seem t very similar to that observed for the TSAIT (fixed
be a trivial requirement but, in many cases, is not. For source) configuration. !'
example, an extreme case is CCSS material, which
varies in velocity as a function of angle in the material. As with TSAIT, the general image quality and charac-
The following, then, is an experimental study to deter- teristics daiate much less than one might expect. This
mine the image effects of erroneous velocity measure- is important to consider. Even with dramatic velocity i

ments on TSAIT-2 data files. errors, the image integrity is retained with respect to
E" #

The data file chosen for this experiment is a TSAFT-2
scan of a 0.3-in.-deep (0.8-cm) sawcut in 0.750-in.-thick Another parameter of the TSAFT-2 that is interesting
(1.9-cm) aluminum material. The material is a very flat to study is the measured material thickness. Just as the
coupon with actual characteristics that are known very materialis assumed to be homogeneous with respect to
accurately. Each element in the chosen sequence utiliz- velocity, it is also currently assumed to have a constant
es the same data file but simply varies the velocity

6.1 NUREG/CR-6344



6.0 Laboratory Parametric Studies

thickness along the region of illumination or, in other 6.2 Bandwidth Compensation Study
words, it assumes that the front and back surfaces are
uniform and parallel. This is obviously an approxima- The SAFT algorithm currently being implemented as-
tion, since in many pipe materials shrinkage may occur sumes a homogeneous, isotropic medium. It also as-
near the weld area or a large counterbore may be pres- sumes that the system being implemented is of mod-
ent on the ID surface. For TSAFT-2 especially, one erate bandwidth. It has been known for some time that
may wonder what effects this will have on the image the coherent summation algorithm incorporated in the
quality, since TSAFT-2 relies on multiple bounce paths SAFT-UT operation is a narrow-band approximation.
to illuminate the object zone. These paths are assumed This was reviewed by Busse, Collins, and Doctor (1984)
to be well known in the image calculation but, in fact, in this program and was discussed earlier by Norton
may not be that well known. (1976) in his thesis paper at Stanford University. The

exact method incorporates a time derivative of the raw
Again, the data file chosen for this experiment is the data file prior to SAFT processing. When analyzing the,

TSAIT-2 scan of a 03-m.-deep (0.8-cm) sawcut in spectral responses of certain data files, one may deter-
0.750-in.-thick (1.9-cm) aluminum material. The same mine that the narrow-band approximation may be inval-
data file is used to create the thickness variation se- id.
quence, with just the thickness parameter in the data
file header adjusted to the appropriate value. This A software utility was written to perform the time de-
should accurately simulate separate scans that were rivative on a SAFT-UT data file. This utility uses the
acquired using these various thickness values. identity (Bracewell 1%5)

The resultant images are shown in Figure 6.2. The se-
quence contains five images, incrementing the thickness q/(t) . E-1(i2nfF(q(t)))
by 10% each. Figure 6.2(a) shows the image represent- 1

ing a thickness of 0.600 in. (1.52 cm), (b) 0.675 in. (1.7 |

cm), (c) the correct thickness value of 0.750 in. (1.9 where:

cm), (d) 0.825 in. (2.1 cm), and (c) 0.900 in. (2.29 cm).
t = time
I * I'*9""*YAs the assumed thickness is increased, one can observe
I * [Ifrom these images that the algorithm maps the result
F = Fourier transform

more shallow in the material. The characteristics of )
F'8 = Inverse Fourier transform operator

thickness deviation are very similar to velocity deviation.
**PiThis should not be too unexpected, since both parame.

ters directly affect where the algorithm predicts time of ;

flight of a given signal. The time derivative algorithm consists of performing I
the Fourier transform of each A-scan, multiplying the i

As stated previously, the placement of the resulting transformed value by the quantity (121rf), and perform- I

image is dramatically affected by deviations of cither ing the inverse transform. !

thickness or velocity from the true values of the speci-

men under test. However, the encouraging result is . Figure 63 shows the C-scan projection of unprocessed 1

that the general image mtegrity is retained. Thus, with data collected in a water tank using a 0.5-in.-diameter i

the complement of both pulse-echo and tandem scans (13-cm) steel sphere as an object. This data file was )
of the same region, a judgement of size and location collected at 2.25 MHz with a 1.0-in.-diameter (2.5-cm) i

may be made. The pulse-echo corner trap image may 4.0-in. (10.2-cm) focal point probe. The sphere was I

be used to position the defect laterally, and the TSAFT- placed 3.0 in. (7.6 cm) from the focal point. Figure 6.4 |

2 image may be used to determine the horizontal and plots an A-scan near the center of this data set. The
vertical extent of the defect. The characteristics of both echo shown near the beginning of the trace is from the
files may be used to verify the integrity of the other. sphere object. Figure 6.5 shows the plot of the echo

trace from the specimen only. Figure 6.6 is the Fourier

NUREG/CR-6344 6.2
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6.0 Laboratory Parametric Studies

transform plot of the information shown in Figure 6.5. Figure 6.16 shows the SAIT-UT image of the raw data
The spectrum shows a peak at 2.27 Mllz and a 6-dB file. The tip signal is apparent in this photo, but there

] bandwidth of approximately 1.5 MIIz or 66%. Figure is a great deal of background noise due to the amplifier
6.7 shows the C-scan view of the resulting image subse- ring-down of the surface signal. Figure 6.17 shows the
quent to SAFT processing. SAIT processed image of the time derivative data file.

Notice that the backgwund noise is much suppressed;
The time derivative operation was performed on this however, the tip signal is also reduced. This latter phe-
raw data file. A display of this is shown in Figure 6.8. nomenon is due to the intensity (square of the data)
The plot of an A-scan near the center of the file is distribution nature of this calculation process as stated
shown in Figure 6.9. This corresponds to the plot previously. We can observe this by squaring the data
shown in Figure 6.4'of the unprocessed data. Figure set displayed in Figure 6.16. This result is shown in
6.10 shows the spectrum of the echo region of this A- Figure 6.18. Note that the intensity range of this image
scan. Notice that the low-frequency components are looks very much like that of Figure 6.17. Ilowever, the
much diminished as compared to the raw data version noise level of the time derivative image file is much
shown in Figure 6.6. This makes sense based on Equa- reduced.
tion (6.1). The derivative action in the frequency do-

_ main consists of a linear filter; the 0-liz component is In conclusion, it can be stated that the addition of the
l null, and the weighting function is simply a linear ramp. time derivative in the SAFT calculation would consider-

The resulting image subsequent to SAFT processing of ably improve the signal-to-noise ratio. The output of,

*

this data is shown in Figure 6.11. this operation should pass through a square-root func-
tion to scale the data in a manner similar to the direct

A substantial image improvement is apparent when SAFT-UT results. Also, a hardware array processor
j comparing Figure 6.11 with Figure 6.7. Ilowever, would be necessary to accelerate the FFT operations

through close observation, the scaling range appears to inherent in this function to make it practical to do in
be. modified. If one simply performs a square function real-time in a reasonable time for application during
(intensity plot) of the direct SAFT processed file, the the data analysis phase. Currently, the VAX 11/730,

identical results occur. Figure 6.12 shows this image. host-executed FFT performance is unacceptable and
inhibits the use of this tool.

A more complex object was implemented in the test.
Figure 6.13 shows the B-scan side view and B-scan end
view of a SAFT-UT pulse-echo data set. This was col-
lected with a 2.25-MIIz,0.25-in.-diameter (0.6-cm) co-
ntact probe configured to provide 45* shear mode illu-,

mination. The object was a 0.3-in.-deep (0.8-cm) saw-
cut in a 0.585-in.-thick (1.5-cm) stainless steel coupon.
This image shows the unfocused raw data set. Noise is
present from the front surface signal, and the tip signal
is much subdued. Figure 6.14 shows a time series plot
of an A-scan that is located near the center of the scan,
and contains tip signalinformation. Figure 6.15 shows
a plot of the derivative of this A-scan. Notice that the
low-frequency components located near the front sur-
face are removed.

,

k
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Figure 6.3. Image of Unprocessed Data (C-Scan View) from 0.5-in.-diameter (1.3-cm) Steel Sphere
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7.0 Employing the SAFT Technology in the Field

SAIT has been used at two reactors for detecting and 7.1 Indian Point Station Unit II,

sizmg IGSCC in boiling water reactor (BWR) recircula-
tion piping. These efforts have been documented in InScrVice inspect. ion
previous reports of this series. Two new field trials will
be reported here. These were, in some ways, difficult The 1984 ultrasonic examination, conducted during a

because the data was acquired by commercial equip- scheduled outage of the Consolidated Edison pressur-

ment during inservice inspections of operating reactors ized water reactor (PWR) Indian Point Station Unit 11
and not by the PNL SAIT-UT field system. Section 7 in Buchanan, New York, revealed an indication in the

reports on the Indian Point Station Unit 11 pressure vicinity of 345' vessel azimuth. Further examination

vessel inspection, where data was acquired by Westing. using ash 1E Code-required and advanced uhrasonic

house /Dynacon and subsequently processed and ana. techniques was scheduled during a planned 1987 refuel-

lyzed by PNL using the SAIT technology. Included in ing outage to try to further characterize the indication

Section 7 is a report on the Trojan Nuclear Power first noted in 1984. One such advanced uhrasonic

Plant insenice inspection, where data was acquired by technique is SAFT. SAIT data was acquired using |

Combustion Engineering /Amdata using an introspect, eguipment supplied by Westinghouse and Dynacon, the

98 UT system from a static-cast stainless steel hot-leg pnncip I contractors performing the ultrasonic insenice
, ,

elbow. Once again data was subsequently processed examination. This data was collected using an ultrason-

and analyzed, using the SAIT technology, at PNL. ic transducer specified by PNL; the data was subsc-
quently processed and analyzed at PNL. This section

The three previous field trips-the first to General Elec. describes the SAIT scanning performed, the data pro-

tric (PISC 11), a second to Dresden Unit Ill, and a cessing performed, and the data analysis conducted by

third to Vermont Yankee BWR nuclear power plant PNL. Conclusions are offered on the type, size, and
location of the ultrasonic indication. The NRC-funded(Doctor et al. 1986,1987a,1987b)--set the stage for

PNL using the SAFT technology for independent evalu. research program at PNL funded the initial procedure

ation. Inspection of the PISC 11 Plate 2 provided the dcvelopment and the Waltz hiill evaluation. Consoli-
dated Edison funded PNL for the actual vessel exami-first field trip for the SAIT-UT data acquisition system ,

and tested the transportability of the system. During nation and data analysis,

one week,56 files were collected and stored on magnet-
ic tape for subsequent processing and analysis at PNL. 7.1.1 Examinations Performed
Subsequent field trips helped develop analysis tech-
niques described in Section 4 (operating procedures); SAFT was first evaluated at the Westinghouse Waltz

most of the hardware and software improvements made hiill site (September 1987) on a demonstration block
to the SAIT-UT field system are rooted in these field (IPP-2T) that contained a number of artificial notches
trips. Shipping-related equipment problems were non. with varying depths. A number of test scans and trans-
existent, and the SAFT UT field system proved, ducer configurations were performed to evaluate the
throughout the program, to be very reliable. Although quality of the data, vertical resolution, and the overall

the SAIT-UT field system was not shipped to either SAIT performance. Analysis of the Waltz hiill data
the Indian Point Unit 11 or Trojan nuclear power revealed the following factors:

plants, the processing and analysis portion of the SAIT-
UT field system was used at PNL. The ability to inter. 1. Processing data along both the sweep axis and the

face easily to other commercial data acquisition systems increment axis did not produce a highly correlated

is definitely a plus; technology transfer depends on resuhant image. Primarily, adjacent data points
acceptance by the commercial sector, and certainly one did not align well from one sweep to the next.

criterion of acceptance will be the case with which Processing along the sweep axis only produced the

SAIT-UT can be implemented into existing systems. more favorable results. Because of this, the data
processing proposed for the Indian Point Unit II
data was Sne SAIT and aperture-limited three-

dimensional (3-D) SAIT.

7.1 NUREG/CR-6344
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2. In an effort to limit the number of different con- Acquisition, of data to be processed using the SAIT
,

figurations to be used and maintain a high degree algorithm requires digitizing the rf data and sampling at'

of resolution, a 2.25-Milz transducer was used in least twice per wavelength in the scanned axis direction .

the 45' shear-wave mode. Analysis of the Waltz and at least once per wavelength in the incremental I

Mill data indicated that the cladded surface was axis. Temporal sampling must be at least four times
severely impairing the weaker tip-diffracted echo per wavelength and encompass the full physical aper-
used to measure the vertical extent of the notches. ture (defined as the loss of signal in both the positive
110 wever, the higher amplitude corner-reflected and negative directions of the scanned and incremental
ccho did correlate well and produced a corner axes). This high density is required to produce the high
trap image showing only minor degradation, resolution and high signal-to-noise ratio imaging. Re-

sultant data files from thick-section materials, such as
3. Laboratory tests on a 3-in.-thick (7.6-cm) multi- vessels, are inherently large and require more time to

wire cladded block containing a sawcut performed acquire, archive, and analyze,
#

at PNL during the Waltz Mill data analysis re-
vealed that the same transducer using the 45' During SAIT data collection on the Indian Point Unit
longitudinal mode would generate a higher ampli- 11 vessel,it was decided to acquire data using three
tude and more coherent tip-diffracted echo. The scan configurations. The SAIT transducer was mount-
tip-diffracted ccho is very important in determin- ed in slot 29 of the Westinghouse ten-year plate. It was
ing the vertical extent of planar reflectors with determined that when the plate was normal to the
sharp radiused edges such as cracks. It was felt vessel wall, the SAIT transducer would produce a 45' '

that the longitudinal mode scans would be very refracted shear wave in the vessel. Westieghouse could
valuable, although the resolution would be one- rotate the plate 10.8*, producing a 45" refracted longitu- |

'

half that of the shear-wave scan. dinal wave in the vessel. Elence, with one transducer
and little effort, SAIT data could be acquired in both

The SAFT transducer selected and used at Waltz Mill the shear and longitudinal modes. The shear-wave scan
was also used at Indian Point Unit !!. An immersion would yield a higher-resolution image, and the longitu-
transducer analysis form and data acquisition proce- dinal scan would enhance the tip-diffracted echo if it
dures were provided to Westinghouse. The SAIT existed.
transducer used was a Panametrics A305S, Scrial
#69838, and has the following characteristics: The following describes the three scans in which data

were collected:
1. center frequency of 2.25 Mllz

1. Scan #1 was a 45* longitudinal scan with the
2. diameter of 0.75 in. (1.91 cm) transducer pointing in the clockwise direction (this

y

clockwise direction produced a lower-amplitude'

3. focal length of 3 in. (7.6 cm) response than did the counterclockwise direction).
The physical aperture was determined by signal

4. F number of 4 loss in each direction ( scan axis and incre-

ment axis).
5. bandwidth approaching 50%

2. Scans #2 and #3 were with the transducer point-
6. The theoretical resolution of the transducer is 0.17 ing in the counterclockwise direction (this side

in. (0.43 cm) in water. The theoretical SAIT produced the largest amplitude echoes). Scan #2
resolution in steel (for a limited SAIT aperture was a 45' longitudinal insonification, and scan #3
with a 6* full-beam angle) is 0.19 in. (0.48 cm) for was a 45' shear-wave scan. The physical aperture

the shear mode and 0.35 in. (0.9 cm) for the lon- was again determined by signalloss but encom-
gitudinal mode. The actual resolution obtained is passed both transducer configurations to avoid
expected to be degraded from the theoretical programming the scanner twice (the programming
resolution because of cladding effects and system task took an hour to perform because of the
effects such as positional scanning tolerances. dense sampling parameters required).

NUREG/CR-6344 7.2
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f

'

Quality of the three data Gles was fair to good. During vessel far surface and has not been compensated for,

scan #1, a synchronization problem caused an crratic vessel curvature. The actual vessel far surface is locat-
sampling from sweep to sweep. A retake of scan #1 ed 0.25 in. (0.6 cm) above the dasned line, and this is

j was not accomplished because it was considered a low one-half a minor division on the vertical axis.) If the
j priority. Scan #1 was processed but proved to be of indication was a crack (Case 3), it would most likely be

little value. Scans #2 and #3 were adequate, with scan surface-connected, presenting a corner-trap echo that
#3 providing the best signal-to-noise ratio and ultimate- would be oriented similar to that shown in Figure 7.1.
ly the most information. If it was a crack and not surface-connected, the tip-

diffracted echo should appear if it is within the system
7.1.2 Data Analysis resolution. The 3-D SAIT-processed 45' longitudinal

, wave image (Figure 7.4) did not contain any tip indica-'
SAIT data acquisition setup began around 1900 hours tions. (The dashed line in Figure 7.4 represents the
on October 20,1987, and was completed at 1100 hours vessel far surface and has been adjusted to compensate
on October 21,1987. The data was collected with the for the vessel curvature.),

intent of evaluating the use of SAIT on thick-walled
I vessels and to further characterize the ultrasonic vessel If the indication was volumetric with a significant acous-
'

indication. Three cases or classes of indications could tic cross section (Case 1), the normal beam scans per-
~

exist in the area where SAIT data was acquired: formed by Westinghouse should show an indication.
Finally, if the indication was flat and of a proper orien-

Case 1 - Volumetric - slag inclusion or porosity tation (Case 2), a mirror image should be seen project-*

1 with a high degree of spherical or cylindrical size ed below the far surface and possibly a corner-trap
echo projected on the far surface. Figure 7.5 presents

Case 2 - Flat - lack of fusion or inclusion (the the image of a side-drilled hole that is 0.5 in. (1.3 cm)- *

width dimension being small relative to the height from the far surface of a 2.0-in.-thick (5.1-cm) steel
or length dimension) block showing the direct, corner-trap echo, and mirror

echoes one would expect for a volumetric defect with
Case 3 - Crack - diffuse reflector, probably sur- good acoustic scattering properties.*

face-connected.
The SAFT 45' shear-wave data file did not sample far

All of the images analyzed conveyed a single message.. enough to see the mirror echo, if it exists, and a corner-
the indication seemed to be above the far surface and trap echo is not evident. Perhaps the geometry of the
not surface-connected. Figure 7.1 presents the 45 indication is such that the corner echo is severely re-
shear-wave image of the corner-trap echo of a 03-in.. duced and therefore may not be distinguishable from
deep (0.76-cm) notch (data acquired at Walt 7 Mill). the background noise. The 45' longitudinal scans sup-

' The indication center is around the far surface, indicat. port the shear-wave scans in that the indication seems
'

ed by a dashed line that has been adjusted to compen. to be above the far surface. The data collected by
sate for the block curvature. Furthermore, note the Westinghouse sampled beyond the far surface and

i effect of the cladding by observing the periodic signal should corroborate the SAFT data. Westinghouse used
loss present in the B-scan end view. Figure 7.2 presents a much larger variety of scan configurations (normal
the 45' image of the corner trap of a 0.3-in.-deep (0.g- beam, pitch / catch, delta,45' shear,60* shear, and 45*

cm) sawcut in a 9-in.-thick (22.9-cm) unclad steel block longitudinal), which should help confirm the analysis of
(data acquired at PNL). The images pictured in Fig. the SAIT data.
urcs 7.1 and 7.2 are in substantial agreement, although

i the system hardware used and the case with which the 7.I.3 Discussion
materials can be ultrasonically inspected differ. Figure
7.3 presents the 3-D SAFT processed 45' shear-wave A review of the SAIT data shows that this indication.

data acquired on the Indian Point Unit 11 reactor pres- does not present a geometry exhibiting tip signals or a
sure vessel. The indication is clearly off the far surface. strong carner-trap echo. This indication appears to be

<

(NOTE: The dashed line in Figure 7.3 represents the above the back surface although the remaining ligament;

!

7.3 NUREG/CR-6344



7.0 SAFT in the Field

and through-wall height cannot be established by the 7.2 Trojan Nuclear Power Plant
SAIT data alone; it is based almost entirely on the one
aperture-limited scan of 45' shear in the pulse-ech in May 1988, PNL personnel traveled to the Trojan Nu- ;

mode. The SAIT performance was based on notches clear Power Plant to advise Amdata, Inc. personnel
!

(vertically oriented planar reflectors), and clearly this concerning the conduct of a special ultrasonic examina-
indication does not image like a notch. The 45' shear tion on a static-cast stainless steel hot leg cibow. The
image shows that the defect does not have uniform purpose was to acquire data from regions already
through-wall height over its length. The indication has known to have ultrasonic indications and subsequently
an image center that is located on average about 0.3 in. apply SAFT to the data. PNL was to process and ana-
(0.8 cm) above the far surface. The indication has a lyze the SAFT data at its laboratory. I

1continuous length of 1.9 in. (4.8 cm) (based on a -6 dB
drop criterion) and an intermittent length of 2.4 in. (6.1 The SAFT technology was selected because it could be
cm). (The exact termination of the indication may be used to apply various signal processing techniques to
beyond 2.4 in. (6.1 cm), but this area was beyond the the data. The inspection of cast materials is difficult
aperture limits chosen for the examination. The longi- because the material is coarse-grained, anisotropic, and
tudinal scan does support the length measurement, and inhomogeneous. As a consequence, one of the major
it was not aperture limited.) The images show that problems is the identification of true defects; another is
there are acoustic hot spots, but it is not possible t accurate characterization of the defects. Generally,
conclude if this reflector is a collection of small reflec- typical approaches have included zone-focused probes
Ims or a larger reflector with some acoustical preferen- coupled with some signal processing such as spatial or

,

tial facets. temporal averaging. The approach of SAFT is to ac-
quire broad-band rf signals with no filtering. Then the

7.1.4 Conclusion data can be processed by a number of techniques to
select those most effective in removing innocuous re-

The main purpose of this work was to provide useful flectors and, at the same time, provide high resolution
information for characterizing the indications in the and high signal-to-noise images of the defects.
Indian Point Unit 11 reactor pressure vessel. The SAFT
scans did provide useful information for locating and Laboratory work at PNL has shown that band limited
sizing the indication length. The SAIT data analysis signals, based on measurements from the material,
clearly shows that the defect is volumetric and is not could be used to improve the inspectability of the cast
surface-connected. material. Thus, the approach was to gather sufficient

data to allow the development of a special filter based
in addition, another purpose of using the SAIT tech- on the cast elbow material. The filter would then be
nology for this examination was to assess whether the used on the data prior to SAFT processing.
technology could be deployed in the field with conven-
tional reactor pressure vessel inspection hardware. The 7.2.1 Examinations Performed
conclusion derived from this work shows that some
limitations exist with conventional hardware in achieving Amdata personnel calibrated the 1-98 data collection
the accuracies needed for positioning the transducer in system on a calibration standard provided by Trojan
the required grid pattern. As a consequence, a limited (" reference Amdata drawing C UTC-AL-244-004).
processing aperture and the line SAIT mode was used. Unfortunately, the 0.5-Milz high-pass filter was used
flowever, some very useful data and results were ob- when calibration data was acquired. The calibration
tained. If SAIT were to be fully utilized in similar data was not useful to select filter parameters based on
future applications, it will be necessary to modify the composite spectra resuhs of known defect and nondef-
SAFT inspection protocol to include other SAIT scans cet areas.
to more accurately characterize indications.

A total of four data files were acquired on the 9 o' clock
side of the static-cast cibow in the short time allotted
for gathering SAIT data:
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7.0 SAFT in the Field

1. TR9Sil5A.D1 - Data file number one included which axis it is, X or Y) the X axis. We found that
three inside surface indications that Amdata per- when the sweep axis was circumferential (270* skew),
sonnel identified as #2, #3, and #5. An 0.5-Milz the header said the incident angle was in the Y axis and
high pass filter was used during data acquisition, positive; this was not correct because of the previously
receiver gain was set at + 12 dB, and the transduc- mentioned axis transformation that the VIPD utility
er view was skewed 180*

,

performs. Therefore, we used the SAFT utility DEDIT I
to change the direction and sign of the incident angle of |

2. TR9SH5C.D1 Data file number two was set up the 270* skew data file.
identically to data file TR9Sil5A.D1 except no
filters were used during data acquisition. Filter parameters were chosen by looking at the com- '

posite spectra analyses of suspected defect and nondef- )
3. TR9Sil5D.D1 - Data file number three included ect areas of data file TR9SH5D (Figure 7.6). Unfortu- I

one inside surface indication that Amdata person- nately, the composite spectra were not very revealing,
nel identified as #4, data was acquired with the except to point out that a large 500-kliz component was
transducer skewed 0*, and the receiver gain was present. Bt sed on the composite spectra, a 0.4- to 0.6- )set to + 12 dB. MIIz band-pass fiher was used, primarily to keep the i

file with about a 50% bandwidth limit desired for the j
4. TR95115G.D1 - Finally, data file number four in. SAFT processing. Each data file was band-pass filtered

cluded one midwall indication identified as #6, using a 40% bandwidth filter (although with some of
the transducer was skewed 270*, and, once again, the data files, we experimented with different filter
the gain was set to + 12 dB. parameters) and then processed using the 3-D SAFT

algorithm, which coherently sums the data over a pre-
A Panametrics 500-kilz transducer (serial #B32180E) defined aperture. Data files were then processed using
was used with a KB Acrotech 45* shear-wave wedge. a 12* and 6* full-beam angle; a beam angle of 6* was
Spatial increments of 0.05 in. (0.13 cm) were chosen for subsequently chosen for analysis because the 12* images
both the incremental and scanned axes in conjunction were being " washed out" due to the summing of null
with a temporal sampling of 100 ns. data. From the thickness measurements provided by

Amdata personnel, a nominal thickness of 3.7 in. (9.4
The I-98 data acquisition system had not been used cm) was entered into the SAFT data file header for
extensively with the SAFT utilities; therefore, some each data file. Thickness measurements ranged from
ampirical manipulation of the data order was necessary 3.5 in. (8.9 cm) to 4.0 in. (10.2 cm) in the approximate
to place the data in the proper SAFT format. Particu- area of the 180* and 0* skew scans, and the nominal
lar attention was given to the skew angle and the bi- value used is a truncated average of these values. Typi-
directional acquisition of the data file, cally, the following scenario was followed:

Each data file was first converted to the SAFT data for- 1. Filter the raw data file based on composite spec-
mat using a software utility called VIPD. A shuffle or trum results. A 0.4- to 0.6-MHz filter was used
reordering of every other sweep was required to com- on the unfiltered 180* and 270* skew data files;
pensate for bidirectional data acquisition. Data files, the 0* skew data required no filtering.
where the transducer was skewed 180*, required using
the SAFT utility EVENSliUFX to reorder the even 2. SAFT process the resultant filtered file. Each
sweeps and using the SAFT utility DEDIT to change data file was 3-D SAFT processed using a 6* full-
the incident angle sign to minus (the SAFT processing beam angle.
utilities always expect the incident angle direction to bc
X and the sign to be minus). The 0* skew data file 3. Use the APLOT utility to analyze the processed
required using the SAFT utility ODDSIIUFX to reor- results. A full B-scan side view and C-scan top
der the odd sweeps, and the 270* skew data file re- view were initially analyzed. Each indication was
quired using the SAIT utility EVENSHUFX to reorder boxed, and an expanded B-scan side view and B-
the even sweeps. The 1-98 conversion utility VIPD scan end view were used for the final analysis and
automatically makes the sweep or scan axis (no matter sizing.
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7.0 SAFT in the Field

7.2.2 Data Analysis Only a part of the axial portion of indication 2, which is
the same area as the dog-leg indication 2 seen in data

l A 0.5-Milz high-pass filter was used during data acqui. file TR9Sil5A, Figure 7.7(a), is visible in Figure 7.8(a),

sition of the 180' skew data file TR9Sil5A. Figure The circumferential part of indication 2, B-scan side

7.7(a) shows the B-scan side and C-scan top view of view, Figure 7.8(b), varies in depth as do indications 3

data file TR9SI15A; three groups of indications are and .5 in Figures 7.8(c) and 7.8(d), suggesting either

apparent. Each indication has been boxed on the C.
volumetric reflectors or a varying far surface. Indica-

scan view and labeled 2,3, and 5 on the accompanying tions 2,3, and 5 of data file TR9SH5C compare favor-
,

C-scan graphic. An expanded view of each indication is ably with the same indications seen in data file
i

shown in Figures 7.7(b),7.7(c), and 7.7(d). A sizing TR9SH5A, ahhough different filters were used prior to

attempt has been made (Table 7.7), and the defects SAFT processing the data. Indication A, Figure 7.8(e),

have been correlated to the indications identified by is an additional indication that has been noted; it is at !

least -6 dB less intense than the other indications notedAmdata personnel. iin data file TR9SH5C. The signal-to-noise ratio seen in

Figure 7.7(a) shows indication 2 to be a dog-leg shaped Figure 7.8(e) makes characterization of this indication
'

indication; accurate sizing of the spot-like indications difficult. The most intense portion of indication A

along the axial portion of the dog leg cannot be made appears near the nominal thickness value line; there- '

and, therefore, have not been included in Table 7.1. fore, this indication may be surface-connected. Finally,

The image of indication 2 is very difficult to interpret. Indication B, Figure 7.8(f), presents one high-intensity

Most of the indications seen in Figure 7.7(b), the B. indication surrounded by shallower low-level indications.
'
,

scan side view, are at the same depth and may be cor. Once again, indication B appears near the nominal
thickness value line and, for this reason, may be

ner-trap echoes from a surface-connected planar defect, isurface-connected.Indication 3, Figure 7.7(c), is composed of a number of
indications that have been considered as one because of
the proximity of one to another. The depth of indica. Sizing of all the indications in files TR95H5A and

tion 3 varies; the strongest echo appears above the TR9SIl5C included the surrounding low-level indica-

nominal thickness value, leading one to believe that this tions. Each boxed area was normalized by the most

indication may not be surface-connected. Indication 5,
intense indication within the box. Sizing extended to

Figure 7.7(d), presents a very interesting B-scan side the -6-dB points relative to the normalized value,

view; the three major components of this indication are
at different depths and uniform intensity. Characteris. The best data file, by virtue of signal-to-noise ratio and

tics of a surface-connected planar defect usually include a single indication, is TR9SH5D. Figure 7.9(a) shows a

a strong corner-trap indication and a reduced tip-dif. B-scan side view and C-scan top view of indication 4.

fracted echo. Indication 5 exhibits volumetric charac. Only one indication is seen, and the location of the !

teristics and does not image like one would expect if it satellite indications lead one to believe that the main

were a surface-connected planar defect. indication may not be surface-connected and may actu-
ally be volumetric. Filtering of this data file did not

Figure 7.8(a) presents the B-scan side view and C-scan produce significant changes in the size of the indication

view of the 180* skew data file TR9SH5C; a total of five but did help resolve the satellite indications. Since the j

indications have been identified and are labeled 2,3,5, far surface location is not accurately known, it is diffi-
cult to estimate how far off the ID surface this indica-A, and B in the accompanying C-scan graphics. A 0.4-

to 0.6-MHz band-pass filter was applied to this data file tion might be in Figure 7.9(b), B-scan side view; howev-

prior to SAFT processing primarily because this data er, based on the nominal thickness value, one would

file was very noisy and difficult to interpret. Figures estimate 0.3 in. (0.8 cm). The temporal aperture

7.8(b),7.8(c),7.8(d),7.8(e), and 7.8(f) show boxed should have been expanded in the near and far direc-

views of indications 2,3,5, A, and B. Each indication tions to include a possible direct echo,if the main ,

size is listed in the comments section of the indication indication seen is the corner-trap echo from a volumet- |
!

photograph and is repeated in Table 7.1. ric defect and/or mirror echo expected from a volu-
metric defect. Presence of these particular echoes
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7.0 SAIT in the Field

!

Table 7.1. SAFT Sizing of the Static-Cast-Elbow Indications !

L

Data File Indication Number Average Depth, In.* Iength, in. X/Y Location,
in.**

TR9SliSA 2 3.4 2.1 0.8/5.3
3 3.5 2.3 4.8/9.2
5 3.4 1.5 0.8/9.5

TR9SliSC 2 3.4 3.2 4.0/6.7
3 3.5 1.2 4.9/9.4
5 3.5 1.3 1.2/9.5
A 3.4 1.9 2.7/2.0 i

B 3.6 1.2 5.0/1.0
'

TR9Sil5D 4 3.3 1.4 4.0/6.7

TR9SliSG 6 Unable to size.***

Notg: 'lhe lateral resolution limit imposed by the transducer is 0.5 inch (% the transducer diameter). which is about 2 wavelengths. A -6
dB (green /ycilow transition) cnteria was used to size the indications after each indication was boxed and normalized by the
maximum value within the boxed area. Data was acquired with the gain increased 12 dl3 from that used when taking the calibration
scans.

*

Average depth was determined by averaging the depth of the indications (measured to the mid-point of the indication) seen in the
B-scan side view image and truncating the value to one position to the right of the decimal point.

"
The SAIT X location is the sweep axis and the SAIT Y location is the incremental axis; X/Y coordinates given in the summary of
indications are relative to the scanned aperture OD dimensions and are the X/Y coordinate of the maximum response for cach
indication.

'"
indication #6 was not sized. The processed file revealed only noise. possibly do to 1) poor acoustic coupling. 2) incorrect area
scanned, or 3) no defect.

would have certainly made a case for a volumetric Figure 7.10. One of the following conclusions may be
defect. made:

4

1A SAFT-processed normal-beam scan would have been 1. Poor acoustic coupling resulted in the signal-to- '

helpful in resohing whether indications seen in data noise ratio being such that the indication was lost
files TR95115A, TR9SII5C, and TR9SII5D are indeed in the noise.
planar or volumetric.

2. Reflector response to the 500-kliz shear wave was
Finally, the last data file analyzed was the midwall indi- nonexistent.
cation (#6) TR9SI15G. Figure 7.10 shows the B-scan
side view and C-scan top view. There was some con- 3. An incorrect area was scanned,
cern from Amdata personnel when we finished this scan
that the transducer may not couple well in the 270* Most likely the coupling of the sound into the static-cast
skew position, which may account for the poor quality cibow was the problem. This theory is further support-
of the data. One cannot select a single indication from ed by line-SAFT processing (focusing occurs only along
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7.0 SAIT :n the Field

the sweep direction of the scan) the midwall data file. the sound field into the cast elbow. Line-SAFT pro-
Line-SAIT processing of the midwall data file revealed cessing of the midwall data file further substantiated
a near total drop-out of the data in the reverse direc- that poor coupling was the problem; sweeps in the
tion of the scanner, which suggests coupling deficien- reverse scan direction exhibited a near total signal loss.
cies. However, a videotape of the scanning process
would help answer scanner positioning questions and A SAFT-processed normal-beam scan would have been
would also help in the analysis process by giving the helpful in resohing whether indications seen in data
data analyst a better feel for the physical setup. files TR9SH5A, TR9Sil5C, and TR9Sil5D are indeed

planar or volumetric.

7.2.3 Conclusion |

PNL's analyses of the processed data files revealed the )
Data files TR9SH5A and TR9SH5C were acquired following: j

from the same scan aperture. The only difference was ,

that an 0.5-MHz filter was used during data acquisition 1. Two of the inside surface indications in the 180* |
for data file TR9SH5A, and data file TR9Sil5C was skew data file (TR9SH5C), numbers 2 and 3, I

acquired using no filters. A 40% band-pass filter was seemed to be tied together, rather than being |
applied to the unfiltered data file prior to SAFT pro. isolated indications. Lateral separation of these (

'

cessing to reduce the noise. The composite spectrum indications is approximately 0.5 in. (1.3 cm) or
!

of the unfiltered data file did not reveal unique features right at the lateral resolution imposed by the

between spectra of suspected defect and nondefect transducer diameter with low-level indications (-6

areas; therefore, only a band-pass filter centered around to -10 dB) between.
the center frequency of the transducer (500 kHz) was
used. Both data files revealed similar indications (#2, 2. Two more indications were identified in the 180*

#3, and #5) that correlated positionally to the Amdata skew data file (TR9SH5C), indications A and B,

results (Table 5.2-1 of the 1988 Amdata Trojan report), not previously noted by Amdata. Analysis by

although data file TR9SH5C did show two additional Amdata personnel may not have revealed the

indications not reported by Amdata. Analysis by additional indications because of the low ampli-

Amdata personnel may not have revealed the additional tude (greater than 6 dB down) relative to sur-

indications because of the low amplitude (greater than rounding indications and/or spectral response of

6 dB down) relative to surrounding indications and/or these indications. I

spectral response of these indications. '

3. Four inside surface indications [ number 4 (seen in

The best data file was TR9SH5D. There was little the 0* skew data file, TR9SH5D); numbers 3 and !

change in the size or appearance of the single indica- 5 (seen in the 180* skew data file, TR95H5A); :

tion when different filters were applied prior to SAFT and numbers 2,3, and 5 (seen in the 180* skew |

processing; however, the resolution of satellite indica- data file, TR95H5C)] seem to have characteristics

tions did improve. This file was also used to see if closer to volumetric indications and, therefore,

there were unique features between spectra of suspect. may not be surface-connected.

ed nondefect areas and suspected defect areas. There
was a difference in the relative amplitudes of the spec. 4 The midwall indication (270* skew data file,

tra but no unique features. TR95H5G) did not image well, possibly due to
transducer coupling problems (270* transducer

The midwall indication did not image well, perhaps due skew position did not conform well to the Lucite

to transducer coupling problems. Initially, we thought wedge that was used); therefore, detection, confir-

this would be the best data file because Amdata results mation, and/or sizing of this indication could not

pointed to the midwall indication as having the best re. be accomplished.

sponse in terms of decibels. The pipe curvature in the
270* skew direction may have been too severe for the Finally, it would be useful to conduct additional testing

flat wedge that was used, resulting in poor coupling of on these indications to provide an adequate technical
basis to fully characterize the indications. Some fea-
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7.0 SAFT in the Field
|

| tures of the indications are salient, but other features 7.3 Conclusion
necessary for confidence in classification and dimen-
sional properties were not determined. Based on the

The field trials have shown that SAFT can be success-
| tests already conducted, it is easy to lay out a testing

fully coupled with commercial UT equipment and scan-procedure that generates the needed information.
ner systems. The SAFT technology can be incorporat-
ed into commercial equipment in an on- or off-line
mode. The SAFT results are easy to interpret and
proside images that others can readily understand.
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8.0 SAFT Real-Time Processor Performance Analysis and Overview

i

This section investigates the pulse-echo and tandem The final system performance component to be consid-
SAFT-UT configurations operating on the SAIT Real- ered is the speed of the slave processors themselves.
Time Processor (RTP). Performance analysis is fo- This becomes significant in larger data files where many
cussed on determining the optimum hardware configu- values are summed for each resulting element.
ration with respect to the number of slave cards neces-
sary to effectively operate the SAFT processor. Also, it
is important to know which design component or group 8.1 Pulse-Echo Configuration i

of components becomes the limiting factor with respect
to performance, Also included in this section is an

Two data files were used to analyze the performance of
overview of the software implementation of the RTP. the SAFT RTP on the SAIT-UT field system in the

single-transducer pulse-echo mode of operation. The
Figure 8.1 shows a block diagram of the SAIT compu- first is a pulse-echo data file collected on a 26-in.-diam-
tational devices. The SAFT RTP acts as a peripheral eter (66-cm) Schedule 80 pipe at the PNL Materials
to the Digital Equipment Corporation (DEC) VAX Reliability Center. This is a 1.25-in.-thick (3.2-cm) !host computer and is linked to the host via a bidirec- stainless steel pipe. The data was sampled in 0.050-in.
tional,16-bit parallelinterface. The VAX computer

(0.13-cm) increments in the X and Y lateral directions.
i retrieves the data file from disk storage and transfers The temporal sampling was 100 ns, from the near sur-

this data over the parallelinterface directly to the face to 2.0 in. (5.1 cm) of metal path (326 sample
SAFT processor global memory. The input data is points). A 2.25-Milz,0.25-in.-diameter (0.64-cm) trans-
distributed to the slave cards, which then perform the ducer was implemented in the pulse-echo contact mode.
partial summations and export the partial sums back t A wedge was selected for a shear-mode center ray
the global memory. The final result is then transported material refraction angle of 40*. Processing was per-
back to the host VAX, which stores it in an output disk formed with a 12.5' beam angle established in the syn- !

,

file. thetic aperture. The defined aperture, then, required
that a single point be summed at the top of the aper- !

Four basic areas could potentially limit SAIT process- ture cone and 83 points be summed to form the result
ing system performance. First, the host disk transfer at the bottom of the cone.
rate is important. Although not truly a component in
the measurement of the SAIT processor performance The second data file is a deep-section data set collected i
as will be shown later, it can and does affect the overall on the PISC-II carbon steel block Number 2. This

'

SAFT processing rate.
block was 10.4 in. thick (26.4 cm). The data was sam-
pied in 0.10-in. (0.25-cm) increments in the X and Y

The second system performance component to consider directions. The temporal sampling was 200 ns between
is the parallel interface data transfer rate. A DR11W data points, starting 5.5 in. (14 cm) along the sound
type of interface is used with a transfer rate of about path and ending 16 in. (48.6 cm) along the sound path
100 kb/s. This should not prove to be a bottleneck. in the material (854 sample points). The transducer

used had a center frequency of 2.25 Milz with a diame-
A third, and probably most significant, component in

ter of 0.75 in. (1.9 cm) and a focal distance of 3.0 in.the processing performance is the VME bus contention. (7.6 cm). The transducer was placed in a water column
All system components have their focus on the global such that a 40.6' shear-mode refraction angle was
system memory, which resides on the VME bus. All achieved for the center ray path. Processing was per-
input data comes in and is distributed from the global formed with a 12.5* beam angle for the synthetic aper-
memory. All of the slave processors acquire their input ture, which established that there are 145 points to be
data from the global memory and place the resultant summed at the top of the aperture cone and 1285
partial sums back into the global memory. The resul- points to be summed to compute the result at the bot-
tant data array is then sent back to the host computer tom of the cone.
from the global memory. Each of these operations and
a variety of other overhead functions require access to A series of performance tests was run using these two
the global memory via the VME bus. data files as inputs. The SAIT-UT field system VAX

11/730 was used for the host computer, which includes

g,i NUREG/CR-6344
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8.0 Processor Performance

a DEC R80 disk drive for data storage. The focus of threshold level resulted in 58% of the data points being
the tests was to determine the effects of adding slave fully processed for this file. Remember that the other
processors, to determine the benefit of specific pro- 42% of the data points are retained but just not pro-
cessing options, and to observe the effects of the host cessed. Notice that the dashed curve is identical to that
computer's disk output on the processing performance. shown in Figure 8.2. This is as expected, because the
The graphs shown in Figures 8.2 through 8.5 relate to disk output rate dominates the performance once again.
the pipe data file described earlier. Each figure shows The solid line saturates much quicker, however, than

i the processing speed of the overall system including the that shown in Figure 8.2. This is from the large reduc-
VAX 11/730 disk write (dashed line) and the perfor- tion in summations due to the selective processing
mance when the disk input / output (1/0) is completely algc,rithm. Performance saturation occurs at three slave
removed from the software during processing time. processors for this file.

Figure 8.2 shows the performance with selective pro- Figure 8.5 show the results of combining the options of
cessing disabled and with the output record size exactly Figures 8.3 and 8.4. In this case, -20-dB selective pro-
the same length as the input record size. With disk cessing was chosen and an output data record compres-
writes, one can see that the performance is completely sion factor of 5 was selected. As expected, the solid
saturated and that the rate of processing is totally de- line (no host disk overhead) is identical to that shown ;

termined by the host disk system. More interesting is in Figure 8.4, and the dashed line (disk output includ- |
the solid line graph showing the response when the host ed) matches that shown in Figure 8.3.
is free from the disk duties. One can see that parallel
processing saturation occurs after installing more than The results for performing these tests on the larger
five slaves in the system. Notice that a speed improve- PISC-II data set are shown in Figures 8.6 through 8.9.
ment of a factor of 2.1 is achieved by increasing the Because of the aperture size of this data set, the pro-
number of slaves from one to five. After five slave cessing requires that at least three slaves be incorporat- I

cards, there is no benefit in performance for this data ed in this test (adequate slave memory to store the
set, entire aperture). Figure 8.6 represents the performance

i observed with selective processing disabled and no

| Figure 8.3 shows the curves relating to selective pro- output record compression chosen. The dashed line
; cessing disabled and an output record size compression (host disk activity) saturates at about the 5.3-A-scans /s

factor of 5. Thus, the record being transmitted back to level, which corresponds to six slave processors. The
the host computer and stored in the disk file is five solid line (no host disk activity) does not experience

,

times smaller than the input data record length. This saturation; rather, a generally linear shape occurs. If
compression is performed after envelope detection, one extrapolates the line back to a fictitious value for a
when the frequency components of the signal are much single slave processor (1.7 A-scans /s), then the addition
reduced; consequently, the sampling requirements of of the number of slave cards to ten achieves a speed
the signal are relaxed. This relates to about one data increase of a factor of 3.9.
point per wavelength on the theoretical resolution lim-
its. Furthermore, the data files are almost never dis- Figure 8.7 shows the graphs that result in choosing no
played one-to-onc because there are many more points selective processing and selecting an output record size
than there are display pixels. Notice the level at which compression factor of 5. The results are identical to
performance saturation of the dashed line has increased those in Figure 8.6, except the dashed line (with host
as compared to Figure 8.2. This increase is directly disk activity) shows no saturation. In this case, the disk
attributable to the fact that the amount of data-handling aethity has no limiting effect on the processing perfor-
is reduced and therefore the disk I/O becomes less mance and is expected for large A-scans that require |
significant. As expected, the solid line graph (no host extensive processing.

'

disk activity) is identical to that shown in Figure 8.2.
The results of choosing -20-dB selective processing with

Figure 8.4 shows the graphs related to a -20-dB thicsh- no output compression are shown in Figure 8.8. The
old level in the selective processing option and no out- selective processing option in this data set dramatically |

put record size compression selected. The chosen affects the amount of computations, because only 1% of

NUREG/CR-6344 8.2
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;

Ithe data points are fully processed. This is due to the This data set required at least nine slave processors be- ;
high signal-to-noise level of the data set and is typical of cause of the immensity of the aperture size. The global
pressure vessel steels. Both curves immediately achieve memory had to be expanded to 3 Mb>tes to perform
saturation levels and remain flat. The performance of this processing. Selective processing was not chosen,
both curves is dependent totally on the rate at which and an output record compression factor of 5 was im-
the data is transferred from device to device. The limit plemented for this test. For this case, the host comput- |

'

for the dashed line is the disk transfer rate of the host er was the SAFT VAX/780. j
computer. The limit for the solid line is the throughput4

1 of the SAIT processor. The SAIT processor with ten slave processors success-
fully processed this data set with statistics that are quite,

j Figure 8.9 exhibits characteristics similar to those of impressive. The total clapsed processing time was 64.2
; Figure 8.8. The output record size has been com- minutes, but the total central processing unit (CPU)
j pressed by a factor of 5 so the amount of data to be time - the time required for the host computer to do
j transferred is correspondingly reduced. work -- was 6.8 minutes. This means that the bulk of'

the processing is exported to the SAFT processor, and
; This performance analysis has been helpful in determin- that comparatively very little is required of the host

ing the benefit of adding slave processors and isolating computer. This is the key to the success of the SAIT:

j bottlenecks with respect to data throughput. It is ap- processor.
'

parent, for most applications, that live slaves are proba-
bly sufficient. This is especially true if selective pro- This file has not previously been processed without
cessing is used. Another important factor for system choosing selective processing to reduce the number of

| performance is the host disk l/O speed. It is important summations required. Processing of this data file with
j to select a fast disk system when initially specifying the these parameters was initiated on the VAX 11/780.

SAIT host computer for real-time analysis. Ilowever, practical completion of processing was not
possible. The program was submitted into a special

A very large data set was processed on the SAIT RTP high-priority batch queue. After a bnnect time of 2.6
to observe the corresponding execution performance. days and an elapsed CPU time of 16.5 h, the processing

4

This file is a finely sampled scan of a resolution pattern was only 7.1% complete so it was terminated. It would
<

in an aluminum block. A 2.25-Milz transducer was have taken approximately 36 days and 260 CPU hours
*

used with a diameter of 0.25 in. (0.6 cm). A wedge was to complete. This is a reduction in processing time by.

;

selected to provide shear mode illumination with a a factor of 250! The primary reason for the long time I

! refraction angle of 43.7*. The X and Y lateral sample in execution is the number of page faults that occurred
i spacing was 0.025 in. (0.6 cm) (A/2), and the temporal during processing. There were 3 x 10 page faults at6

] sampling was 20 Mllz (0.05 sec or about A/10). the point of termination, with approximately 42.2 x 106
'

Digitization began 2 in. (5.1 cm) into the material along page faults required to complete the processing. The
| the center ray sound path and continued until 4.5 in. VAX 11/780 has only 4.75 Mb of memory; thus, with a
| (11.4 cm). There were 806 data points in each A-scan file this large and with an aperture of this sire, it was
l record, and there was a total of 14,400 A-scan records spending most of the time in a VMS page fault wait-
1 in the data set. state rather than actually computing the result.
!
<

! Processing was performed on this data set with a syn- As stated previously, an attractive feature of the SAIT
3 thetic apertu'c bcam angle of 18.0. With this angle RTP architecture is that it exports the CPU-intensive
i selected, the number of off-center A-scans to sum at labor required to execute the SAIT algorithm, thus
i the top of the aperture (2.0 in. [5.1 cm) into the materi- dramatically increasing the speed of execution. This is
I al) is 707; 'ne number to be summed at the deepest especially true for the very large data files as experi-
I part of the defincd aperture (4.5 in. [11.4 cm] into the enced here.

material) is .417.
;

{
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8.0 Processor Performance

8.2 TSAFT/TSAFT-2 Configuration the calculation. Performance improvement factors of
9.0,12.0, and 9.6, respectively, are realized by imple-

Performance menting the SAIT processor on these TSAFT and
TSAFT-2 files. |

Three test files were used to evaluate speed improve-
ments expected to be achieved utilizing the SAFT RTP Table 8.3 shows the respective performance using the
for TSAFT and TSAFT-2 configuration files. The first SAFT processor without implementing selective pro- !

'data set was collected in the TSAFT configuration on a cessing. This means that every point is processed re-
O.585-in.-thick (1.5-cm) stainless steel coupon with a 03- Sardless of the contents of the data elements. Notice
in.-deep (0.8-cm) vertical sawcut in the far surface. the extended processing times and the total number of
This file is a familiar example that has commonly been points that are summed. The processing time for File 2 i

used to evaluate the software performance. The second is more than 20 h, for nearly 2x10' points. Although i

file is a TSAFT data set collected on a 1.0-in.-thick (2.5- this is a considerable amount of time, only three CPU |cm) aluminum coupon with two opposing co-planar minutes were required of the VAX host computer
vertical sawcuts placed in it. File three is a TSAFT-2 throughout this processing. In other words, the total 1

data set based on the same aluminum coupon as the workload was transported to the peripheral SAFT pro- !

second file. cessor. Executing this solely on the VAX 11/780 would
be impractical since it would take approximately 8.6

Table 8.1 shows the execution time utilizing the VAX days to complete the processing. !

l

11/780 with -20-dB selective processing implemented.
Table 8.2 shows the performance of the SAFT proces-
sor with -20-dB selective processing implemented during ;

1

Table 8.1. VAX 11/780 TSAFT/TSAFT-2 Executive Time
(-20-dB selective processing implemented) i

Total Time, No. of Points Rete

Case minutes No. of A-Scans Processed A-Scans /sec.

6
FILE 1 51.5 2880 6.0 x 10 0.932

6FILE 2 365.3 12800 36.2 x 10 0.584

6FILE 3 227.4 8640 30.5 x 10 0.633

Table 8.2. SAFT-UT Real-Time Processor TSAFT/TSAFT-2 Executive Time
(-20-dB' selective processing implemented)

Total Time, No. of Points Rate ,

Case minutes No. of A-Scans Processed A-Scans /sec. !

6FILE 1 5.7 2880 6.0 x 10 8.4 ,

|6FILE 2 30.4 12800 155.5 x 10 7.0

6FILE 3 23.5 8640 27.2 x 10 6.1

NUREG/CR-6344 8.4
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1

Table 83. SAFT-UT Real-Time Processor TSAFT/TSAFT-2 Executive Time
(selective processing disabled)

|

Total Time, No. of Points Rate
Case minutes No. of A-Scans Processed A-Scans /sec.

FILE 1 71.7 2880 120.1 x 10 0.669
6

FILE 2 1242.1 12800 1955.6 x 10 0.172
6

FILE 3 379.8 8640 2498.7 x 10 03796

Three variables are considered to be interesting with significant speed increase is realized with selective
respect to further investigation of the system's perfor- processing. This is due to two factors. The tandem
mance. The first is the number of slave processors en- mode data sets tend to have a high signal-to-noise ratio
abled during processing. This would afiect the cost of because the dual-transducer configuration has reduced !

implementing the SAFT processor. The second is the backscatter. In addition, the computationally intensive |

cffect of implementing selective processing to reduce nature of the algorithm implemented would contribute
|the total number of summations necessary to produce to this. Table 8.4 shows the benefit of using selective

the final image. The third variable is output record size processing by tabulating the approximate number of
compression. This takes advantage of the low-frequen- summations that occurred when each complete data set
cy content of the envelope-detected rusult to reduce the was processed. As shown, the number of inner loop
size of the resulting A-scan, consequently reducing the operations is dramatically reduced by using a threshold

; amount of data-handling. technique.

In the first set of tests run,100% of the data files were For completeness, Figures 8.19,8.20, and 8.21 show the
processed. The output record size was not compressed. curves obtained with -20-dB selective processing and a
Figures 8.10,8.11, and 8.12 show the graphs relating to factor of 5 output record compression. As expected,

I these tests. In each graph, performance (A-scans /s) is the processing performance is nearly identical to that
plotted as a function of the number of slave processors shown in the preceding graphs.
enabled. Notice that each plot is nearly linear. Thus,
adding the full complement of slave processors provides In contrast to the results obtained in the pulse-echo
significant benefit because of the computationally inten- mode (described in Section 8.1), the performance of the j

4

; sive algorithm of the TSAFT/TSAFT-2 implementation. tandem implementation is highly sensitive to the num- |
; A high percentage of time is spent computing in the ber of slave processors installed and to the selective
; SAIT inner loop, as opposed to performing overhead processing method implemented. The overhead func-
; functions. tions, such as data transfer and VME buss contention

problems, shown to be important factors in the pulse-
Figures 8.13,8.14, and 8.15 show the results of imple- echo mode, are not significant in the tandem mode,
menting a factor of 5 output record size compression.
When these plots are compared with the previous set, The implementation of TSAFT-2 on the SAFT proces-
they appear nearly identical. Again, this is due to the sor has opened up new avenues of processing that were
computationally intensive nature of the inner loop. not practically available in the past. For example, full

processing of File 3 took 6 hours and 20 minutes with
Figures 8.16,8.17, and 8.18 show the performance 10 slaves enabled but would take weeks on the VAX
curves under conditions of no output compression but a 11/780. Incidentally, although the elapsed time was
-20-dB selective processing threshold. Notice that a more than 6 hours, the total CPU time (the time slice

1
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8.0 Processor Performance

Table H.4. Tandem Mode Analysis (Total Number of Points Processed)

Number of A-Scans Total Summations During Processing

Data File in File
100% Processing -20 dB |

9
CASE 1 2880 0.114 X 10' O.069 X 10

CASE 2 12800 2.029 X 10 0.104 X 10'9

,

9 9
CASE 3 8640 2.568 X 10 0.131 X 10

required by the host computer) was 5 minutes and 7 tion of the data in memory were restructured to use the
seconds. So the inclusion of a SAFT processor on the capabilities of the VAX computer to the best advan-
VAX host computer essentially makes the SAFT com- tage. Even with all these improvements, the calcula-
putation transparent to the load on the computer. tions could not be performed fast enough to pro 5ide

inspection personnel with "real-time" (at least 10 A-
The TSAFT-2 tandem implementation processes scans /s) images, and the decision was made to use
TSAFT-3 data because these configurations are essen- several parallel processors to attain the necessary speed. '

tially the same on thicker materials. Actually,imple- When the SAFT algorithm was rewritten to use several
mentation of TSAFT-2 on the SAFT processor has processors, software was included tnat would allow
made it possible to investigate TSAFT 3 on thick mate- execution in a simulation mode. In the simulation
rials. Practical implementation of this configuration on mode, all of the software is actually executed by the

the host VAX 11/780 has proven to be impossible, host computer. In places where several slave processes
would be running at the same time, the software is
actually executed sequentially. The simulation mode

8.3 Overview of the Software Imple. allowed the use of the better debugging facilities avail-
ble on the VAX host computer. Consequently, the

mentation of the SAFT-UT Real-Time debugging time needed for the software was greatly
Processor reduced. Once the SAFT parallel-processor software

was debugged and running properly in the simulation
This section provides an overview of the RTP from a mode, final debugging was performed with the software

programmer's perspective. A short history of the evolu- running on the actual slave processors.
~

,

tion of the SAFT software is provided followed by an
explanation of the method of calculation. The various 8.3.2 The SAFT Calculation
shortcuts used to both simplify implementation and im-
prove the computational efficiency are reviewed. Final- Consider the rectangular physical volume of material to
ly, a flow chart provides a graphical representation of be inspected and the accompanying " volume" of data.
the logical flow of data processing events. Data is acquired as a transducer is scanned over one

surface (the data-collection surface) of the physical vol-
8.3.1 Development History ume. For each spatial position (X,Y,0) at which the |

transducer records a waveform, a depth dimension (Z ) ;

Initially, the SAFT calculations were coded on a VAX exists in the physical volume, corresponding to a timep !
'

11/780 computer at the University of Michigan and of-flight dimension (TOF) within the data volume. If
some lookup tables were used to increase the speed of transducers were very directional and received echoes
the calculation process. At PNL, all of the lookup from a single direction only, then an echo in the data
tables, the sequence of calculations, and the organiza- volume (X,Y,TOF) could result from only an acoustic 1

NUREG/CR-6344 8.6
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8.0 Processor Performance

reflector located in the physical volume at (X,Y,Z ),
where Z =TOF/2V and V is the material velocity.

Therefore, from an elementary perspective, for everyp*

p point in the physical volume
However, this is not the case.

1. Determine which spatial transducer locatiors
Transducers "see" everything within some cone-shaped (X,Y,0) should receive an echo from the point
aperture; and, the best that can be said, when consider- being processed.
ing a single waveform, is that an echo located at
(X,Y,TOF) in the data volume may have resulted from 2. Calculate the TOF between the point being pro-'

an acoustic reflector at a distance d=TOF/2V (or Z ) cessed and the transducer for each spatial trans-p
from the transducer location (X,Y,0) and within the ducer location determined in step 1.

; cone-shaped aperture. Of course, this is less than one
j would like to know about the location and size of re- 3. Sum the digitized values from the data volume for

llectors within the physical volume. Clearly, some sort all (X,Y,TOF) locations determined in steps 1 and
;

j of focusing technique is needed. 2.

Better results are achieved by reversing the scenario; The final summations are stored in a second data vol-
i.e., consider a given point in the physical volume and ume at (X,Y,Z), and their amplitude should directly

'

i determine where, within the data volume, the digitized relate to the strength of the acoustic reflector at
amplitude values would be stored if an acoustic reflec- (X,Y,7 ) in the physical volume. If the acoustic reflec-
tor were located at the point being considered. Several tor at J,Y,Z ) is strong and correlates with a locus of
benefits arise from this approach. First, this approach A-scan echoes, then the summation of the amplitude

p

would enable one to average over a locus of echoes, values 'oy the SAFT calculation will produce a well-
determining the strength of the reflector at the point defined signal or high value. If the reflector is weak or
being processed. All waveform data acquired at spatial nonexistent and does not correlate well with a locus of

] locations from which the transducer cannot "see" the A-scan echoes, the amplitude values digitted would
j point in question may be eliminated because the point most likely be from random noise and the summation

is outside the beam aperture. This leaves a set of process would produce a spatial average of nea ly zero,
4

transducer locations on the datasol!cction surface that The SAFT algorithm is analogous to a spatial-temporal
correspond to a cone drawn from the point in the phys- matched filter in that the raw A-scans are time-shifted

i ical volume, toward the surface, and with the same full- by a predicted time delay and then averaged over a'

beam angle as the transducer aperture. For each spa- number of positions. Constructive interferene is pro-
j tial transducer location (X,Y,0) within the cone-shaped duced by coherent signals, and destructive interkrence

aperture, only the time dimension (t) need be deter- is produced by incoherent signals.
4

'
mined to locate the digitized amplitude value (within'
the data volume) corresponding to the echo produced The SAFT algorithm works well. However, when im- I
by the point being processed. Since we know the dis- plemented in a straightforward or brute-force manner,
tance from the transducer (X,Y,0) to the point in ques- there can be millions upon millions of calculations that
tion (X,Y,Z ) and the sound velocity, we may calculate can take hours, days, or even weeks to complete.

<

p
; the TOF as twice the distance (sound path down and Hence, the compicxity of implementing the SAFT algo-
i back) divided by the acoustic velocity; i.e., rithm arises from measures taken to reduce the compu-
i tational time required.
a

*d
IDF . A soh tion was twofold:

V

First, many alterations in the data collection and com-4

putational procedures were made to eliminate redun-
#

dant calculations and take advantage of the computer's
where: d = f(X-X,)2 . (y_y )2 + (Z-Z,)2] abilities. Second, we divide.1 tle computational load; p

among several proccssors.

8.7 NUREG/CR-6344
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Redundant calculations were climinated in the determi- memory offset lookup table that can subsequently be

nation of which spatial transducer locations contain used to find the data stored in the computer's memory.

(within their beam aperture) the point in question. If Assume the transducer collects a waveform, consisting

the data is acquired over an ordered grid pattern, then of 100 data points in time, at each location in an X,Y

the qualifying transducer locations will always have the grid consisting of 10 increments in Y and 10 increments

same relative positions for all of the points (to be pro- in X. These data points are stored sequentially in

cessed) at a given level (Z ) in the physical volume. memory as follows:p
The problem is simplified Irom a series of complex
geometric calculations to one of constructing and keep- 1. the waveform taken at location (1,1,0); points i

ing track of an orderly mapping in the computer memo- (1,1,1) . . (1,1,100) l

I
ry. !fowever, this does impose a relatively minor con- '

straint on the data acquisition process: it must main- 2. followed by the waveforms taken at (1,2,0) .
tain a constant X and Y increment throughout the data (1,10,0)

acquisition scan.
3. followed by waveforms taken at (2,1,0) . . (2,10,0),

Another, more important, benefit of the ordered grid and so on.

data acquisition pattern is that the distance calculations
between each point in the physical volume and each of Suppose that we are currently performing the SAFT

the associated transducer locations are the same for all calculation for a point in the physical volume at

points (to be processed) at the same depth (Z ) level in (5,5,25). The center of the cone projected back fromp
the physical volume. Thus, the distance calculations this point (in the data volume stored in that computer's
need be computed only once for each depth (Z ) level memory) is at storage location number 4401. That is 4n

in the volume and then subsequently stored in fookup complete rows of data with 1000 points each (10 x 100),
tables to be used over and over again. IIere again, the plus four waveforms in the fifth row at 100 points each,
problem is reduced from a series of quadratic equation plus one for the first data point, in the fifth waveform,
calculations to one of constructing and efficiently using in the fifth row. (In practice, the memory location of
lookup tables. Still, this imposes yet another constraint this data point is not recalculated each time but rather

on the data acquisition precess: the data collection incrementally changed as the point in the physical vol-
surface must be relatively flat over an area described by t me is moved; e.g., if the physical point is changed to

the reverse projected cone. A study by Ganapathy et (5,6,25), then 100 is added to 4401 to get the correct
al. (1981) at the Uni,crsity of Michigan indicates that position of 4501). In addition to the position of this
errors from surface variations are of minor significance waveform in the computer memory, positions of wave-

for most geometries b:cause of the small aperture forms taken at adjacent transducer locations need to be

angles normally used ('2* or less) and the inherent known. These may be located as follows:

spatial averaging that c: curs when the SAFT algorithm
is employed. However a corr. plex and rapid change in 1. For each increment in the X direction in the phys-

the surface curvature (such as sometimes observed ical volume, add (or subtract) 1000 storage loca-

when inspecting pressure vessel nozzles) may produce a tions.

significant error, prompti, g the use of a correction
algorithm. 2. For each increment in the Y direction in the phys-

ical volume, add or subtract 100 storage locations

The SAFT calculations are reduced to a series of mem- (of course, the software also needs to keep track

ory accesses into the lookup tables and data storage. of when the transducer location is nen the edge

The final computational modifications consisted of of the physical volume and preclude summing
organizing the lookup tables and data storage within the points that would actually be off the edge).
computer's RAM to further facilitate memory accesses.

Thus, the location in the computer memory of each

A simplified example may illustrate how the distance waveform taken within the cono, projected backwards
and time calculations, which describe the physical data from the point in the physical solume, may be found.
volume and transducer locations, are converted into a

NUREG/CR-6344 g,g
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4

Ilaving previously calculated and stored in a lookup 8.3.3 Configuration Modifications
table the relative locations of the data from all of the
spatial transducer locations in the backward projected The SAIT algorithm lends itself to parallel processing
cone, one can casily locate in memory all waveforms because subsequent calculations do not depend upon
that should contain an echo from an acoustic reflector the results of previous calculations. Ifowever, because
located at any given point in the physical volume. For the SAIT algorithm is primarily a series of memory
example, if five transducer locations are within the accesses (into the lookup tables and the data storage
backward projected cone and the memory address of area), parallel processors should not share the same'
the data from the point at the center of the backwa*d memory for the lookup tables or data storage. If they
projected cone is 4401, the data from the other four did, they would frequently be competing for access to

;

!,

points will be located at 4501,4301,5401, and 3401 the same memory and performance would suffer. Each
(Figure 8.22). of the parallel processors has a copy of the lookup

tables in its on-board memory. The handling of the
4

'

The relationship between the time, depth, and data data storage memory is a bit more complicated because
storage location works in a similar manner. Because the basic SAIT algorithm requires access to all of the,

each waveform is digitized at a constant rate, moving data storage memory further, the massive size of the
one storage location is equivalent to moving the recip- data makes it prohibitive to have a copy for each of the
rocal of the digitizatien rate in time; i.e., a 10-MHz parallel processors. The solution to this problem is to
digitization rate would mean each storage location divide the data among the parallel processors, with each
would be equivalent to 100 ns. The precalculated TOF processor storing every N Y plane (where N is theth

between a point in the physical volume and each trans- total number of parallel processors) of the data in on-
ducer location, in its backward projected cone, is subse- board memory. Consequently, all of the lookup tables
quently stored in a lookup tab!c as a memory offset and the SAIT algorithm were modified so that in per-
equal to the TOF/(time per data storage location). forming the summation process, each slave would auto-

matically skip over the data planes it did not process
Thus, the final SAIT algorithm consists of mathemati- but still produce partial sums over the data it did have
cal calculations no more time-consuming than additions in its on-board memory, for every point in the total
and subtractions. A typical calculation would proceed physical volume. Partial sums from each slave are then
as follows: summed into a common storage area. Finally, the rf

component of the processed data is removed using a
1. For every Z level in the physical volume, precalcu- procedure called envelope detection.

late the positions of the points in the backward
projected cone in terms of Y and Z offsets rela- The sequence of operations is as follows:
tive to the center of the cone and the distance to
cach of those points. 1. The host computer inputs raw data from disk or

the real-time data acquisition system.
2. Convert the calculated relative positions and dis-

tances to memory offsets and store them in two 2. The host calculates all of the lookup tables that
sets of h>okup tables. will be used by the parallel processors.

3. Now, for every point in the physical data volume, 3. One of the parallel processors is designated to be
use the first lookup table to locate, in the comput- the supervisor. It handles all of the communica-
er memory, the position of the waveforms that tions with the host and directs the operations of
should contain echoes from the point in question. the other parallel processors, called slaves. Each

slave runs the exact same software.
4. Use the second lookup table to locate the proper

data point within each waveform mid sum them 4. The host downloads the lookup tables and other I

all together. parameters to the super isor and starts to down-
load the actual ' data.

g,9 NUREG/CR-6344
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5. Upon a system reset, each slave executes a short er, to the real-time processor supenisor, to the slave
startup sequence stored in its ROM and then processors, and back. Each box has a number that
waits for the supenisor to give the "go" signal. corresponds to numbers listed below commenting on

the events that take place.
6. The supenisor places into each slave's memory

the code that the slave will execute,in performing Ilost computer:
its part of the SAFT algorithm, along with other
parameters and each slave's number. The slave <1> Set up and receive data acquisition parame-
number causes each slave to execute the slave ters.
code in a slightly different sequence, compensating
for the different sequence of data planes each <2> The VAX calculates all of the lookup tables
slave processes. that will be used by the slave processors. i

|

7. When the supenisor has received enough data <3> Initialize the supeniser. One of the parallel
from the host for processing to start. it tells each processors is designated to be the supeni-
slave in turn to begin executing the downloaded sor. It handles all of the communications
code. with the VAX and directs the operations of

the other parallel processors, called slaves.
th8. Each slave copies every N Y plane of data from Each of the slaves runs the exact same soft-

the supenisor's shared memory into its private ware.
memory.

<4> The VAX downloads all of the lookup tables
9. Each slave commences to compute the SAFT to the supervisor.

summations one Y plane at a time.
<5> Is the raw data ready for input?

10. When a slave finishes a partial summation of each
Y planc,it transfers its results to the supenisor <6> Is supenisor ready for more raw data?
where they are combined with the partial summa-
tions from all the other slaves for the same Y <7> Is the supenisor ready with processed data?
plane.

<8> ls SAFT processing finished?
11. The supenisor transfers back to the host the fully

summed Y plane. <9> Enter data from data acquisition system or
disk file.

8.3.4 Tandem SAFT
< 10 > Download one plane of raw data to supeni-

In all respects commented on thus far, tandem SAFT is sor.

the same as pulse-echo SAFF. The exception is that
when the TOF is computed, the distance used is the < 11 > Upload processed data from the supeniser

distance from the sending transducer to the point in the and write to disk file.

physical volume plus the distance from the point in the
volume to the receiving transducer, rather than twice <12> Close current files and exit.

the distance from the point in the physical volume to
the single pulse-echo transducer. Real-time processor supenisor:

<13> Wait for the VAX to initialize, download8.3.5 Flow Chart Commentary
lookup tables, and so forth.

Figure 8.23 shows the logical flow of events that occur
<14> Download slave software code and parame-during SAFT processing of data; from the host comput-

ters to each slave. Give each slave the start-

NUREG/CR-6344 8.10
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i

up signal in turn. The supenisor places into Real-time processor slaves:
each slave's memory the code that the slave,

: will execute in performing its part of the < 23 > On startup signal from supenisor, initialize,
SAFT algorithm, along with other parame- read lookup tables, and so on from supeni-

; ters, and each slave's number. The slave sor memory. Upon any system reset, every
number causes each slave to execute in a slave executes a short startup routine stored

'

slightly different sequence, compensating for in on-board ROM and then waits for the
the different sequence of data planes each supenisor to give it the startup signal.
slave processes.

< 24 > Wait for go-ahead signal from supenisor.
< 15 > Need more raw data. Is the VAX ready (All slaves must be initialized or have com-

with more raw data? pleted step 29.)

I <16> Are all slave processors finished executing < 25 > Read raw data from supenisor memory.
I envelope detection processing? Each slave copics every N Y plane (whereth

: N is the total number of slaves) of raw dataj < 17 > Are all slave processors finished writing pro- from the supenisor's shared memory into
cessed data back to supenisor memory? on-board memory.

'
<18> ls the next (Y) plane of raw data available < 26 > Process one (Y) plane of raw data.

in supenisor's memory and are all the slaves
ready? (All slaves must be initialized or < 27 > Write one (Y) plane of raw data back to su-.

i have completed slave step 7.) penisor memory. Processed data is written
j back to the supenisor's memory with an

< 19 > Upload a (Y) plane of processed data to ADD instruction so that the partial sums
VAX. Exit if processing of data is complete. from each slave are combined.

.

| < 20 > Download a (Y) plane of raw data from < 28 > Wait for go-ahead from supenisor. (All
; VAX. slaves must have completed step 27.)

< 21 > Give go-ahead for slaves to start envelope < 29 > Envelope detect completed (Y) plane in
1 detection of data. supenisor memory.

< 22 > Give go-ahead for slaves to start processing
data.

4

;

1

4

1

1
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9.0 Upgrading the SAFT-UT Field System

in the development and evaluation of the SAFT-UT rics: sustained data acquisition rate, SAFT processing
technology, one of the important goals has been to im- rate, and the data display rate. Table 9.1 shows the
prove the reliability of the inspection of reactor pres- changes in these three rates as the SAFT-UT system
sure vessels. In addition, another NRC program (JCN was improved.
L1099) has as a goal to develop a data base on the
distribution of fabrication flaws (i.e., flaws that existed

at the time of vessel fabrication) that exist in U.S. nu- 9.1 SAFT System Architecture
clear reactor pressure vessels. SAFT-UT field inspec-
tions of unused pressure vessel material are planned for
this project. The planned inspections require ultrasonic The SAFT-UT system is composed of four functional

tests with equipment best smted to providmg fast and subsystems as shown in Figure 9.1. The data acquisi-

accurate scans of the selected reactor pressure vessel tion subsystem controls the scan of the part and collects

areas. The SAFT-UT field data acquisition system has
the data for transfer to the host computer. The host

been upgraded to better cope with the large volume of computer receives the data from the data acquisition

data that will result from this kind ofinspection.
subsystem, files the data, and transfers the data to the
other subsystems for processing and display. The SAFT

In this section, we discuss the hardware and software real-time processor performs the computationally inten-

methods used to achieve various rates of data collec- sive SAFT calculations. Finally, the data display mod-

tion, processing, and display. This text is useful for ule provides the image display to the operator for inter-
pretation.

duplicating the system and for planning the implemen-
tation of SAFT-UT on other UT/ISI systems. Perfor-
mance of the SAFT-UT system is measured using met-

Table 9.1. Performance for Upgrades to SAFT-UT System

i

Sustained Data Acquisition Rate !
(kBytes/sec)

PDP11 and VAX-11/730 PDP11 and MicroVax PC and MicroVax PC and Sun

5 20 200 500
{
l

Approximate Relative SAFT Processing Rate
(for thick material) |

VAX-11/780 SAFT RTP* MicroVAX 111 Sun Spare 10, Model 30

1 25 3 25 |

Data Display Rate

Vax-11/730 with Ramtek MicroVax III with Ramtek Sun Spare 10, Model 30

1 25 250

*R11' = real-time processor

9.1 NUREG/CR-6344
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9.0 Upgrading the Field System

9.2 Installation of a MicroVAX III Using this upgraded system, the time acquired to per-
form an inspection was decreased by a factor of 4 over

The host computer subsystem was upgraded from a the previous system. This was accomplished by improv- |
VAX 11/730 to a MicroVAX 3400 computer. This ing the data transfer rate to the host computer from 5

upgrade improved the three functions of the host com- kBytes/s (kB/s) to 20 kB/s. The data acquisition rate

puter subsystem: 1) transfer of data from the data to PDP11 memory was unchanged at 50 kB/s and limit-

acquisition module,2) archive the data to a removable ed to a total of 128 kB per scan line with each A-scan

disk platter instead of 9-track tape, and 3) transfer of n t m re than 1024 bytea in length.

data to the display module. A functional diagram of
the subsystem is shown in Figure 9.2. The hardware The most dramatic improvement was made in the per-

specifications are the following: f rmance of data display calculations that routinely
occur on the host CPU. The time required to perform ,

MicroVAX 3400 CPU with 12-slot backplane axis transformations and image projections was !+

12-MB memory decreased by a factor of 25 over the time required+

40-MB system disk when using the VAX 11-730.*

300-MB removable cartridge tape drive-

11P C1711A 600-MB removable rewritable optical+

disk drive 9.3 Other System Upgrades for the
SCSI interface adapter for the optical disk drive Inspection of Nuclear Reactor Pres-*

two DR11 parallel interfaces Sure vesseis
*

Ramtek interface+

serial ports for cight users*

VT 320 system terminal Additional system upgrades included a robotic ultrason-+

printer ic scanner, improvements to the SAFT-UT data file+

VMS operating system header, and a new data acquisition subsystem. A block+

.C' compiler. diagram of the upgraded system is shown in Figure 9.4..

The robotic scanner shown in Figure 9.5 uses a PUMA

In addition, a few changes were made to the SAFT-UT 562 industrial robotic arm, an RTD probe holder, and

data acquisition subsystem. The upgraded subsystem, the existing SAFT-UT transducer gimbals. The PUMA
562 is a six-axis robotic arm with a reach of 914 mmshown in Figure 9.3, is divided into five components:

mechanical scanner, acoustic subsystem, computer, disk (36 in.) and a repeatability of better than 0.10 mm

drive, and interface to the host computer subsystem. (0.004 in.).

The upgrades included
The robot is blind in the sense that it must be taught

a new 100-MB disk drive - This permits the data the inspection surface. However, the robot permits the+

acquisition subsystem to operate better in the systematic scanning of large complex objects, such as

stand-alone mode, reactor presme vessel nozzles, w,thout moving a scan-i

ner track along the surface of the vessel. The SAFT-
UT robotic scanner assumes that the contact methoda joy-stick added to the scanner component to*

will be used. The transducers are attached to themore easily position the scanner before beginning
robot's end effector and moved along the surface of thethe inspection
material, permitting data acquisition at appropriately

a DRV11-WA parallelinterface added to more sp ced intervals. The robotic scanner queries the oper-*

ator about the location of the test material and asks thequickly transfer data to the host computer - A
software device driver was written for this inter _ perator to teach it how to find the test material if it

face because this software was not available from has no memory of the materiars location in its work
sp cc. Once this is done, the robot can position itselfthe manufacturer,
anywhere on the surface of the test material that is
within the robot's reach. The operator can move the
robot's transducer along the surface of the test material

1

!
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9.0 Upgrading the Field System

by using the arrow keys on the data acquisition comput- If data are to be transferred to the SAFT subsystem
er or by entering a material coordinate. Once the concurrent with the scanning operation, then the con-
robot has been taught the location of the test material, nection is made to the host computer. A command
it can perform the transformation from its own coordi- from the robotic data acquisition module invokes the
nates, which are fixed with respect to the base of its data transfer utility, and the user is prompted to deter-
pedestal, to the coordinates of the test material. Of mine if concurrent SAFT processing and/or real-time !

course, the robot can also perform the inverse of this data display are desired.
transformation, that is, from material coordinates to its
own coordinate system. If the robot is taught the loca- The performance of the robotic data acquisition subsys-
tion of the opening of a nozzle,it can move along and tem is as follows:
across the nozzle's blend zone. It can move along the
inside of the nozzle as well. This can all be done by The sustained data acquisition rate to MicroVAX*

using the coordinates of the test material (reactor ves- 3400 memory is 200 kB/s.
sci). This feature of the robotic scanner gives it a
significant advantage over a conventional (pipe) scan- The maximum amount of data in a scan line is*

ner. Scans of the test material can be controlled by the limited only by the amount of host memory that
specification of material coordinates. This information, can be allocated to it. Because the SAFT-UT
saved in the SAFT-UT data file header, permits the MicroVAX has 12 MB, approximately 1 MB is
unambiguous identification of the location of ultrasonic available for one scan line of data.
indications. A complete description of the operation of
the SAFT-UT robotic scanner is given in example form The maximum length of the A-scans is 4 kB in-

in Appendix B," Tutorial Procedure for Operating the this system.
SAFT-UT Robotic Scanner."

To make the SAFT-UT data files portable to any com- 9.4 SAFT-UT Upgrades for NRC's
puter platform, the header was upgraded to use an . NDE Mobile LaboratoryASCII encoded format. For example, vel _m, material,
was a floating point number in a 4- byte format that I

only a DEC computer could interpret. This header A redesigned SAFT-UT system has been assembled for |
field is now an ASCII encoded string representation of the NRC's NDE Mobile Laboratory. This new system

the floating point number and, as such, requires 17 is significantly smaller in overall size and is referred to

bytes. A complete list of changes to the SAFT-UT as the NDE Mobile Laboratory SAFT-UT field system.

header is given in Appendix C. Some header fields A block diagram of this new system is shown in Figure

were added to provide better documentation of the 9.6. The PC-486 computer performs the data acquisi-

data. The unused header fields were deleted. The tion function and the Graphics Workstation performs

SAFT software was modified to recognize the new the SAFT-UT processing and data display functions.

ASCil header as well as the old binary header. A An electronic component diagram is shown in Figure
9.7.software program was written to convert between the

two header types. A listing of the ASCII header defini-
tions is given in Appendix D. The pipe scanner, shown in Figure 9.8, for this system

is equipped with dual X axes where cach axis is capable

The robotic data acquisition system controls the data f 305 mm (12 in.) of movement. The scanner uses the
acquisition process. It also provides local data storage, style of pegged track that the NRC most commonly

a data interface to the host computer, and the operator finds m msernce mspections of U.S. nuclear power

interface for the real-time mode of operation. The soft- plants. A 61-m (200-ft) cable connects the motor driv-

ware is menu-driven to assist in ensuring that the SAFT ers with the pipe scanner. The field system electronics

parameters are correctly entered prior to data acquisi- are shown in Figure 9.9. The motor drivers are kept
ut of the radiation zone and free of contamination.

,

tion. An overview of the menu sequence is given in
Appendix B. The controller (indexer) for the motor drivers is a host

9.3 NUREG/CR-6344
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9.0 Upgrading the Field System

SUN Sparc 10 Model 30 computer with coloradapter l'or the PC ISA bus and is installed in the PC- +
3

486 computer. monitor
32 MB memory*

400-MB internal system diskThe UT ciectronics modules function as follows: The +

400-MB internal disk for UT dataremote pulser / preamp is located on the pipe scanner. +

write-once laser disk drive for 5.25-in. (13.3 cm)The preamp portion of this module provides a fixed 20 +

dB of gain and a 3-dB bandwidth of 7 Milz. This 800-MB removable platters
IEEE 488 interface.approach significantly increases signal-to noise ratio by *

amplifying the echo signal before transmission on the
01-m (200-ft) UT cable. Thus, any noise introduced The programs available on the MicroVAX III VMS sys-
during the transmission will be signific:.ntly less with tem described in 11all, Reid, and Doctor (1988) were

respect to the echo signal. Th ptiser portion of the ported to the SUN Sparc 10 computer running UNIX
remote pulser / preamp prod cce the 400-V excitation X-Windows operating system. Only the graphics (data
for the transducer. This excitation is a negative-going presentation) tool required significant modification.
400-V square wave of programmable width. This width Figure 9.12 shows the X-windows displays typical for
is set to produce the best excitation of the transducer; the Mobile Laboratory SAFT-UT system. The other
the setting usually matches one-half the wavelength of code required minor changes to remove VMS-specific
the transducer center frequency. The pulser obtains calls to the disk I/O routines and nothing more.
Iow-current 400-V dc power via the 61-m (200-ft) UT

.

cable along with trigger and pulse width logic. This The NDE Mobile Laboratory SAFT-UT system per- |

approach, used in the original SAFT-UT system, pre- forms as follows: (
vents distortion of the high-voltage transducer excitation

'

sustained data rate to host memory: 500 kB/sby the 61-m (200-ft) cable and prevents coupling with +

maximum amount of data per scan line: 4MB 1

other signals. +

maximum length of the A-scans: 16 kB+

SAFT processing rate equal to SAFT-UT Real-A time-variable-gain (TVG) amplifier was supplied with +
,

the SAFT-UT system for the NDE Mobile Laboratory. Time Processor
maximum data file size: 300 MB.The TVG amplifier adjusts the gain during the recep- +

tion of the ultrasonic echo in such a way as to compen-
sate for attenuation, compensate for beam divergence, In summary, the advances in electronics and computer
and increase the dynamic range of the system. The methods are making SAFT-UT more portable (smaller
TVG amplifier supplies the input for the STR8100 system), less expensive, and much more powerful. The
digitizer where the signalis sampled and converted to applicability of SAFT-UT to the inspection of LWR
digital form. components will continue to become more attractive

from a cost and pcifermance standpoint as advances
The PC-486 computer, shown in Figure 9.10, transfers occur in digital electronics and data visualization soft-
the ultrasonic data to the SAFT-UT host computer ware.

through its 488 interface. A 5.25-in. (13.3 cm), write-
once (WORM) laser disk drive is attached to the PC-
486 to provide local data storage if necessary.

The SAFT-UT host computer, shown in Figure 9.11,
consists of a SUN Sparc 10, Model 30 computer config-
ured a, ; iows:

NUREG/CR-6344 9.4
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10.0 SAFT-UT Validation

The SAIT-UT technology has been under evaluation h1RR study and had no connection with the specimens
since the program started a number of years ago. in any way. The specimens used in this stud.i contained
However, many of these evaluations have been conduct- laboratory-produced IGSCC. Key features af the speci-
ed on small sample sets without objective and blind mens used in the MRR are listed in Tables 10.1 and
testing conditions. In other cases, the defects detected 10.2.
and characterized were not destructively validated and,
thus, do not provide hard evidence of the technology's The results were evaluated using the concept of grading
effectiveness. units to define two performance parameters-probability

of detection (POD) and false call probability (FCP).
This section describes several such tests conducted to Each inspector's detection capabilities are estimated
more fully quantify SAIT-UT system performance, using these two statistics, which are defined by
The testing included SAIT-UT participation in the
Mini-Round Robin (MRR) conducted at PNL, testing

#" #I #"" U## #"
at the Electric Power Research Institute (EPRI) NDE POD =

,

Center, and testing conducted as part of the Pro- #"mbu of CNked Gmd'n# Unh Impeded|

gramme for the inspection of Steel Components Phase pgp , Numbu of Blank Gdng Une called caled
3 (PlSC-llI). Number of Blank Gradmg UnW Inspected

10.1 Validation of SAFT-UT in the
The round robin was constructed so these two statisticsMini-Round Rob.in

..

could be estimated efficiently for different inspection
1

conditions. These statistics are employed in this section '

10.1.1 The Mini-Round Robin to examine inspection performance. |

The round robin study, conducted at PNL is completely The POD and FCP statistics always refer to a unit of
described in NUREG/CR-4908 (Heasier et al.1990). material of particular size, called a grading unit. There-
The study was conducted to provide an engineering fore, indhidual detection and false call statistics are al-
data base for UT/ISI that would help ways associated with a unique grading unit. The detec-

tion statistic for a particular grading unit is 1 if a crack
quantify the effect of training and performance was called within the unit and 0 if no crack was called.

*

demonstration testing that resulted from IEB 83- Individual grading units were separated by a minimum
02 of 25 mm (1 in.) of blank weld materialin the circum-

ferential direction with no separation axially for grading
quantify the differences in capability between de- units on opposite sides of the weld; all the gradmg units

*

tecting long (greater than 76 mm [3 in.|) cracks have the same circumferentiallength. Grading units
versus short (less than 51 mm [2 in.]) cracks are randomly located within the test specimens but are

not actually marked on the outside of the specimen, so
quantify the capability of UT/ISI inspectors to de- the inspectors do not know their location. See Appen-

a

termine the length and depth of intergranular dix E of Ileasier et al. (1990), which shows all the
stress corrosion cracks (IGSCCs). grading units on each MRR specimen.

The round robin study involved six two-person manual Each grading unit was classified as defective if it con-
inspector teams and three automated inspection teams. tained a crack or as blank if it did not contain a crack.
SAIT-UT was an add-on after the original testing had A truc-state data base describing defective and blank
been completed and before destructive testing. It was grading units was developed for each test specimen
decided not to include the SAFT-UT results in used in the MRR.
NUREG/CR-4908 because its inclusion as part of the
original study had not been planned. It needs to be The 69 grading units were large enough to encomi, ass
noted that the SAIT-UT inspections were conducted by the cracks in the specimens. Because the cracks were
a PNL staff member who was totally ignorant of the

10.1 NUREG/CR-6344
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10.0 Validation of SAIT-UT

Table 10.1. Pipe Specimens Used in MRR

Number of Grading
Nominal Wall Units

Number of Thickness,
Pipe Samples Diameter, in. in./ Schedule Flaw Length, in. Cracked Blank

5 10 0.593/Sch. 80 Short (<1 -1.5) 13 31

(254 mm) (15 mm) (<25 mm-60 mm)

4 12 0.688/Sch. 80 Long (3 -40) 12 6
(305 mm) (17.5 mm) (76 mm-1016 mm)

1 12 0.844/Sch.100 Long (3 -9) 3 4
(305 mm) (21.4 mm) (76 mm-229 mm)

Total 28 41

of two disparate lengths, two different lengths were depth of 4% through-wall, while "D" cracks had an
used to calculate the statistic .I information. Some average maximum depth of 18% The "L" cracks had
grading units were 76 mm (3 in.) in length and were an average length of 152 mm (6 in.), while the "S"
classified with respect to through-wall penetration by cracks had an average length of 7.6 mm (03 in.), and
designating them "S" or "D." If the cracks were particu- the "D" cracks had an average length of 22.9 mm (0.9
larly long, then they were labeled with an *L" designa- in.).
tor, and the grading units were expanded to be 203 mm
(8 in.) in length. *S" cracks had an average maximum

Table 10.2. Properties of IGSCC Cracks in MRR Specimens

Average Range
Crack No. of

Category Cracks Length, Depth,
in. in./% of Wall Length, in. Depth, in.

S 5 0.29 (7.4 mm) 0.042 (1.1 mm)/4 0.1-0.67 0.011-0.071

(2.5 mm-17 (0.8-1.8 mm)
mm)

D 9 0.92 (23.4 mm) 0.177/18 (4.5 mm) 0.16-335 0.109-0.247

(4.1-85.1 mm) (2.8-63 mm)

L 14 739 (187.7 mm) not measured (') 3.6-10 0.170-0.440

(91.4-254 mm) (43-11.2 mm)

(a) The long cracks were destructively analped over only a portion of their length, so the location and value of greatest depth is
unknown. Ilowever, the data reported is for the greatest depth in the destructively analped zones.
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10.0 Validation of SAIT-UT

E:,ch specimen inspected by the SAIT-UT field system scanned were minimized to make three-dimensional
was first prepared by an MRR official; i.e., each speci- SAIT processing practical on the data files. Indications
men was masked to expose only a specified area to be were considered cracks only if they lay in a predeter- ,

scanned. There were a total of 47 such areas averaging mined " crack zone." This region was approximately
254 mm (10 in.) in length. The areas were divided one-half the thickness of the pipe specimen plus the
among three different sizes of pipe; 14 were on 254- weld root width from the weld center. Naturally, indi-
mm- (10-in.) diameter Schedule 80, 29 on 305-mm- (12- cations that lay close to the weld center presented the
in.) diameter Schedule 80, and 4 areas on 305-mm- (12- biggest problem in interpretation because of possible
in.) diameter Schedule 100 pipe specimens. interference from weld root indications in this area.

Indications that lay on the outer edge of the crack zone
10.1.2 SAFT-UT Inspection Proxd::re were generally noted but not classified as cracks be-

cause the SAIT aperture was limited to make the files
Three different transducer configuratioris were used on small for practical processing.
cach area scanned using SAIT-UT. A single transduc-
er normal to the front surface was used for profiling the 10.1.4 SAFT-UT Performance Results and
pipe inner surface to help identify geometrical condi- Discussion

| tions that may present crack-like indications. A single
| transducer using angle beam was used for crack detec-

Figures 10.1 through 10.6 show the relative operating
tion and lateral location relative to the weld center, and characteristic (ROC) curves of the SAIT team, manual

|

tandem transducers using angle beam were used for teams, and advanced teams under various crack condi-
crack detection confirmation. tions. The ROC curve quantifies the relationship be-

tween POD and FCP results based on the decision
The normal beam transducer was chosen to prmide criteria employed. Five decision criteria were used
good penetration through the weldment; for this appli- based on the confidence level of the particular call.
cation, the transducer was 6 mm (0.25 in.) in diameter These ranged from " definitely not a crack" to "possibly a
and operated at 5 MHz. The transducers used for the

crack" to " definitely a crack." Each graph shows the
angle beam inspection and the tandem inspection were ROC curve displayed in the center of the graph; the

l 6 mm (0.25 in.) in diameter but operated at 2.25 MHz. upper and lower curves describe the upper and lower
confidence limits of the ROC fit. The scattered letters

Became the SAFT real-time processor was not operat- are the actual data points used for the ROC curve fit.
ing tt tLis time, the scanning and data analysis took A performance curve intersecting the area in the upper

I much langer than the time required by the other MRR left. hand corner of these plots is considered acceptable.
i teams. In this sense, there was not a realistic compari-
| son with the manual or commercially available automat- Figure 10.1 shows the ROC curves for "D" and "S"
| cd systems. However, the effectiveness of the technique cracks for the SAIT team. The SAIT team perfor-
| was still validated. mance is better for *D" cracks because of improved
| signal-to-noise ratio. Figure 10.2 shows the ROC

10.1.3 SAFT-UT Analysis Procedure curves for "D" and "L" cracks. The SAIT team per-
formed equally well for these cracks. Figures 10.3 and

All three scanning configurations were used during the 10.4 show the ROC cunes for the manual teams' aver-
data analysis. The -6-dB level was chosen to determine age performance on "D," "S," and *1 cracks. When
the crack length. Each crack was isolated, and the these figures are compared with the previously
image color scale was adjusted by the maximum value described plots, they suggest that the SAIT team had

I ef the isolated crack. This avoided undersizing small better performance in all three crack categories than
cracks oc cracks that are not good acoustic reflectors the average of the manual teams. The final set of ROC
that may t.r adjacent to a strong acoustic reflection. curves (Figures 10.5 and 10.6) shows the average per-

formance of the advanced teams on "D," "S,* and "L"
At the time this data was collected, the SAIT real-time cracks. A comparison of these plots to Figures 10.1
processor did not exist. Thus, the sizes of the areas and 10.2 suggests that the SAIT team's performance

I
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10.0 Validation of SAFT-UT

was better than the average of the advanced teams' One short and shallow "S" crack,5 mm (0.2 in.) longt

performance for these cracks. and 5% through-wall, was not detected. One "D" crack
also was not detected because of an error in initial area

Tabular forms of these plots in Tables 103,10.4, and presentation (the crack was on the far side of the weld).
10.5 show the POD and FCP percentages for various One "L" crack was detected but not classified as a crack,'

cracks at the crack /no-crack decision threshold for the because it was located on the edge of the crack zone
SAfT, average advanced, and average manual team [approximately 19 mm (0.75 in.) from the weld center]
performance. that had been previously established. The PNL staff

had selected the crack zone and SAFT scan area to be
Table 103. Crack /No-Crack POD and FCP, SAFT-UT slightly larger than one-half the thickness of the pipe

4 specimen plus the weld root width. This was obviously
a wrong decision and was corrected for future work.

'' L" "S" "D"
10.1.5 Conclusions of the SAFT-UT Perfor-

POD 95 % 67 % 90 % mance on the MRR
FCP 18 % 14 % 14 %

The performance was truly solid and represented a suit-
able starting point for future work. There were still
many things to learn in terms of system performance on

Table 10.4. Crack /No-Crack POD and FCP, various crack conditions, but this work was very encour-
Average of Advanced Teams aging. It should be noted that no sizing was done on

these cracks: at that time, the work that had been done
A was insufficient for PNL to have confidence in the
; "L" "S" *D" results.

POD 76 % 67 % 87 %

FCP 20 % 21 % 21 % 10.2 Validation of SAFT-UT for
IGSCC Sizing

Table 10.5. Crack /No-Crack POD and FCP, PNL decided that the technology needed to be demon-
Average of Manual Teams strated in a blind test accepted by the industry. One of

these tests is the IGSCC Sizing Test conducted at the
EPRI NDE Center. Because PNL does not provide

"L" "S" "D" qualified inspection services and has no certification
program, it was proposed that PNL take the test at the

POD 72 % 43 % 69 % NDE Center and obtain a letter stating that the SAIT-
UT team performance would have passed or not passedFCP 33 % 21 % 21 %

! the accepted industry performance demonstration test.

10.2.1 SAFT-UT Validation Testing Proce-
.

False calls made by the SAFT team proved to be pri- dure
marily from unusual weld-root zone conditions that
presented strong IGSCC-type indications located close The SAFT-UT system was sent to the NDE Center. I

|to the weld fusion line. Four false calls were made in After spending one day in training, the PNL team took
the short grading units, and two false calls made in the the test following all of the normal constraints. The
long grading units. Two of the false calls made in the procedure consisted of performing one scan on each
long grading units were on a double weld bounce that specimen using a 6-mm-diameter (0.25-in.) 45* shear
produced an IGSCC-type response. transducer operating at 2.25 MHz. This was done to

|
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10.0 Validation of SAFT-UT

confirm that an IGSCC was present in the specimer.. Finally, this test provides a blind demonstration of the
Next, a tandem scan was performed using two transduc- effectiveness of the SAFT-UT technique that anyone
ers identical to that used in pulse-echo. In both cases, could duplicate by following the simple rules stated.
the data was then SAIT processed. Data interpretation
consisted of confirming the presence of the IGSCC in
the pulse-echo scan and then examining the tandem 10.3 Validation of SAFT-UT for
SAIT image. The sizing data was taken from the tan-

IGSCC Detectiondem image; the value measured in this image was re-
ported for the sizing test.

After the IGSCC Sizing Test, it was decided to follow a

10.2.2 Discussion of SAFT-UT Sizing Results similar pr e dure and participate in the performance
demonstration IGSCC Detection Test also admimstered
at the EPRI NDE Center. Again, this was taken not toThe results from this test are shown .m Figure 10.7. As g ;7;g g ,; gg g g

can be seen, the system performed very well. The val-
ucs obtamed were ones that anyone could generate to the same blind test that industry has developed to

because they were taken directly from the image with- screen those techniques that are effective as a prercq-

out any manipulations. uisite for performing inspections in the field.

10.3.1 SAFT-UT Detection Test ProcedureAfter the test, discussions occurred with other people
who have taken this test. PNL discovered that the
specimens were constructed using a 30* weld prepa- The tests that were performed used a number of trans-

ration angle. In retrospect, it would have been advis- ducers that included a contact transducer for normal

able to have used a 60* inspection angle to reflect off beam to profile the weldment and counterbore region

the inside surface and strike the crack normally. This that was based on the specimen either a 2.25 Mllz or 5

would have potentially provided the maximum and best MHz unit. The circumferential scans were made using
1.5 Milz at both 45" and 60* shear. There were skewsignal, particularly for the deepest cracks. The results

in Figure 10.7 indicate a tendency to undersize the scans taken using the 45* transducer skewed to 15*
and 45*. The normal beam, the 45* and the 60* scansdeeper cracks. This is believed to be related to the

cracks following the weld preparation angle. Use of the were SAIT processed. The skew scans were not pro-

60* inspection angle would have provided some refine _ cessed and were used only to aid in detecting axially
riented cracks.ment of the crack sizes for these deeper cracks.

10.2.3 Conclusions of SAFT-UT from the A set of rules was developed for consistently evaluating
the SAFT images. The hierarchy for the rules was asIGSCC Sizing Test..

listed below:

The performance demonstrated in these test results 1. The weld zone must be mapped with a 0* inspec-
shows that a tremendous amount of sizing information tion to determine weld root and any counterbore
contained in the 45* inspection is normally not utilized. conditions.
Signal processing techniques like SAFT are needed to
effectively use the information contained there. 2. There must be a strong response from the 45*

shear transducer unless there is a wide crown;
Researchers concluded also that it is important to un- then, only the 60 shear response may appear.
derstand how the defects propagate so that. as in this
case, optimum illumination (i.e.,60 ) can be employed 3. If there is a response from one or both directions
to provide the highest precision in the estimates gener- for 215* skews, then it is indicative of a crack.
ated.

4. If there is a response from one direction or both
directions for 45* skews, then it is probably a
crack.

10.5 NUREG/CR-6344
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10.0 Validation of SAFT-UT

5. Responses from skewed scans that are much larg- ential. The decision for this one can only be conjec-

er than from the non-skewed scans are candidates tured, because it is not permissible to relook at the test

for classification as axial cracks. data. We believe that the judgement was based in part
on the strength of the ultrasonic response from the

6. Weld roots tend to occur beyond the specimen crack as well as its length in the image. This classifica-
back surface, tion is a subjective decision and does not relate to

whether the unit of materialis determined to be

7. Counterbores tend to have very large responses cracked. We believe that the detection grading scheme
from non-skewed scans and will have virtually no should only consider calling a unit of material as either

response from the skewed scans unless they are cracked or blank. The classification of the cracks into
machined rough, in this latter case, they will tend axial or circumferential is related to a performance pa- i

to have similar properties when skewing in both + rameter connected more closely with the false call !

and - directions. If the counterbore is tapered performance. We feel that this is a better way to judge
and disappears, then the ends will tend to yield a acceptaHe performance. Most IGSCCs have axial

response for the skewed scans. components, and for long cracks there is no problem
with I'.ds. But for short cracks, a very subjective deci-

8. If the response from the 60* is much less than the sion has to be made.

response from the 45*, then the indication is most
likely a geometric condition. The other crack missed in the test was one that we

were told was detected and correctly identified on the i
|

10.3.2 SAFF-UT Detection Test Results and worksheets but not selected for reporting on the test
forms. We do not know why it was not selected for

Discussions
reporting.

The test was first taken using the SAFT-UT system
One major result of this exercise is that much was

containing the DEC VAX 11/730. This system severely learned about classification of signals in this test. The
limited data collection, processing, and analysis. Conse.

SAFT-UT system provided good signals to be used for
quently, the spatial sampling was reduced and the tem-

analysis, and we were told that the cracks reported
poral zone was limited to the inner one-third of the c rrel ted with high accuracy with the true state. Our
pipe. A second test was taken when the system had experience with this exercise will result in modification
been upgraded to include the MicroVAX 111. This up, of the data collection and analysis rules. These changes
grade provided a significant increase in speed and im.

are as foHow
proved the amount of information that could be taken.

1. Skew to much higher angle for detection of
Since that time, the technology has been implemented

missed axial cracks.
on a Sun Microsystems SPARCStation, greatly improv-
ing the speed over that of the MicroVAX 111. This

2. Change the classification decision for axial cracks
later system would provide further improvements that to one based solely on a length measure; ignore
would make taking this type of test much easier.

signal strength.

In the IGSCC test taken, seven of the cracks were
3. Refine decision for indication response from the

detected, and false calls were acceptably low. In re.
ends to classify those with a planar machined-type '

viewing the reason for missing the three cracks, it was
learned that there were, in two of the cases, good data restcase versus that from a more cloud-like or

branched crack response.from the cracks that had been recorded. In one case,
there was no data, believed to be a result of the fact

These changes should lead to correct detection of the
that skews to angles of at least 70* would be required to

IGSCC and proper classification.
obtain a suitable response from the crack. In one case,
the response from the crack was classified as axial
versus the true-state data that classified it as circumfer-

NUREG/CR-6344 10.6
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10.0 Validation of SAFT-UT

10.3.3 Conclusions Based on the IGSCC date the sizes of numbers to cover the dimensions of a
Detection Test full-sized reactor pressure vessel.

Although the IGSCC Detection Test was not successful. 10.4.2 FSV SAFT-UT Results
ly passed, the SAFT-UT system did provide information
on nearly all of the cracks in the test. The rules for All 650 MB of data were methodically analyzed. The 1
systematically evaluating the images have evolved with analysis was performed by first evaluating the data from

jtime, and the testing demonstrated their weaknesses the clad surface, followed by the data from the unciad :
and where improvements were needed. These we surface, and then all the data combined. This approach )believe have been identified and corrected and now allowed us to learn more from the data evaluation and
should form a complete set that will allow proper iden. to determine optimum inspection combinations.
tification of all the signals.

During the analysis, it became apparent that the
amount of data to be analyzed was substantially more

10A Validation of the SAFI'-UT on than had been analyzed previously for any other inspec-

the PISC-III Full-Scale Vessel 'I,est tion, in other examinations, most of the scanned mate-
rial is blank. However, in this case, every area scanned
had a substantial number of indications.

10.4.1 Overview of the FSV Test
Another result from the data analysis was that the UT

Another blind test selected for evaluating the SAFT-UT responses obtained from the various directions and
technology was the PISC-Ill Full-Scale Vessel (FSV) inspection conditions led to different conclusions about
Test. Located in Stuttgart, Germany, at the Material- how to interpret the indication. Consequently, a deci-
pruefungsanstalt (MPA) Laboratory, this test involved sion was needed as to which signals and interpretation
the characterization of 12 indications in a full-scale to believe. Every attempt was made to follow the rules
reactor pressure vessel. that had been established from previous work, but there

were many instances of ambiguity associated with the
During December 1990, three PNL staff traveled to interpretation. In these cases, a decision was reached
Stuttgart and spent 11 days performing inspections on by looking at the strength of the signals (top tip signal
the FSV. Eight of the inspection zones were examined amplitude versus bottom tip amplitude), or recognizing
from both the inside and the outside surfaces of the that volumetric indications should be detected during a
reactor vessel. In these examinations, more than 650 normal beam scan. The tandem scans were very useful
MB of data were collected. The inspections included in determining if an indication was surface-connected or
0*, 45', 60*, 70', and tandem SAFT. The data was if two signal tips were from a single indication or two
not analyzed in Germany but was shipped back to PNL different indications.
for this evaluation.

When the analysis was complete, several knowledgeable
Field trip notes were developed during the testing at PNL staff reviewed the results to ensure that nothing
the MPA site. These notes were recorded on a PC to was overlooked in the evaluation and to confirrn the
document the activities that occurred during the testing. flaw size estimates. The SAFT-UT inspection results
This turned out to be very useful because a number of were provided to the JRC at Ispra, Italy. Overall, the
confusing points were later clarified with these detailed results were felt to be good, but there were difficuhics
notes. in interpreting the data. This was due, in part, to the

number of indications in each of the zones examined
A number of things were learned in this exercise. The and the fact that defects have a large range of scatter-
SAFT-UT system, in general, performed very well; how- ing properties. Some indications were easy to interpret, )
ever, several areas were found in which improvements but others were exceedingly complex and did not fit I
were needed. The most important of these was that the simple models. ;

header for the files needed to be changed to accommo- |
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)
The data was analyzed by examining all files of a partic- Listed in Table 10.6 is the true-state data obtained by i

ular zone. The data was reduced by the PNL staff, and destructive analysis along with the results obtained j

those indications that were felt to be of importance using SAIT-UT. There was good general agreement
were reported; this sometimes included several indica- for all the defects inspected except for areas 5 and 6.

tions in a particular zone. In several other cases, the
indications were all plotted and then judged to all be In reviewing the data, the indications reported for de-

part of a single larger indication, so were reported as a fcct zone 5 correlate with the intended defect, but this

single large indication. Ilowever, we did provide docu- is not true for defect zone 6. This latter zone might

mentation showing the detailed images evaluated to best be classified as not detected. Because the analysis

reach that conclusion.

Table 10.6. PISC-Ill Action No. 2 Full-Scale Vessel Test - Phase 1

Defect 1 2 3 4

Number
AX, AY, AZ, AX, AY, AZ, AX, AY, AZ, AX, AY, AZ,

mm mm mm mm mm mm mm mm mm mm mm mm

True-S ate 9 80 18 2 24 6 L = 24,A = 6 L = 83, A = 25 !

SAIT Results 9 82 17 28 58 9(") not inspected not inspected
5.1 30.7 5

- 11.8 5

Defect 5 6 7 8

Number
AX, AY, AZ, AX, AY, AZ, AX, AY, AZ, AX, AY, AZ,

mm mm mm mm mm mm mm mm mm mm mm mm

True-State 13 33 33 15 32 22 2 31 12 28 1089 110

SAIT Results 43 42 23 38 168 20 not inspected 23 1 110

17.8 20.5 10.1 18 58

43.1 112 7.6 5.1 33

Defect 9 10 11 12

Number
AX, AY, AZ, AX, AY, AZ, AX, AY, AZ, AX, AY, AZ, l

mm mm mm mm mm mm mm mm mm mm mm mm |
|

True-State 20 1089 82 800 4 20 116 16 27 4 77 22

SAIT Results 20 - 71 not inspected 109 3 25 9 81 21

8 - 58

8 - 64

I'Ilhis first one is formed t)y adding the reported roncs together and forming a super large region containing a!! reported indications.

NUREG/CR-6344 10.8
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10.0 Validation of SAIT-UT,

i
.

i

is still in progress, the actual outcome and overall as- Table 10.7. Statistical Values of SAIT-UT Per-
3 sessment will need to await further details. formance on ALL FSV Flaws ij ,

| However, if one takes a simplistic approach to the
assessment of the SAIT-UT performance and computes AX AY AZ

*

: the mean, standard deviation, and variance for the data
as a function of the three orthogonal coordinates X, Y Mean 6.1 mm 19.5 mm -3.5 mmt

] and Z, then one finds as shown in Table 10.7 that the
Standard 13.3 mm 47.2 mm 4.4 mm

; SAIT-UT technology performed very well. It needs t
Deviation

1 be noted that most of the error for the Y dimension of
! the defects was associated with defect 6. If this defect Variance 12.4 mm 44.1 mm 4.1 mm2 2 2

) is climinated, the greatest effect will be on the Y mea-
j surements as shown in Table 10.8. This is more like
3 what is expected because the operating parameters

were selected so that the resolution of the system would4

| be similar in both the depth and lateral directions. Be- Table 10.8. Statistical Values of SAIT-UT Per-
t cause of the degraded performance due to surface formance on All FSV Flaws Except No. 6
; roughness and the cladding, it was expected that the

resolution would be 2 wavelengths, which would be 2.44a

mm to 3.0 mm (0.1 in. to 0.12 in.) for the transducer AX AY AZ j
. frequencies and modes used versus the theoretical limit l

| of I wavelength. Mean 3.7 mm 3.0 mm -3.7 mm ;

3
ji Standard 12.3 mm 3.8 mm 4.7 mm '

i 10.4.3 Conclusions Based on FSV Test Deviation |

t

2 2 2The SAIT-UT system performed extremely well and Variance 11.4 mm 3.5 mm 4.3 mm
much as expected in these tests. This provided some

*
i

good validation data for thick-section materials. We
believe the SAFT technology performed very well in;

comparison with other techniques used in this test, but,

3 a full comparison will have to await the detailed analy-

| sis that is in progress by the PISC-Ill Action 2 Data

| Analysis Group.

I
i 10.5 Conclusions
i

t

| The validation tests reported in this section provide a
! very good and strong case for the effectiveness of the

| SAIT technology. This, coupled with the improve-
. ments in computer processing speed, RAM capacity,
j and laser disks, makes for very compact and high per-
j formance systems that can process data as it is acquired
j and provide a high-performance platform for conduct-

ing the image analysis. These validation tests of SAIT-
UT strongly supports using this technology for detecting

j and characterizing ultrasonic indications in light-water
; reactor components.

$

i
i
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i 11.0 Conclusions [1

| The SAFT technology has evolved into a practical and be casily implemented) and a second real-time
i useful tool for performing inservice inspections on light processor was developed using a parallel proces- |

,

3 water reactor components. The SAFT algorithm has sor architecture. This second real-time processor >

i been accelerated to process inspection data at the same utilized commercially available hardware, and the
: rate at which the data is collected. The SAFT images software could be easily modified to accommodate t

| are displayed in the true perspective that exists relative modified SAFT algorithms. !
j to the inspected part and with uniform dimensions, thus

,

] making the images easy to interpret. Extensive labora- Special-purpose scanning head hardware has been !
*

I tory testing has shown the viability of the technology. developed. Such hardware allows for high-speed '

j Field trials have shown that SAFT can be applied in the scanning of arbitrary surfaces and constant offset
adverse emironment oflight water reactors and that of transducers. The scanning hardware was fur-1

i the resulting images are easy to interpret. A procedure ther modified to accommodate multiple transduc-
1

| based on the SAFT UT real-time field system has been er configurations such as TSAFT-2 and TSAFT-3.
,

; written for the SAFT technology. !

; Tandem SAFT configurations were developed to !
*

| Over the past 20 years, work has continued to improve overcome the ambiguities inherent in pulse-echo, !

[ SAIT-UT inspection systems for the field and the single-transducer configurations. Further, a spe-
,

laboratory. The following list summarizes the highlights cial tandem configuration (TSAFT-3) was devel-
j of work performed: oped for thick-section materials such as reactor
4 pressure vessels.
| Software from the University of Michigan was*

i modified to reduce processing times. Parametric studies were performed to study the*

| cffects of errors in parameters used during SAFT
j Software was developed to run on the host VAX processing. Included in these studies were effects*

j that would communicate with the data acquisition from assumptions made within the SAFT algo-
4

system, graphics processor, and real-time proces- rithm itself.
> sor.

A SAIT-UT field data collection system was de-*
i

i The focusing properties of SAFT-UT were numer- veloped and employed in the field during insenice
*

j ically analyzed. The point spread function of inspections of operating reactors (Dresden and
SAIT was studied as a function of aperture size, Vermont Yankee). Further, SAFT data was ac-t

i pulse attenuation, pulse bandwidth, and horizontal quired using two different commercial data
sample intervals. acquisition systems and subsequently processed

<

i and analyzed to characterize real defects in a
j Advanced data presentation techniques were ana- reactor pressure vessel (Indian Point Unit II) and*

I lyzed. Perspective contour plotting, grey scale, a static-cast stainless steel elbow in the hot leg of
i color plotting, and interactive displays were con- a reactor (Trojan Nuclear Power Plant).

sidered. Finally, a RAMTEK high-resolution.

| graphics imaging system was purchased and a Advanced preprocessing techniques were devel--

; graphics / analysis utility was written. oped for anisotropic materials such as centrifugal-
'

ly cast stainless steels. Utilities were written to
| Processing needs associated with performing real- determine the spectrum characteristics of defects*

time SAFT-UT were analyzed. Commercially and nondefects in anisotropic materials. A filter
i

available computer systems and array processors utility could subsequently be used on raw data,
j were analyzed and found to be either inadequate prior to SAFT processing, to enhance defect re-
4 or too expensive for performing real-time SAFT- sponses and diminisii raondefect responses. A
$ UT. The concept of a special purpose, hardware time-derivative utility was developed to improve
! implementation, SAFT processor was proposed the signal-to-noise ratio of wide-band data files.

and developed.110 wever, this also was inade-

{ quate (variations of the SAFT algorithm could not
.
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11.0 Conclusions

I
|

Installation of the SAIT utilities on a VAX The validation testing provides a very good and* *

| 11/750 owned by Combustion Engineering consti- strong case for the effectiveness of the SAfT
tuted the first step in examining how to transfer technology. This, coupled with the improvements'

the SAIT technology. Also, a real-time processor in computer processing speed, RAhi, capacity,
was fabricated for use by Sandia National Labo- and laser disks, makes for very compact and high-
ratories, and the SAIT utilities were installed on performance systems that can process data as it is
a hiicroVAX computer, which was designated as acquired and provide a high-performance platform
the host computer in the Sandia SAFT-UT sys- for conducting the image analysis. This work,

tem. provides a powerful case for use of this technology
for detecting and characterizing ultrasonic indica-I

l The SAIT technology has been formally integrat- tions in light water reactor components.*

ed into ASN1E Code Section V, Article 4, Appen-
dix E, which addresses computerized UT imaging Development, training, and delivery of a compact*

systems. This article contains general require- SAIT-UT field system ba3cd on the latest com-
ments plus specific requirements covering calibra- puter advances has been achieved through the

| tion, SAIT-UT, L-SAIT, broadband holography, system now used by the NRC NDE hiobile Labo-
! and UT-phased arrays. ratory staff.

Because of the new computer products that have To summarize, much developmental research work has-

become available during the time that the SAFT- been performed over the past 20 years to develop and
UT system was under development, we have seen implement SAIT-UT. hiany of the basic questions re-
significant improvement in the system. Tremen- garding the ultimate resolution and computational com-
dous amounts of data generated by SAIT-UT plexity associated with performing SAFT-UT have been
inspections need efficicci handling and effective answered. The SAIT program has resulted in a real- i

storage. Particularly for the inspection of pres- time SAIT-UT field system and hand-in-hand work
sure vessels, SAIT-UT cffectively uses advancing with commercial companies performing special inservice
computer technology. inspections of operating reactors. Transfer of the

SAIT technology to the nuclear industry has been a
goal of the program, and PNL is continuing to work
toward achieving that goal.

I

|

|
!

1,

1

*
.

I
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Appendix A

Detailed Description of the SAFF-UT Field Inspection System

The SAFT-UT field system can be described by four the expected image resolution. The mechanical scanner
functional subsystems as shown in Figure A.I. The STEPPING MOTORS < U,Y,T> have a resolution of
data acquisition subsystem controls the scanning of the 1000 steps / inch on the scan axes (X-axes) and 4988
part and collects data for subsequent processing. The steps / inch on the increment axis (Y-axis). This selec-
host computer acts as the system executive and per- tion of position resolution allows sufficient flexibility
forms the human interface. The Real-Time Processor when choosing the increment size.
is a peripheral desice to the host computer that per-
forms the computationally intensive SAFT algorithm. Usually, positional information is based entirely on the
Finally, the graphics processor provides the image dis- motor pulses; however, there are instances when oper-
play to the operator for interpretation. ating the scanner remotely that absolute position is de-

sired. OPTICAL ENCODERS <K,M,L> with 1024
In the sections tnat follow, hardware requirements of counts / revolution are used to give absolute position
the complete SAFT-UT field system are discussed, information for reference, and can be optionally em-
incluuing a detailed hardware description of each sub- ployed to proside the pulses used for increment count-
system. Specifications, block diagrams, parts lists, and ing. The optical encoders used on the SAFT-UT mech-
schematics are provided in this Appendix. anical scanner provide 2560 counts / inch on the X axes

and 865 counts / inch on the Y axis. This provides a
sufficient number of counts for increment selection.

A.1 SAFT-UT Data Acquisition Sys-
tem Figure A.4 shows a close-up photograph of the pipe

scanner in the normal-beam pulse-echo configuration.
This shows a side-view of the water column probe usedThe SAFT-UT data acquisition system is shown in

block diagram form in Figure A.2. It is divided int for normal-beam data collection. Figure A.5 shows the
same view of a contact probe attached to the SAFT-UT

five sub-systems: mechanical scanner components, me-
pipe scanner in the 45-degree shear-wave configuration.

chanical scanner drive / control, the acoustic system, data
, Finally, Figure A.6 shows a photograph of two contactacquisition computer, and additional miscellaneous

transducers placed in the dual transducer tandem con-
components. figuration.

Requirements for each of these subsystems will be ad"
The SAFT-UT mechanical scanner uses magnetic

dressed in this section in the order listed above. The
wheels that adhere to a metal track to maintain Y axis

letter superscripts, shown in Figure A.2, help identify
alignment and attach the scanner to the structure being

the hardware, and are referenced throughout the text in
scanned. The scanner originally purchased employed

this chapter for clarity. Figure A.3 is a photograph of
only one X axis; it was modified at PNL to employ two

the SAFT-UT field system with labels indicating the X axes that are independently controllable. |physical location of modules corresponding to the block l

diagram of Figure A.2.
Transducer selection should be considered of utmost
importance. When a scan is performed using a plastic

A.I.1 Mechanical Scanner wedge, the transducer must be of a small diameter but
have a good signal response with the goal of simulating

The MECHANICAL SCANNER <DD> is capable of a point source. If a water column is to be used, then a !
scanning as many as two axes simultaneously and incre- focused probe with the focal point residing on the sur- '

menting a third axis perpendicular to the scanned axes. face of the structure is needed. Experience on stainless
The SAFT-UT scanning convention assumes the X axis steel piping has shown that a 0.25-inch-diameter,2.25-
to be the scanned axis and the Y axis to be the incre- MHz unfocussed transducer used with various plastic |
ment axis. The chosen increment size is dependent on wedge assortments is sufficient for many field appli- '

A.1 NUREG/CR-6344
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cations. A water column is normally used for far-sur- designed to be easy to replace, low cost, and sim-

face profiling only. A 5-Milz,3-inch focal length, and ple to disassemble.

0.75-inch-diameter transducer has been used for far-
Provision for mounting a remote pulser / preampsurface profiling using a water column coupling device. .

on the mechanical scanner was needed. The
A number of considerations effected the design of the mounting of the pulser / preamp was studied at

SAFT-UT pipe scanner. These are itemized as follows: length so that the overall size of the scanner was
not compromised and interference with the trans-

It was designed to provide the capability for at- ducer movement was minimized.*

taching either a plastic wedge or water column
coupling device to the probes involved. A.I.2 Scanner Drive / Control

Two independently controlled scan axes were Processing data using the SAFT algorithm requires reli-*

implemented to accommodate the able positional information and the ability to accurately
TSAFT/TSAFT-2 configurations. Also for these read the position of the mechanical scanner during
configurations the source transducer was aligned operation. The stepper motor and driver combination
directly behind the receive transducer. was designed to provide sufficient torque to drive the

loads that are be encountered, such as the transducers
Suflicient tension was required to maintain cou- when they are used in conjunction with a water column.

pling throughout the scan, overhead or under- or when scanning curved surfaces such as horizontal
neath an object such as a pipe. piping. The Y axis stepper motor and driver provides

enough torque to transport the scanner mechanism on a
When using water columns for normal-beam or vertical surface. The mechanical scanner gear ratio,

,

l.

angle-beam data collection, the mechanical attach- stepper motor, and driver combination used in the
ment was designed to be rigid enough to ensure SAFT-UT field system provide adequate torque (53-oz.- i

accurate tracking and maintaining the incident an- in.) up to 2 inches per second, which is a sufficient
gles. scanning speed for the field application work that has

been performed.
The mechanical attachment was designed to allow.

the transducer to be rotated 180-degrecs for look- Control of the mechanical scanner is accomplished by
ing back towards the scanner with the transducer; the Data Acquisition System computer interfacing with
i.e., reaching across a weld when it is not conve- a stepper motor controller. The STEPPER MOTOR
nient to mount the scanner on the far side. CONTROLLER <P,0,R> has the following specifi-

cations:
To fully benefit from the ability to straddle a.

The number of steps is defined by a number withweld, it was necessary to be able to remotely .

select either transducer to be a source, receiver, 23-bit resolution and an additional sign bit for di-
or to operate in the pulse-echo or tandem mode, rection.

Adjustable linear acceleration and deceleration.Strain reliefs were used on the cables to prevent. .

cable fatigue and to keep the cables out of the
pathway of the scanner. Motor and encoder sig- Remote operating mode for connection to a joy-.

nals utilized shielded pair cabling to ensure elec- stick.
trical isolation and a separate 75-ohm coaxial

Ability to stop and start a motor during a cyclecable were used for preamplifier signals. .

without losing position information.
Decontamination was considered since the scan-.

ner was to be used in a contaminated area during Programmable control of speed and acceleration..

insenice inspections. The scanner assembly was

NUREG/CR-6344 A.2
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IIalf-step mode for improved torque and resolu- A.1.3 Acoustic System
=

tion.

The Acoustic System is a critical component of the
Motor pulse and direction outputs. SAIT-UT field system. The quality of the data collect-

*

ed is dependent on the quality of the hardware selected.
The motor or encoder pulses are counted as the motor The SAFT UT licld system incorporates a PNiebuilt
is in motion; when the increment size is reached, data is SQUARE WAVE PULSER <B>, which is detailed in
tha ollected. Therefore, hardware is needed to count

a block diagram in Figure A.8, and a commercially
| the motor pulses or the optionally selectable encoder available PREAMPLIFIER <B>,into one package
! pulses. Two counters are used in the SAIT-UT system. called the remote pulser / preamplifier. This unit !
| The first counter, referred to as the PROGRAMMA- mounts directly on the n'echanical scanner. The fune- I
' BLE DIVIDER <N>, shown in detail in Figure A.7, tion of the remote pulser / preamplifier is to reduce the l

was designed and assembled at PNL on a CAMAC signal degradation inherent in having 200 feet of cable
; prototype card and placed into the system. The counter linking the mechanical scanner and transducers to the
! is loaded with the desired increment count. When the Data Acquisition System main frame. The specifica-

counter overflows, a sync pulse is generated that begins tions of the remote pulser / preamplifier are:
the data acquisition cycle. The counter is then reloaded
to count the next scan increment. The counter has the 'ITL trigger input..

following specifications:

Output pulse width controllable by trigger input-

12-bit presettable up/down counter. pulse width.
a

j liardware selectahic to use either the encoder or*
Separate high voltage input..

| motor pulses as the input.

Two transducer hookups, each remotely selectable, +

I Software selectable to use the X1, X2, or the Y to be a source or receiver when operated in the
*

axes as the input, latch and load a new increment tandem mode, or a pulser and receiver when
count, set the pulser drive module to remote, and operated in the pulse-echo mode.
clear the counter.

An output pulse amplitude is prosided of up to*

! The second counter is a four-channel UP/DOWN 350 volts with the duration of the pulse adjustable
i <O> CAMAC module, and is used to continually from 0.10 to 1.0 microseconds.

count the encoder pulses to provide the system with,
'

absolute position information. This counter has the fol- Pulser output impedance is on the order of 2 to 4*

lowing specifications: ohms.
!

Four presettab!c 16-bit up/down counters.*
RF output drives 200 feet of 75-ohm coaxial cable.

with no more than a -6 dB loss.
Separate up/down inputs.*

Preamplifier input impedance is 500 ohms for*

Counting rates from de to 20 Milz. signal voltages less than the clamp voltage, and
*

not less than 100 ohms for signal voltages greater
Capacity of 65,535 counts per channel. than the clamp voltage.

*

Overflow and underflow status bits for each chan-*
The clamp circuit protects the preamplifier from a.

nel. positive or negative 350-volt pulse of 1 microsec-
ond duration.

Separate clear command for each channel.*

1
,

A.3 NUREG/CR-6344

-- -



__ _ __

Appendix A

Gain of the preamplifier is 20 dB when loaded adjustable from 0.5 kilz to 2 kilz and is selected+

into 50 ohms. from the front panel.
,

Pulser inhibit input - Useful when remotely-3 dB bandwidth is at least 0.5 to 7.5 Milz. +
7*

switching transducer sources and is controlled by !

At times it is desirable to switch the identity of the the Mode Select module.

transducers that are attached to the remote mechanical
.

scanner. When collecting SAFT-UT data, this feature After the RF signal has passed through the preamplifi- !
is desirable because of the tandem and pulse-echo er, and the 200 feet of cable, it is received and ampli- I

modes that are used. One would like to be able to fied by the TIME VARIABLE GAIN AMPLIFIER |
switch between the two modes without having to physi- <C) (TVG Amplifier) which has the following specifi- !

cally switch the cables, especially if one has to enter a cations: !

radiation zone to do the switching. The MODE SE-
Total gain of at least 60 dB.LECT <A> module, as detailed in the block diagram +

in Figure A.9, was developed at PNL to accomplish the r

At least 40 dB of voltage controlled gain that can ;switching task and has the following specifications: *

change in 20 microseconds without changing the ;

Inhibits pulser high voltage when switching out- output more than 10% of full scale with the am-*

puts. plifier input terminated into 500 ohms and no )
input signal.

Selects any one of four transducer configurations; .
*

The -3 dB bandwidth is 0.5 to 7.5 Milz. ]pulse-echo mode-front or rear transducer; tan- *

dem mode--rear transducer as the source, front
An output swing is 10 volts peak to peak into 50transducer as the receivu, or the front transducer *

as the source and the rear transducer as the re- ohms. J

ceiver. |
At least 48 dB of dynamic range at the output be- |*

The PULSER DRIVER <G > module, as shown in tween the noise floor and the saturated output

Figure A.10, was developed at PNL and provides the level. (
'

system sync pulse, remote pulser trigger, and the re-
The output stage is the first stage to saturatemote pulser high voltage. The pulser driver has the *

following specifications: under any gain setting.

Transmit overload recovery is 25 microseconds. ItAdjustable sync delay to compensate for the elec- **

trical time delay experienced in the 200 feet of is defined as the time required for the output to
cable to the remote pulser / preamplifier. settle to the noise level after the leading edge of

the transmit pulse at any gain setting and any

liigh voltage power supply adjustable from 150 to transmit pulse width from 1 microsecond to 67+

350 volts. nanoseconds. This should be measured with a 50-
ohm resistor connected to the transducer connec-

Remote pulser trigger output with continuously tor.*

adjustable pulse widths of 0.1 microsecond to 1
The overload recovery time, from 100% signalmicrosecond. +

overload, is less than the time required for one

Remote select input - The pulser driver can pro- half of a cycle of the input signal after the end of*

vide internal timing or the timing can be provided the input signal. It is defined as the time required
by an external source. External timing is provided for the output to settle to the noise level after an

by the programmable divider module on the com- input signal twice the amplitude required to satu-
pletion of an increment count. Local timing is rate the output. The input signal should be a

NUREG/CR-6344 A.4
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bipolar, single-cycle sine wave of any frequency Conversion rates of de to 32 MIfz.+

between 0.5 and 7.5 Mllz.
Analog input impedance to be 50 ohms with the*

A block diagram of the TVG RAMP GENERATOR DC offset adjustable from the front panel. The
< D> module shown in Figure A.11. It is needed to input must handle 10 volts.
develop the ramps that control the gain of the TVG
amplifier. The ramp generator used in the SAIT-UT Stop sampling input that stops sampling after a+

field system is a PNL-built unit and has the following selected number of post-trigger samples have been
specifications: stored.

i
Minimum ramp time of 8 microseconds. Display output and trigger for monitor by an oscil- |

a *

loscope.
Ramp start adjustable from 0 to 200 microsec-*

)

onds. Memory capable of storing at least 1024 samples )*

and memory size programmable and readable by j
Three slope end point adjustments - each slope computer. |

=

end point is settable from 0 to 20 microseconds. I
A PROGRAMMABLE DELAY <ll> module is used |Five gain adjustments - starting gain, slope I gain, to trigger the stop sampling input of the ana'og-to- |

*

slope 2 gain, slope 3 gain, and the final gain. digital converter and is extremely useful when signals of |

interest are delayed in time from the initial pulse. The |A dual-trace Tektronix oscilloscope is used as MONI- programmable delay module has the following specifica- j
TOR #1 <E> to observe the RF signal out of the tions: !

TVG amplifier and the TVG ramps out of the TVG
ramp generator it is necessary to ensure that signals Programmable delays from 100 nanoseconds to 10*

of interest are not saturating when collecting data to be seconds,
j

processed using either the pulse-echo or tandem SAFT 1

algorithm and set up of the TVG ramps is simplified Delay readout on the front panel.+
,

when the RF signal and the TVG ramps can be viewed '

at the same time. Start delay input is TTL compatible.
]

*

|
The RF waveform is digitized for processing by the An external PROGRAMMABLE CLOCK <J> mod-
SAIT algorithm and provides a data base that can be ule is used to provide the timing to the analog-to-digital
processed in real time or at a later date. The SAIT converter because the analog-to-digital converter inter-
algorithm requires four samples per cycle as a temporal nal clock rates did not provide the sampling multiples
sampling minimum. A dual trace Tektronix oscillo- that were desired. With the option of using either the
scope is used as MONITOR #2 <F> to observe the internal clock or the external clock, the majority of
digitized RF signal. The ANALOG-TO-DIGITAL sampling rates can be obtained. The external program-
CONVERTER <l> module that is used in the SAIT- mable clock has the following specifications:
UT field system has the following specifications:

Programmable clock rates of 0.5,1,2,5,10, and*

100-Milz analog bandwidth (-3 dB points) over 20 Mllz.a

entire input range.
Outputs are TTL compatible and will drive 50*

1

8-bit resolution. ohms. J
*

Programmable internal clock with an external*

ck>ck input option. The internal clock rates are as
follows: 0.5,1, 2, 4, 8,16, and 32 Milz.

)
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Fully buffered bus.A.I.4 Data Acquisition Computer *

The data acquisition computer subsystem provides an Transfer of data to the host VAX requires a high-speed

operator interface and controls the SAFT-UT data serial or paralici interface. The SAfT-UT fic!d system

acquisition system. Data can be transferred to the host uses a PRONET <X> high-speed serialinterprocessor
communications device which consists of two boardsVAX for processing and graphic display or stored di.

rectly on the local disk drives. The ability to store data that plug into the LSI-11/23 bus expansion box. The

directly onto disk allows the data acquisition system to PRONET hardware has the following specifications:

perform as a stand-alone unit. In the stand alone mode
processing and analysis of the data is then performed at 10 Mbits per second throughput; no saturation.*

a later date.
Low software interface burden on the host com-*

An LSI-11/23 <W> minicomputer is the heart of the puter,

data acquisition computer system coupled with an RT-
11 operating system and a FORTRAN IV compiler. Data links up to 300 meters.*

The following is a list of specifications:
DMA interface to the 0-bus.*

Extended fixed point instruction set, floating point*

Separate 2 K.B packet buffers, plus control and*
instruction set.

status registers.
|

256 KB of RAM.*

Token arbitration, variabic length data packet, and*

2 RS-232 asynchronous serialinterface ports. parity checking.-

Full duplex operation.*
Half rack card cage with four slots.*

To extend the usefulness of the LSI-11/23, a full quad One of the RS-232 asynchronous seriallines from the

EXPANSION BOX <X> was purchased that attaches, LSI-11/23 connects to a VT-100 compatible TERMI-

through a bus expansion cable, to the LSI-11/23. The NAL <AA> and provides an operator interface. The
second RS-232 serial interface line is connected to thefollowing is a list of specifications:
host VAX computer which provides a virtual terminal

120 volts AC input, interface to allow the operator to directly communicate
*

with the VAX 11/730 host computer via the operator
terminal.Forced air cooling.-

Capable of accepting cight double or four quad Finally the LSI-11/23 system must have a mass storage*

device. An 8-inch Winchester hard disk and 8-inchsize LSI 11 compatible cards.
floppy combination is used. The DISK DRIVE <Z>

An LSI 11 BUS ADAPTER <X> plugs into the expan- unit used in the SAFT-UT field system has the follow-

sion box and interfaces the LSI-11/23 computer, ing specifications:

through a ribbon cable, to the CAMAC CONTROL-
LER <S> card. The CAMAC controller card super- 20 MByte capacity Winchester hard disk.*

vises the various cards housed in the CAMAC card
cage. The two cards will be treated as a set which 1 MB floppy disk capacity, RX02 format.*

forms a dedicated interface with the following specifica-
Disk controller card interface is LSI-11 compati-*

tions:
ble.

Supports DMA block transfer mode.*
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A.I.5 Additional Hardware (PNL designed)
TVG AMPLIFIER <C>*

Two 24-volt power supplies provide the necessary cur- TVG RAMP GENERATOR <D>*

rent for the stepper motors and have the following (PNL designed)
specifications: MONITOR SCOPE #1 <E>*

PULSER DRIVER <G>-

Adjustable output voltage. (PNL designed)
*

Output rated at 24 volts and 10 amperes. The following is a list of specifications for the Tektronix
*

power supply and mainframe:
A CAMAC CRATE POWER SUPPLY AND MAIN-
FRAME <BB> provides power and a card cage to Six powered compartments with compartment-

plug the Camac modules into. The following is a list of number six having a higher power rating than the
the modules that plug into the Camac crate: other five.

3 STEPPER MOTOR CONTROLLERS Forced air cooling.* *

< P,0,R >

26 volts DC @ 1 ampere per compartment, +8*

PROGRAMMABLE DELAY <ll> volts DC @ 3 amperes per compartment,25 volts*

AC @ 1-ampere rms (2.5-ampere rms for the high
ANALOG-TO-DIGITAL CONVERTER <l> power compartment) - two per compartment, and

*

17.5 volts @ 350 milliamperes per compartment.
PROGRAMMABLE CLOCK <J>*

One NPN and PNP series pass transistor per*

UP/DOWN COUNTER <O> compartment,10-watts (30-watts for the high
*

power compartment) maximum dissipation each.
PROGRAMMABLE DIVIDER <N> (PNL

*

designed) The data acquisition system includes a PULIZZI POW-
ER CONTROLLER <EE> which provides 120 volts

CAMAC CRATE BUS CONTROLLER < S> AC for all the equipment within the Data Acquisition*

rack. The Pulizzi power controller sequences the com-
The following is a list of specifications for the powered puter components on first and then the rest of the
Camac crate mainframe and power supply unit: equipment all from a single front panel switch. The

following is a list of specifications:
Power supply provides 24 volts @ 6 amperes,*

212 volts @ 3 ampetes, + 6 volts @ 42 amperes, Input power: 120 volts AC,60 cycle, and 20 am-*

and -6 volts @ 25 amperes. peres.

25 slots available for Camac moduley Output power: 12 circuits total; four on the* *

switched 1 circuit, four on the switched 2 circuit,
Metering for voltage and currents of the power and four on the unswitched circuit.*

supply.

Remote I/O connection for on/off control.*

A TEKTRONIX POWER SUPPLY AND MAIN-
FRAME <CC> provides the power for the analog In field applications, it is desirable to insure that one
modules. The following is a list of the modules that has a clean AC source. The SOLA POWER CONDI-
plug into the Tektronix mainframe: TIONER < FF> is used in the SAFT-UT field system

to provide both a regulated and filtered AC source.
MODE SELECT < A> The following is a list of specifications:*

A.7 NUREG/CR-6344
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1

Tri-density tape system complete with unibus
'

Input power: 95-130 volts AC,60 cycle, and 20
+

+
interface board. The tape drive provides archival

amperes.
storage for the large data bases that can accrue.

Output power: 120 volts AC 3% for an input*

DR11W parallel interface module that resides onvariation of 15%,60 cycle, and 20 amperes. *

the unibus. This parallelinterface provides a data

85(fo efficiency at full load, common mode noise link to the SAFT-UT Real-Time Processor.
-

rejection >120 dB, and transverse noise rejection
Iligh-speed PRONET serial data link interface*

>60 dB.
card that is unibus compatible with appropriate
VMS software driver. The data acquisition system i

interfaces through this high-speed serial data fiak t

A.2 Host Computer to the host computer.

A Digital Equipment Corporation VAX-11/730 running
under the VMS operating system was selected to be the A.3 Graphics Processing and DisplaySAIT-UT Geld system host computer. It functions as a

icentral controller funneling data to the SAFT-UT Real-
Time Processor, communicating with the graphics gen- The SAFT-UT lield system uses a RAMTEK 9465

erator and data acquisition system, and doing the gener- graphics processor for image display and analysis. It |

al housekeeping tasks that are needed. Although a has the following specifications: ;

VAX-11/730 was used for the SAIT-UT field system, e
i

MC68000-based display generator with 50 feet ofany VAX-class computer running the VMS operating +

system could serve as the host computer; e.g., VAX-
interface cable,1280 x 1024 x 12 planes of refresh

11/780, VAX-11/750, or a MicroVAX. The hardware memory,240 KBytes of user RAM, and a joystick

specifications of the SAIT-UT field system host com- cursor controller.
[puter are the following:

Vector throughput rates (unde DMA control) of+

VAX-11/730 with 5 MB of Random Access Mem-
16,000 vectors per second and images (pixel ar-

.

rays) transferred from the computer interface toory.
the memory control processor at rates up to

R80121 MB hard disk. 892,000 pixels per second. ,
*

I

VAX/VMS driver and DEC/VAX interface' card. ;
DMI'32 communications controller +

+

19 inch color RGB,long persistance phosphor ;LAl20 printing terminal to act as the computer a
-

console. rr.Onitor.

!

VT100-compatible terminal for user interaction.-

The SAFT UT Geld system uses the Tektronix A.4 Real-Time Processor
4105 for this terminal because of its graphics
capabilities. Software has been developed to SAFT processing is a highly intensive computational
allow use of this terminal as a backup graphics process that can require a considerable amount of time
display unit should one have a need to use it in to complete for some data files. The host computer i

this capacity. has many tasks to perform (i.e., graphics control, data
1/O, etc.); and if one wishes to process data while the

VAX/VMS operating system with C and FOR- data is being collected, an alternative peripheral device*

TRAN 77 compilers. must exist to effectively implement the S. AFT algorithm.
The SAIT-UT Real-Time Processor was developed as

Unibus expansion box with four slot backplane. a peripheral to the VAX host to compute the SAIT
'

*

!
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| |

| functions. Figure A.12 shows a simplified diagram of Ten 68020 single-board computers that function as*
,

j the hardware structure within the SAFT Processor slave processors with 1 MByte of local RAM. |
module. It performs on the VME bus structure in a Each of the slave boards must be capable of 32- {3

1 parallel processing environment to expedite the compu- bit data transfers and come complete with '

| tational process. The following hardware specifications EPROM sockets on board. j
; pertain to this module: '

A VT100 compatible terminal is used to commu-*
,

| 20 slot VME card cage having both J1 and J2 nicate with the supervisor CPU board and to boot*

j backplancs. the Real-Time Processor when processing data
files.

Each board referenced is a double high/ single*

wide VME-bus compatible board.

A.5 SAFF-UT Field System Per-
112 volt power supply @ 6 amperes.*

4

formance Regm.rements
+ 5 volt power supply @ 73 amperes at tempera-a

tures to 60 C. Certain requirements of th- SAFT-UT field system
should be emphasized. Experiences, primarily in field

68000 CPU card having the ROM versions of tests, have contributed to establishing the list that is as> *

I"U"*5PROBE and PSOS on board. Two RS232 asyn-
chronous serial ports are required and full arbitra-

; tion capability of the bus is needed. Yhis CPU The host computer hard disk storage size is im-*

card performs the supervisor function. p rt nt. When post analysis is performed, many
different data files or processed files are needed

System controller board that provides general sys- f r review before any conclusions can be reached.*

tem utilitics necessary for VME bus-compatible It is convenient if all the necessary files cain resW

boards to operate in a VME bus card cage. It n the hard disk. A disk with a capacity of 100 i

Mbytes or grea cr is recommended and should be
considered a m}mimum for nuclear applications.must support all four levels of bt.s request and

allocation; system reset generation and bus arbiter
options (fixed priority /round-robin) must also be
supported. The mechanical scanner needs to have two inde-*

pendently controllable scan axes to make use of

Disk controller card that supports both hard and the tandem SAIT mode. Adequate resolution of*

flexible disk drives with the appropriate on-board each of the axes is defined as "having the capabili-

ROMS to be compatible with the CP/M operat- ty to set the increment size small enough to

ing system. achieve a spatial sampling of at least one wave*

length."

10 MByte Winchester hard disk and 48 tracks per*

inch, double-sided floppy disk drive. Temporal sampling is also a critical parameter*

when collecting data. The analog-to-digital con-

Two 1-MByte and one 256-KByte DRAM boards verter that is used must be able to sample the*

capable of 8,16, and 32-bit operations with user, transducer center frequency at least four times per

selectable addressing. cycle.

CP/M operating system with BIOS, C-compiler, A fully programmable delay gate is necessary in*
*

68000 assembler, editor, and linker. thicker materials to reduce the data file size so
that more reasonable data display and manipu-

VME bus high-speed parallel DMA interface lation rates can be achieved. This delay gate*

board, fully emulating the DEC DR11W. delays the sync pulse used to stop the digitizer
sampling, and allows one to digitize only the area
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of interest; the digitizer then stores each digiti 7ed A.6 SAFT-UT Complete Hardware
value which constitutes one A-scan. Listing
The host computer should be a VAX-class com-*

puter running the VMS operating system. Be- Comprehensive hardware listings in Tables A.1 through

cause of the larger files, the host computer and A.4 are provided to facilitate duplication of the SAFT-

disk writing rates become the bottleneck for UT Geld system. The bracketed letters identify the

achieving fast processing speeds. Therefore, the block on the Data Acquisition System block diagram

faster VAX-class computer and disk writing speci. (Figure A.2), and the bracketed numbers refer to the

fications should be selected. manufacturer address list in Table A.S.

Development of the SAFT-UT Real-Time Proces-*

sor was a major miles'onc for the SAFT program A.7 Mechanical and Electrical System
and deviation from the hardware listed in Table Drawings
A.4 may jeopardize the performance of this de-
vice. Even subtle hardware differences can be Figures A.13 through A.18 are electronic schematic dia-
detrimental to the successful performance of the grams of the PNL custom designed electronic modules.
SAFT-UT Real-Time Processor due to the com- Drawings of the mechanical scanner design are shown,

plex nature of a parallel processing environment. in Figures A.19 through A.23.
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, Table A.1. Data Acquisition System
,

i Description Manufacturer - Model
I'

1. Mode Select Module <A> PNL N/A
4

i 2. Remote Preamplifier <B> Analog Modules <1> 5LNVA-7.5

i 3. TVG Amplifier <C> Analog Modules VGA-7.5
l

4. TVG Ramp Generator <D> PNL N/A
4

5. Monitor Scope #1 <E> Tektronix <2> SC-504

6. Monitor Scope #2 <F> Tektronix 5110/5A15N/5B10N

| 7. Pulser Driver <G> PNL N/Ai

j 8. Square Wave Pulser <B> PNL N/A
$ 9. Programable Delay <ll> LeCROY Research <3> 2323

10. Analog / Digital Converter <l> LcCROY Research TR8837F

I 11. Optical Encoder <K,L,M> (3 cach) Disc Instruments <4> 821-1024-OALP 'ITL

12. Programable Divider <N> PNL N/A
13. Programable Clock <J > LeCROY Research 8501

14. Up/Down Counter <O> Kinetic Systems <5> 3920

15. Inc. Axis Step Motor <T> Eastern Air Devices <6> LD11EAM3C

16. Scan Axes Step Motors < U,V> Superior Electric <7> M061-FD08

17. 24V Power Supply (2 ca.) < Y> Acopian <8> 24PT10

18. Step Motor Control <P,0,R > (3 ca.) Joerger Enterprises <9> t SMC-24

19. Camac Crate Controller <S> Kinetic Systems 3920

20. Camputer (LSI 11/23) <W> ADAC Corp. < 10> 2200-CRIX-M-R-611
RT-11 operating system

21. O-Buss Expansion Box <X> Digital Equipment <11> BA 11-ME

22. 131-11 Bus Adapter <X> Kinetic Systems 2920-Z1D

23. Drive (8" liard/ Floppy) <Z> Oualogy <12> DSD 880/20

24. Terminal < AA > Digital Equipment Vt-100

25. ProNET Network <X> Protcon, Inc. <13> | P1100- ,

l

26. Camac Crate Card Cage < BB> Kinctic Systems 1500 PIK .I

25 slot with power supply

!

A.11 NUREG/CR-6344
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,

Description Manufacturer Model

27. Analog Mainframe <CC> Tektronix TM-5006

28. Mechanical Scanner <DD> AM DATA < 14 > AMAPS 822511

29. Power Controller < EE> Pulizzi Engineering < 15> PC 230

30. Power Conditioner 2KVA < FF> Sola Electric <16> 63-13-220.

Table A.2. Ilost Computer

Description Manufacturer Model
,

1. Vax 11/730 CPU w/1 Mbyte Memory, Digital Equipment 11730-ZA-SV-CXWMA-CK
VMS, Fortran, and C

2. Floating Point Accel. Digital Equipment FP730

3.1200 Ilaud Printing Terminal Digital Equipment LS120-AD

4. 3 Mil Expansion Memory Digital Equipment MS730-CC'

5. Multifunction Add-On Expander Digital Equipment DM P32-AI3

6.10.4 Mllyte Disk Digital Equipment RLO2-AK

7.124 Mllyte Fixed Disk Digital Equipment R80-AA

8. UNillUSS Expansion flox Digital Equipment 13A11-KW*

9 4 Slot UNil3USS llackplane Digital Equipment DD11-CK

10. Pronet Network Protcon, Inc. P1000

11. Parallel DMA Interface MDB Systems, Inc. < 17> DR11-W

12. Graphics Terminal Tektronix 4105

13. Tri Density Tape Drive Kennedy <18> 9400

14. Unibus Controller DILOG < 19> DU132

15. Power Controller PULIZZI Engineering PC 230

l b. Power Conditioner 3KVA Sola Electric 63-13-230

17. Power Conditioner 2KVA Sola Electric 63-13-220

NU REG /CR-6344 A.12
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Table A.3. Graphie, Processing and Display

Description Manufacturcr Model
,

1. DEC/VAX Compatible Displa;* System RAMTEK <20> RM-9465 Ma:quis 7000

2. Refresh Memory Upgrade RAMTEK MO-256A j

3. Memory Board RAMTEK 508072-02

4. Joystick Controller RAMTEK 4401

5.19" Graphics Monitor RAMTEK G M-859-CI.P

6. Polaroid Camera PECA Products <21> DS-34
-

7.19" CRT llood for Camera PECA Products DS-3920
__

Table A.4. Real-Time SAFT Processor

._

Description Manufacturer Model

1. J1-20 Slot VME Backplanc ' Scroff < 22 > 608(3306
_

2. J2-20 Slot VME Backplanc Scroff 60800-345

3. 20 Slot Card Cage Scroff 20S17-032

4. 300 Watt Power Supply Scroff 11008-177

5.10 MByte liard Disk Shugart <23> SA712

6. 5.25-inch Mini Floppy Disk Shugarty SA455

7. Disk Drive P/S 4 5V ACDC Electronics <24> ECV5N6-1

8. D:sk Drive P/S + 12V ACDC Electronics ECV12N68-1

9. Disk Drive Enclosure Tracewell Enclosures < 25> Cil519

10. Disk Controller Signetics < 26> SMVM E-4300

11. System Controller Signetics SM VM E-1500

12. Parallel DMA Interface IKON Corporation <27> DRil-W

13. CPU Card / Supervisor with Signetics SM VM E-2000A
PROBE-68K, PSOS-68K,
CP/M, and C-Compiler

A.13 NUREG/CR-6344

__ -



Appendix A

_

Description Manufacturer Model

14. 256KB Ram Memory Signetics SMVM E-3100SD

} 15.1MB Ram Memory (2 ca.) Signetics SMVME-3110SD

16. 68020 SBC (10 ca.) Motorola <28> MVME 133-1

17. Terminal Digital Equipment VT-100

F 18. Power Supply +5V 7bda < 29 > LGS-6A-5-OVR*

< .o ,

Table A.S. Vendor Addresses

Vender addresses are provided to case the task of purchasing all or part of the hardware used in the SAIT-UT field
system.

f
Manufacturer Address Telephone

Analog Modules 126 Baywood Ave, Longwood, FL 32750 305-339-4356

Tektronix, Inc. P.O. Box 500, Beaverton, OR 97077 503-627-9000

LeCROY Research Systems 1806 Embarcadero Road, Palo Alto, CA 94303 916-425-2000

Disc Instruments 102 E. Baker Street, Costa Mesa, CA 92626 714-979-5300

Kinetic Systems Corp. 11 Maryknoll Drive, Lockport, IL 60441 815-838-0005

Eastern Air Devices Dover, Nil 03820 603-742-3330

Superior Electric 383G Middle St., Bristol, CT 06010 203-582-9561

Acopian 131G Loomis St., Easton, PA 18044 215-258-5441

Joerger Enterprises, Inc. 166 Laurel Road, East Northprot, NY 11731 516-757-6200

ADAC Corporation 70G Tower Office Pk., Woburn, MA 01801 617-935-6668

Digital Equipment Corp. 200G Baker Ave., Concord, MA 01742 916-447-7600

Qualogy 2241 Lundy Ave., San Jose, CA 95131 408-946-5800

Protcon Inc. 4G Tech Circle, Natick, MA 01760 617-655-3340

Amdata, Inc. 576 Charcot Avenue, San Jose, CA 95131 G8-435-1090

FULizzi Engineering 3260 S. Susan St., Santa Ana, CA 92704-6865

Sola Electric 1717G Busse Rd., Elk Grove Village, IL 600(17 312-439-2800

NUREG/CR-6344 A.14
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|

!
Manufacturer Address Telephone |

MDB Systems Inc. 1995 North Batavia St., Box 5508, Orange, CA 92267- 714-998-1339
0508

Kennedy 1600 Shamrock Ave., Monrovia, CA 91016 818-357-8831

DILOG Dept.G,1555 S. Sinclair St., Anaheim, CA 92806 714-937-5700

Ramtek Corporation Suite 211,110110th Ave. N.E., Bellevue, WA 98004 206-451-2559

PECA Products 1700 Ifighway 14 East, Jamesville, WI 53545 617- % 9-4522

Schroff Inc. 170G Commerce Dr., Warwick, RI 02886 401-732-3770

Shugart Corp. Dept.G,475 Oakmead Pkwy, Sunnyvale, CA 94086 408-737-4355

ACDC Electronics 40lG Jones Rd., Oceanside, CA 92054 619-757-1880

Tracewell Enclosures, Inc. 7032G Worthington Galena Road, Columbus, Oli 614-846-6175
43085

|

Signetics Corp. Dept.G,811 E. Arques Ave., PO Box 3409, Sunnyvale, 408-991-2000
CA 94088

IKON Corp. 2617 Western Ave., Seattle, WA 98121 206-624-3410
;

Motorola Inc. Dept. G, PO Box 20912, M/S Adv 72, Phoenix, A7. 602-244-6900
85036

Lamda Electronics 121G International Dr., Corpus Christi, TX 78410 512-289-0403 i

!

s

i

|

|
i

f

A.15 NUREG/CR-6344
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Data

Display

A k

1 P

Data a u Host
' FAcquisition Computer

A U

1 P

Real Time
- Processor

Figure A.I. SAFT-UT Field System Block Diagram
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Motors
Modor/ Motors Motor /
Encoder

Encoder
Buffer /

Select
Detector Encoders

Encoders

Ca rnac X1 X2 Y
Edge
Conn.

l fl fl f
F20 m

"Function
Camac Select F24 ' Axis Select

Functions F

F28 m
v

F12

F4 F8 F16

l f l f l f l f

(Pulser Driver h )2 m
' ** * '*Selected Output

"'**' ' 'Camac Preset ble '

yncData Buss Up/Down m
Counter Terminal

Counts

F4 Clears Counter

F8 Loads Counter with New increment Count

F12 Sets Pulse Driver to Remote

F16 Latches New Increment Count

F20 Select y Axis

F24 Select x1 Axis

F28 Select x2 Axis

Figure A.7. CAMAC Programmable Divider Block Diagram
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Remote Mode
Selection Control

Line 1

Line 2

(Mode Select h )

1 r 1 r

VMOS Remote Switching ? Front Transducer
thgh Voltage > Output Circuit Relays for Mode

(Pulser Driver h ) Selection Control 7 Rear Transducer

A L 4 L

>
Li

Low Voltage Analog Modules
Optical Low Noise RF OutputTransmit ' m

Drivers Prearr phfier " (TVG Amplifier @ )
"

Sync Pulse
LNVA-75 Mhz

(Pulser Driver @ )

2
'C

|C
m

$ Figure A.8. Block Diagram of Remote Pulser / Preamplifier gr
||d 3
6 8.
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Front Front Front Front
Panel Panel Panel Panel
Select Select Select Select

Tandem Pulse Echo Pulse Echo
Front Source Rear Front

9 P 1 F

Tandem
Rear Source , ,

" 'Mode Select
Control Logic

Mode Select
Control Line 1

m

{ Remote Pulser Q \Mode Select
Preamplifier /Control Line 2 \

>

Figure A.9. Block Diagram of SAFT Mode-select Module
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I

Internal
H.V.

*

Adjust

!
1 r

-

26 VAC High Voltage !; High Voltage Output
Power Supply (Remote Square Wave)

Pulser @;

'

Tektronix
5006
Edge
Connector

'
i +15 VDC

+/-26VDC Low Voltage, '

0 -15 VDC+8VDC Regulators
; +5 VDC

,

(Pulse Divider @)
Remote Pulses

Pulse inhibit
1

(Remote Mode Select) Pulse Width Select

Rep Rate Control

(TVG Amplifier h(Pulse Divider h) l ' 1 ' 1' 1 '
i

Remote Select PRE-Transmit Sync '

,

(Programmable Delay Q
SYNC 1

Local Pulse Rep Rate and
Width and Rep Pulse Width (Monitor #1 @ '

Rate Selection Generator SYNC 2
.

(SquareWave Pulser {
Transmit Pulse .

,

aL d 6 d 6 J L

Pulse
Pulse Rep SYNCWidth
Width Rate DelayFine Tune

Front Front Front Internal
Panet Panel Panel Adjust
Select Select Tune

l
1

|

Figure A.10. Square Wave Pulser Drive Module Block Diagram
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Appendix A

To
Host

'
%- N

68020
VME Bus Slave
D R 11 -W Processor

1Mbyte RAM 1 Mbyte RAMDM A Emulat '
2 3

,dCd %'1% %
% o o

1 1 1

20 Slot VME Bus with 400 W Power Supply
o

68010 VME Bus
Disk Supervisor System

ControIIer Processor *
Controller

512 Kb R AM
'N N

%~M10 M 51/4" ,, o o o

Winchester Floppy To Console To Miscellaneous
Terrmnal Host l'O

Figure A.12. Block Diagram of the Real-Time SAFT Processor
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Appendix 11

Tutorial Procedure for Operating
the SAFT-UT Robotic Scanner

1

|
|

l

|

|
|
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|
?

I

| 111.0 Performing a Scan of the Vessel Wall

i

| The steps are:

111.1 Invoking the scanning software on the data acquisition computer

Bl.2 Energidng and calibrating the robot

Bl.3 Selecting the scan pattern

111.4 Selecting SAFT-UT data parameters
,

Bl.5 Review the MAIN MENU

Bl.6 Preparing the SAFT-UT robot for a scan

Ill.7 Adjusting the UT signal

Bl.8 Starting the scan

111.1 Invoking the Scanning Software on the Data Acquisition Computer

After the data acquisition computer boots the DOS operating system, the user should type " scan" at the prompt.

C:1 > scan

The SAFF-UT data acquisition software will start and display the message:

< SCAN.llENU> lias the robot been calibrated (Y,N):

Assuming that the robot is turned off, answer "n" to this query and proceed to step Bl.2 below.

1

111.2 Energizing and Calibrating the Robot

After typing "n" at the calibration prompt in step Bl.1 above, the data acquisition computer will act as a terminal to
the robot's controller.

Turn on the robot's controller using the control power key. The screen should show the following mest. ages from the
robot controller:

i

NUREG/CR-6344 B.2

|

|
'
,

;
_ ..



_. .- - - - - - . _ - - . ~ . _ - -- - -- - -- . - -- - - - . - - . _ .

!

|

Appendix B I

POWERUP DIAGNOSTIC IN PROGRESS
I

Testing internal S.C. A1. RA Af . . . . . . . . . . . . . . . . . . Passed
Testing the Bank . . . . . . . . . . . . . . . . . Passed........

Testing the Timer . . . . . . . . . . . . . . . . . . . . . . . . . . Passed
initialize S.C.C. Bit Bus Passed.....................

initialize S. C.C. Network . . . . . . . . . . . . . . . . . . . . . Passed
Configure the System . . . . . . . . . . . . . . . . . . . . . . . . Passed
Testing expansion memory . . . . . . . . . . . . . . . . . . Not Found

UNIAfATION \'AL-il Copyright (c) 1986 by Unimation, Inc.
Initialize (l'IN)?

Answer "y" to the initialize prompt. The robot controller will prompt with:

Are you sure (l'IN)?

Answer "y" and the screen show the following messages:

1AIS servo gains obtainedfrom EPROAf.
TP servo gains obtainedfrom EPROA1.
\'AL-il 562.4.lA PJN-4921Bl7 |-FEB-2990

4.lA P/N-4919822 1.FEB 1990 16Kw

Note that the robot controller's command prompt is a ".". Turn the ''RUN" switch from " HOLD" to "RUN". Press
the " ACTIVATE" button. Turn the " ARM POWER" switch from "OFI' to "ON". Press the " ACTIVATE" button.

The robotic arm is now energized. The user should allow 5 minutes for the robot to warm.

After the warm-up period, move the robot free of any obstructions. About 6 inches of clearance will be required for
the next step.

1

Type " cal" at the "" prompt. The robot controller should respond with:

i

Ann Signature data not applied
Are you sure (l'IN)?

Type "y" and then watch the robot arm execute a short motion to calibrate its joints. If the calibration completes suc-
cessfully, then the type " speed 10" at the "" prompt in order to set the speed to reasonable value for setup.

Press the " Esc" key to exit the terminal emulation mode.

Bl.3 Selecting the Scan Pattern

After the " Esc" key is pressed, the data acquisition computer will prompt user for the scan pattern with the following
messages:

i

|
|

B3 NUREG/CR-6344
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Select scan pattern . .

1. XY Scan (ressel wall)
2. Cylindrical scan (Inside node)
3. Node scan (node blend wne)

iENTER SELECTION -->

For this tutorial select *1", XY Scan.

Bl.4 Selecting SAFT-UT Data Parameters

After selecting the scan pattern, the data acquisition computer will prompt the user for SAIT-UT data parameters.
These parameters are described in the documentation on the SAIT-UT pipe scanner. An example is shown below
for the purpose of comparison to the pipe scanner system.

Set SAFT-UT data parameters:
1. VIEW current pammeters

l

2. modify TRANSDUCER characteristic data |

3. modify AIATERIAL characteristic data
4. modify SAhlPLING data
5. modify SCAN PARAhlETERS |

6. outline aperture

-1. modify scan pattern

O. continue to main menu |

f
ENTER SELECTION ---> |

1

'

Menu item 1 displays the settings:

TRANSDUCER: rtd 70 deg, L wave, serial N 84-23
tmnsducerfrequency (3111Z): 2.0

xmit standoff... hgt=fcc len (in): .29 mat vel (inisec): 105000
X incident angle (deg): -24.9 refmeted angle (deg): -70.444 ,

!

full beam angle in metal ... (deg): 12.0 beam _ entry diam (in): .125

AIATERIAL; man-way dropout, clad vessel material with artificially grown cmcks
material relocity (in/sec): 235000 thickness . . (in): 4.4

SA AIPLING: Beam angle is 70 degrees so 3 inches along sound path is about 1 int
sample period (ns): 80 number ofpoints: 320

depth (along sound path) in material to ... start sampling (in): 0
initial delay (us): 5.523809 l. . . stop sampling (in): 3

NUREG/CR-6344 B.4
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|
<

SCAN: Scan along secondary axis
step size: X, Y axis (in): .05, .I

scan length: X, Y axis (in): 5, 5
scan dir (deg, 0 = P, 90 = S): 90

init. pas.: P, S axis (in): 3.2, 5.5
| increments: X, Y axis (in): 101, 51

final pos.: P, S axis (in): -1.8, 10.5

1 Tb bb Tl bE

Menu item 2 will set the TRANSDUCER parameters:

< TRANSDUCER SETTINGS >
Enter two lines of comment, up to 40 chars each, or press
[ enter]at thefirst prompt to keep the current comment.
Current: rtd 70 deg, L wave, serial N 84-23

l....................................I
1>

If no change is desired, press enter at that variable.

Current values: Changes:

Transducerfrequency (mh:.) = 2.0
Standoff, hgt = foc len (in) = .290
X frecident angle in metal (deg) = -24.9
Squint direction =0
Full beam angle in metal (deg) = 12.0
Transducer relacity (in/sec) = 105000
Beam entry diameter (in) =.125

Refracted angle id:g) = -70.4446

Menu item 3 will set the MATERIAL parameters:

< AIATERIAL SETTINGS >
Enter two lines of comment, up to 40 chars each, or press 1

[ enter]at thefirst prompt to keep the current comment

,

Current: man-way dropout, clad vessel material with artificially grown cracks
|...................................) I

1>
|

If no change is desired, press enter at the beginning of the line.

;

B.5 NUREG/CR-6344

|
__ __ _ _ _ _ _ _ _ _l



. . . . . _ . _ _ _ . . _ . _ _ _ _ . _ - . _ _ . . _ _ _ . _ . . . _ . _ . . . - . . .. _ _ _ _ _ . . . ~ . - . _

Appendix I!

Current values: Changes:

Material relocity (in/sec) = 23500

Thickness (in) = 4.4

| Refracted angle = -70.4446

Menu item 4 will set the Sampling parameters:

< SAMPLING SETTINGS >
Enter two lines of comment, up to 40 chars each, or press
[ enter] at the first prompt to keep the current comment

I
Current: (no comment)

|........................ ........|
1> Beam angle is 70 degrees so 3 inches .

2> along sound path is about 1 inch down

if no change is desired, press enter at that variable.

Current values: Changes: >

Sample period (ns) = 80
Depth (along sound path)
in material to

start sampling =0
stop sampling =3

|
'

Initial delay (us) = 5.52381
Number ofpoints = 320

Menu item 5 will set the Scanning parameters: i

l

< SCANNING SETTINGS >
Enter two lines of comment, up to 40 chars each, or
press fenter) at thefirst prompt to keep the current comment.
Current: 270

1.. ..............................I
J > Scan of vessel wall,
2> scan along seccandary axis

if no change is desired, press enter at that variable.

NUREG/CR-6344 B.6
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Current values: Changes:

step size: X axis = .05
Y axis = .1

| X scan length (in) =5
Y scan length (in) = 10
Scan dir. (deg; O = X, 90 = Y) = 90
init. pos. primary axis = 100
init. pos. secondary axis = 100

number ofx inc = 101
number ofy inc = 101
finalpos, primary axis = 90
finalpos. secondary axis = 105

111.5 Reviewing the MAIN MENU

After completing the selection of the SAFT-UT data parameters, the user may select the MAIN MENU by entering
"0" in the menu for the SAIT-UT data parameters.

From the MAIN MENU, the user may return to the previous steps, complete the robotic scanner configuration,
adjust the UT signal, start the scan, or quit the program.

MAIN MENU

'SP'- change Scan Pattern
|

'DP'- change SAFT-UT Data Parameters '

'VI'- \1ew current parameters
'EC'- Energize and Calibrate robot
'CS'- change Coordinate System
'AS'- Adjust UT Signal

'SM'- proceed to scanning module
'QT' - end this program and exit

ENTER COMMAND --->

111.6 Preparing the SAFT-UT Robot for a Scan

From the MAIN MENU, the user should enter "CS" and the following menu will appear:

I
i

B.7 NUREG/CR-6344
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AIENU FOR AIATERIAL COORDINATE DEFINITION: AIODE: XY(1)

'AIC' - define Alaterial Coordinates
'GO'- GO to vnaterial coordinate

'SP'- change Speed
'AIO'- AIOve robot with array keys
'Sil'- SHow robot position
'US* - USe current robot position for scan start
'00'- Outline scan aperture

'R' - Return |
|
,

ENTER COAIAIAND -->

This tutorial assumes that the robot does not know where, in its work space, to find the test material. This happens,
for example, whenever the robot is moved. The user can start to teach the robot about the test material by typing t

"M C" The following prompt should appear; |

. Enter the tool length, in inches:
l

The tool length is Inc tistance to be maintained between the robots wrist and the test material. When the robot is i

using the RTD probe holder with a SAFT-UT transducer fixture the distance will be about 7 inches. For this i

tutorial, run the robot without the probe holder and enter "2.0" at the above prompt. Next, the program will ask for i

a parameter that is not needed for this tutorial: ;

Enter, in inches, the length of the transition arc
for the 90 degree angle:

Enter "0" and proceed. The user will be prompted as follows:

|Coordinates for reference positions inust follow the pattern
(P1, Si, 0), (P2, SI, 0), (P2, S2, 0)

pt 1 --> pt 2 rnust be in the positive direction
pt 2 --> pt 3 rnust be in the positive direction

use the teach pendant to more robot to reference point 1
Switch to COAIP mode and press [ enter] when done; j

The user must use the teach pendant to move the robotic arm to a position on the test material for which the I

material coordinates are known. Because a tool length of 2 inches was selected, the robot should be 2 inches above I

this point. This point will be know as " reference point 1". When the robot is positioned in this way, the user may
press the " return" key and user will be prompted for the material comdinates of " reference point 1". For the sake of )
this tutorial, the coordinates are 200.0 (inches) on the primary axis and 100.0 (inches) on the secondary axis. So the i

user should respond to the next two prompts as follows:

Enter the position on privnary axisfor reference point 1 : 200
Enter the position on secondary axis . 100

This completed, the next prompt is:

NUREG/CR-6344 n.g
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Use the teach pendant to more robot to reference point 2
Switch to CO.11P mode and press [ enter] when done:

The user must use the teach pendant to move to " reference point 2". This point must along the positive primary axis
from " reference point 1". When the robot is positioned 2 inches above " reference point 2", the user may press
" return" and the prompt for " reference point 3" will appear:

Use the teach pendant to more robot to reference point 3
Switch to CO.11P mode and press lenter] when done:

The user must use the teach pendant to move to " reference point 3". The point must be along the positive secondary
axis from " reference point 2". When the robot's tool flange is positioned 2 inches above " reference point 3" the user
may press " return".

The robot now assumes that the surface of the test materiallies in the plane of the 3 reference points.

The user should enter "h10" to activate the arrow keys. hiove the robot and verify that it will move along the vessel
vall. Position the robot for the start of a sean and then select "R" to deactivate the arrow keys. Select "US" to define
sne start position of a scan.

Ill.7 Adjusting the UT signal

The user should select "AS" from the h1AIN h1ENU i.. onder to adjust the UT signal by changing the parameters of
the digiti 7er and the Time Variable Gain (TVG) module:

rate 12.5(Mh:). .

length 324(25.6usec)..

delay 5.524(usec) F) time 0 4.800..

G) slope 0 . O
A) range .25 (volts p-p) H) delay : 19.873
B) offset 0.150(roits) 1) timel O.835. ..

C) coupling (AC coupled) J) slopel 40.

D) video off(RF) K) time 2 2.839.

E) reps 1 L) slope 2 10
*

..

press 'R" to return:

Ill.8 Starting the scan

The user may start the scan by entering "sm" at the A1AIN h1ENU prompt. The user will be prompted for a
comment that pertains to this data file:

Enter 2 lines of c:.7ments, up to 40 characters each, or press
[ enter)at thefirst prompt to keep the current comment
Current: scan of manway, flaw "C"

l>
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The user will be asked to enter the file name:
.

Enterfile name --> test.dat

The user may view the A-scan data if "y" is selected to the next prompt:

Display A-scans while taking data? ->y
-

Finally, the user must choose a destination for the data file. The programs gives the following choices:

select data transfer option: a) Transfer to AlicroVAX
b) Save on local disk
c) Both

Enter choice: b

Type "b" and the scan begins.

112.0 Performing a Scan Inside of a Nozzle

The steps are: . -

B2.1 Invoking the scanning software on the data acquisition computer

B2.2 Selecting the scan pattern

B2.3 Selecting SAFT-UT data parameters
.

B2.4 Review the MAIN MENU

B2.5 Defining the Material Coordinates

B2.6 Defining the Entrance to the Nonle

B2.7 Adjusting the UT signal

B2.8 Starting the scan

112.1 Invoking the Scanning Software on the Data Acquisition Computer

The user should type " scan" at the prompt.

C:i > scan

The SAIT-UT data acquisition software will start and display the message:

NUREG/CR-6344 B.10
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<SCANhfENU> lias the robot been calibrated (Y,N):

Assuming that the robot is still on and calibrated, answer "y" to this query and proceed to step B2.2 below.
Otherwise the user should perform step Bl.2 above.

H2.2 Selecting the Scan Pattern

The data acquisition computer will prompt user for the scan pattern with the following messages:

Select scan pattern ...

1. XY Scan (ressel wall)
2. Cylindrical scan (inside node)
3. Node scan (node blend zone)

ENTER SELECTION --->

For this tutorial select "2*, cy!!ndtirai scan.

H2.3 Selecting SAFT-UT Data Parameters

After selecting the scan pattern, the data acquisition computer will prompt the user for SAFT-UT data parameters.
Another example is shown below:

Set SAFT-UT data parameters:
1. VIEW current parameters
2. rnodify TRANSDUCER characteristic data
3. modify AfATERIAL characteristic data
4. rnodify SAh!PLING data
5. modify SCANparameters
6. outline aperture

-1. modify scan pattern

O. continue to rnain menu

ENTER SELECTION --->

Menu item 1 displays the settings:

TRANSDUCER: itd 70 deg, L ware, serial # 84-23
transducerfrequency (Alli:): 2.0
xmit standoff... hgt=fcc len (in): .29 mat vel (in/sec): 105000

X incident angle (deg): -24.9 refracted angle (deg): -70.444
full beam angle in rnetal . . (deg): 12.0 beam. entry _ diam (in): .125

B.11 NUREG/CR-6344
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AfA TERIAL; man way dropout, clad vessel material with artificially grown cracks
material relacity (in/sec): 235000 thickness . (in): 4.4

SASIPLING: Beam angle is 70 degrees so 3 inches along sound path is about I inc
sample period (ns): 80 number of points: 320
depth (along sound path) in material to . . start sampling (in): 0
initial delay (us): 5.523809 /. . . stop sampling (in): 3

SCAN: Scan along secondary axis
step size: X, l' axis (in): .05, .I

scan length: X, l' axis (in): 4, 4

scanfir: 180 start angle: 270 end angle: 235.617
init. pos.: P,S, T axis (in): 198.721, 103.0852, -2.7537

incrernents: X, )* axis (in): 81, 41

final pos.: P,5, T axis (in): 193.339, 101.886 -6.7537
. . . . . .. .

ENTER RETURN TO CONTINUE

Menu item 5 will set the Scanning parameters:

press (enter]at the first prornpt to keep the current comment.
Current: Scan along secondary axis

|. . .|
1>

If no change is desired, press enter at that variable.

Current values: Changes:

step si:.e: X axis = .05
l' axis =.I

X scan length (in) =4
l' scan length (in) =4
Scan dir. (0 = + T,180 = -T) = 180
init. pos. primary axis = 198.721
init. pos. secondary axis = 103.0853
init. pos. tertiary axis = -2. 7537

number ofx inc = Si
number ofy inc = 41
final pos. primary axis = 193.339
finalpos. secondary axis = 101.886
finalpos. tertiary axis = -6.7537
Scan type: Cylinder, radius = 9.530353

NUREG/CR-6344 II.12

- _ _ _ _ .



Appendix B

112.4 Reviewing the MAIN MENU

After completing the selection of the SAFT-UT data parameters, the user may select the MAIN MENU by entering
"0" in the menu for the SAIT-UT data parameters.

The main menu below is like the one in the previous tutorial except for the addition of item "EN". This item will be
needed for scans of the inside of a noule.

MAIN MENU

'SP'- change Scan Pattern
'DP'- change SAFT-UT Data Parameters
'VI'- View current parameters
'EC'- Energize and Calibrate robot
'CS'- change Coordinate System
'EN'- define entrance to no::le
'AS'- Adjust UT Signal

'SM' - proceed to scanning module
'QT' - end this program and exit

ENTER COMMAND -->

112.5 Preparing the SAFT-UT Robot for a Scan

From the MAIN MENU, the user should enter "CS" and the following menu will appear:

MENU FOR MA TERIAL COORDINA TE DEFINITION: MODE: IN(2)

'MC' - define Material Coordinates

'SP'- change Speed

'R ' - Return

ENTER COMMAND -->

As in tutorial 1, this tutorial assumes that the robot does not know where, in its work space, to find the test material.
This happens, for example, whenever the robot is moved. The user can start to teach the robot about the test
material by typing "MC" The following prompt should appear:

. Enter the tool length, in inches:

The tool length is the distance to be maintained between the robots wrist and the test material. When the robot is
using the RTD probe holder with a SAfT-UT transducer fixture the distance will be about 7 inches. For this
tutorial, run the robot without a transducer and enter "2.0" at the above prompt. Next, the program will ask for a
noule parameter:
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,

Enter, in inches, the length of the transition arc
for the 90 degree angle:

This is the are path length of the nozzle's blend zone. The user should measure this distance and enter it (e.g. 4.5). I

Then user will be prompted as follows:

Coordinatesfor reference positions mustfollow the pattern
(P), 51, 0), (P2, 51, 0), (P2, S2, 0)

pt 1 --> pt 2 must be in the positive direction
pt 2 --> pt 3 must be in the positive direction

Use the teach pendant to more robot to reference point 1
Switch to COMP mode and press [ enter] when done:

The user must use the teach pendant to move the robotic arm to a position on the test material for which the
material coordinates are known. Because a toollength of 2 inches was selected, the robot should be 2 inches above
this point. This point will be know as " reference point 1". When the robot is positioned in this way, the user may
press the " return" key and user will be prompted for the material coordinates of " reference pcsint 1". For the sake of
this tutorial, the coordinates are 200.0 (inches) on the primary axis and 100.0 (inches) on the secondary axis. So the
user should respond the next prompts as follows:

Enter the position on primary axisfor reference point 1 : 200
Enter the position on secondary axis : 100

This completed, the next prompt is:

Use the teach pendant to more robot to reference point 2
Switch to COMP mode and press [ enter] when done:

The user must use the teach pendant to move to " reference point 2". This point must along the positive primary axis
from " reference point 1" When the robot is positioned 2 inches above " reference point 2", the user may press
" return" and the prompt for " reference point 3" will appear:

Use the teach pendant to more robot to reference point 3
Switch to COMP mode and press [ enter] when done:

The user must use the teach pendant to move to ' reference point 3" The point must be along the positive secondary
axis from " reference point 2". When the robot's tool flange is positioned 2 inches above " reference point 3" the user
may press " return".

The robot now assumes that the surface of the test material lies in the plane of the 3 reference points.

112.6 Defining the Entrance to the Nozzle

After the material coordinate have been defined in B2.5 above, the user should select "R" to return to the MAIN
MENU. The user should seicet the nonic def'mition menu by typing "EN" and the following menu will appear:

NUREG/CR 6344 B.14
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AIENU FOR DEFINITION OF NO7ZLE OPENING: A10DE: IN(2)

'N0'- define Node Opening
'J6'- redefine Joint 6
'CE'- go to node Center
'CI'- go to position on Circumference

'SP'- change Speed
'A10'- AIOre robot with arrow keys
'SH' - Silow robot position
'US'- USe current robotposition for scan start
'OU'- Outline scan aperture

'R' - Return

ENTER COAfAlAND -->

The user should start to teach the robot about the entrance to the nonle by typing "NO". The following prompt willappear:

Coordinatesfor circle reference positions are expected tofollow the pattern
(P1, SI, 0), (P2, S2, 0), (P3, S3, 0)

Use the teach pendant to more robot to circle point i
Switch to COAfP mode and press fenter) when done:

The user must use the teach pendant to move the robotic arm to a position on the circumference of the nonic. The
robot should be positioned just before the blend zone begins on the reactor wall. Because a tool length of 2.0 inches
was selected, the robots tool flange should be 2.0 inches above this point. In addition, joint 6 must be positioned so
that one of the key-ways on the tool Gange points toward the center of the nonic. Once this is done, the user
presses " RETURN" and the following prompt appears:

Enter orientation forjoint 6:
(white size toward node: 0, black side: 1) 1

There are 2 key-ways on the tool flange. If the one that is colored white is toward the nonle cente: then user shond
enter "0" otherwise enter "1" This completed, the following prompt appears:

Use the teach pendant to more robot to circle point 2
Switch to COAfP mode and press [ enter] when done:

The user must use the teach pendant to move the robotic arm to a second point on the circumference of the nonic.
Because a tool length of 2.0 inches was selected, the robots tool flange should be 2.0 inches above this point.Press
" RETURN" when in position. The user is prompted for the 3rd point:

Use the teach pendant to more robot to circle point 3
Switch to COSIP mode and press fenter] when done:
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The user must use the teach pendant to move the robotic arm to a third point on the circumference of the nozzle.
Because a tool length of 2.0 inches was selected, the robots tool flange should be 2.0 inches above this point. Press
" RETURN" when in position.

The user should enter "h10" to activate the arrow keys. hiove the robot and verify that it will move across the bend
zone. Position the robot for the start of a scan and then select "R" to deactivate the arrow keys. Select "US" to
define the start position of a scan.

112.7 Adjusting the UT Signal

The user should select "AS" from the h1AIN h1ENU in order to adjust the UT signal by changing the parameters of
the digitizer and the Time Variable Gain (TVG) module:

rate 12.S(Mh:)-

length . 324(25.6usec)
delay S.524(usec) 1-) time 0 4.800

G) slope 0 0

A) range .25 (volts p-p) II) delay 19.873

B) offset 0.lSO(rotts) |} timel 9.835

C) coupling (AC coupled) J) slopel 40

D) video off (RI-) K) time 2 2.839.

E) reps I L) slope 2 10. .

press 'R" to return:

112.8 Starting the Scan

The user may start the scan by entering "sm" at the h1AIN h1ENU prompt. The user will be prompted for a
comment that pertains to this data file:

Enter 2 lines of comments, up to 40 characters each, or press
[ enter] at the first prompt to keep the current comment
Current: scan of manway, flaw "C"

. . .

1>

The user will be asked to enter the file name:

Enterfile name ---> test.dat

The user may view the A-scan data if "y" is selected to the next prompt:

Display A-scans while taking data? -->y

Finally, the user must choose a destination for the data file. The programs gives the following choices:
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select data transfer option: a) Transfer to AlicroVAX
b) Save on local disk
c) Both

i

Enter choice: b

Type "b" and the scan begins.

113.0 l'erforming a Scan Across a Nozzle's Illend Zone

The steps are:

B3.1 Invoking the scanning software on the data acquisition computer

B3.2 Selecting the scan pattern

B3.3 Selecting SAfT-UT data parameters

B3.4 Review the MAIN MENU

B3.5 Setting parameters for a scan of a nonle's blend zone.

83.6 Adjusting the UT signal

B3.7 Starting the scan

113.1 Invoking the Scanning Software on the Data Acquisition Computer

The user should type " scan" at the prompt.

C:\ > scan

The SAfT UT data acquisition software will start and display the message:

<SCANSIENU> lias the robot been calibrated (Y,N):

Assuming that the robot is still on and calibrated, answer "y" to this query end proceed to step B3.2 below.
Otherwise the user should perform step 1.2 above.

113.2 Selecting the Scan l'attern

The data acquisition computer will prompt user for the scan pattern with the following messages:
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Select scan pattern .

1. Xl' Scan (ressel wall)
2. Cylindrical scan (inside node)
3. Node scan (node blend zone)

ENTER SELECTION --->

For this tutorial select "3", noale scan.

113.3 Selecting SAFT-UT Data Parameters

After selecting the scan pattern, the data acquisition computer will prompt the user for SAIT-UT data parameters.
Another example is show below:

Set SAFT-UT data parameters:
1. \'IE1V current parameters

2. modify TRANSDUCER characteristic data
3. modify AIATERIAL characteristic data
4. modify SA AfPLING data
S. modify SCANparameters

6. outline aperture

-1. modify scan pattern

O. continue to main menu

ENTER SELECTION --->

Menu item 1 displays the settings:

TR ANSDUCER: rid 70 deg, L ware, serial # 84-23
transducerfrequency (Al11:): 2.0
xmit standoff. . hgt=fcc len (in): .29 mat vel (in/sec): 105000

X incident angle (deg): -24.9 refracted angle (deg): -70.444
fidt beam angle in metal . (deg): 12.0 beam _ entry _ diam (in): .125

AIATERIAL: \VPPSS node mockup
material velocity (in/sec): 23!000 thickness . (in): 4.4

SA AfPLING: Beam angle is 70 degrees so 3 inches along sound path is about 1 inc
sample period (ns): 80 number of points: 320

depth (along sound path) in material to . . start sampling (in): 0
initial delay (us): S.523809 I. . stop sampling (in): 3

NUREG/CR4344 g,jg
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SCAN: Scan of blend zone
step size: X, l' axis (in): .05, .1

scan length: X, l' axis (in): 8, 4
scan _dir: O start angle: 269.957 end angle:

235.573
init. pos.: P,S, T axis (in): 198.713, 99.21934, O

incrernents: X, l' axis (in): 161, 5
final pas.: P,S, T axis (in): 195.696, 103.509, -2.86479

.. .. . ... . . .. . .. . . . .. .. ...

ENT ?R RETURN TO CONTINUE

Menu item 5 will set the Scanning parameters:

Current: Scan of blend zone
|.. .|.

1>

If no change is desired, press enter at that variable.

Current values: Changes:

step si:e: X axis = . 05
)* axis =1

X scan length (in) =8
l' scan length (in) =4
init. pos. prirnary axis = 198.713
init. pas. secondary axis = 99.21934
Init. pos. tertiary axis =0

number ofx inc = 161
nuinber ofy inc = 5
Scan dir. (0 = out->in,180 in-> out) = 0
finalpos. prirnary axis = 195.696
finalpos. secondary axis = 103.509
finalpos. tertiary axis = -2.86479
Scan type: Transition
no::le radius: 9.530353 break zone radius: 2.86479

H3.4 Reviewing the MAIN MENU

After completing the selection of the SAIT-UT data parameters, the user may select the MAIN MENU by entering
"0" in the menu for the SAIT-UT data parameters.

Note that a new item "NS" is available.
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MAIN MENU

'SP'- change Scan Pattern
'DP'- change SAFT-UT Data Parameters
'\'I'- View current parameters
'EC'- Energize and Calibrate robot
'CS'- change Coordinate System

'EN'- define entrance to no::le
'NS'- define no::le scan
'AS'- Adjust UT Signal

1

'SM' - proceed to scanning module
'QT' - end this program and exit

ENTER COMMAND -->

113.5 Preparing the SAFT-UT Robot for a Scan '

In this tutorial, it is assumed that the robot has not been moved since the coordinates were defined in tutorial 2. The
user should enter "NS" and the following menu will appear:

MENU FOR NOZZLE BLEND ZONE SCANS: MODE: BZ(3)

'CE'- go to no::le Center
'CI'- go to position on Circumference

'SP'- change Speed
'MO'- More robot with arrrw keys
'Sil'- Silow robot position
'US' - USe current robot position for scan start
'OU'- Outline scan aperture

'R' - Return

ENTER COMMAND -->

The user should enter "h10" to activate the arrow keys. hiove the robot and verify that it will move across the bend
rone. When the robot is in position for the start of a scan, select "R" and then select "US" to set the scan start posi-
tion.

113.6 Adjusting the UT Signal

The user should select "AS" from the h1AIN h1ENU in order to adjust the UT signal by changing the parameters of
the digitizer and the Time Variable Gain (TVG) module:

rate 12.S(Mh:)
length 324(25.6usec)
delay S.524(usec) F) time 0 4.800.

G) slope 0 0

NU REG /CR-6344 a.20
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A) range * .25 (rolls p-p) II) delay : 19.873. ..

B) cffset .: 0.150(roits) 1) timel 0.835..

C) coupling . . : (A C coupled) J) slopel . 40
D) rideo off(RF) K) time 2 . 2.839.....

E) reps ..: 1 L) slope 2 10

press 'R" to return:

H3.7 Starting the Scan

The user may start the scan by entering ''SM" at the MAIN MENU prompt. The user will be prompted for a
comment that pertains to this data file:

Enter 2 lines of comments, up to 40 characters each, or press
[ enter]at the first prompt to keep the current comment
Current: scan of manway, flaw "C"

.. . . . . . . . . . . .

1>

The user will be asked to enter the file name:

Enterfile name ---> test.dat

The user may view the A-scan data if "y" is selected to the next pr..mpt:

Display A-scans while taking data? -->y

Finally, the user must choose a destination for the data file. The pnqiams gives the following choices:

select data transfer option: a) Transfer to MicroVAX
b) Save on local disk
c) Both

Enter choice: b

Type "b" and the scan begins.
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Changes to the SAFT Header

1) All fields are now represented as ASCil charac- 6) Changes to TRANSDUCER PROPERTIES
ters. By way of example, in the old header,
' vel _in_ material' was a floating point number and 6.1) Added transducer _ comment.
as such required 4 bytes of header space. In the 6.2) Renamed hgt_transd to recv_hgt_transd and
new header, this is an ASCil character string changed units to inches (from equivalent water
representation of the floating point number and as path).
such requires 17 bytes. This change will make the 6.3) Changed units of xmit_hgt_transd to inches.
SATT data files portable to any computer. 6.4) Renamed beam _ angle to beam _ width _ angle.

6.5) Changed units of squint _dir to 0-360.0 degrees
2) The header size has been increased from 512 (floating point) from x=0; and y=1.

bytes to 2N8 bytes. 6.6) Renamed squint _ angle to incident _ angle and
changed units to shoe degrees (from equivalent

3) All unused fields have been deleted. They are: water angle).

num_sig_ sum 7) Changes to h1ATERIAL PROPERTIES
focal _ length
pm_ damping 7.1) Added material _ comment.
pm energy 7.2) Added refracted _ angle.
pm attenuation
pm_ gain 8) Changes to SAN 1PLING PROPERTIES
Ic_ attenuation
pipe _ radius 8.1) Added sampling _ comment.
sm_Ilag 8.2) Changed delay _inc to floating point number.
pipe flag 8.3) Deleted float _ delay _ increment.
sm depth 8.4) Changed init_ delay to floating point number.
proc _ mode
transy 9) Changes to SCANNING PROPERTIES
bandwidth

9.1) Added scanning _ comment.
4) All header fields have been reorganized into one 9.2) Renamed scan _ axis to scan direction and changed

of the following categories: unit to 0-360.0 degrees (from x1,x2,y).
9.3) Renamed init_x_pos to init_pos_ primary _ axis,

FILE _ PROPERTIES changed to floating point, and changed units to
TRANSDUCER _ PROPERTIES inches.

h1ATERIAL_ PROPERTIES 9.4) Added final _pos_prirnary_ axis.
SAN 1PLING_ PROPERTIES 9.5) Renamed init_y_pos to init_pos_ secondary _ axis.
SCANNING _ PROPERTIES 9.6) Renamed final _y_pos to final _pos secondary _ axis.
PROCESSING _ PROPERTIES

10) Changes to PROCESSING PROPERTIES
5) Changes to FILE PROPERTIES

10.1) Added processing _ comment.
5.1) Added file _ format _id. This is a flag that indicates

what (header) format the file has.
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Definition of SAFT-UT ASCII Header

# define ASCII _ HEADER _ SIZE 2048
struct ascii _ header
{
/*** file properties **/

char file _ format _id[10];/* set to ' ASCII' if data file has new header */
char title [81];/* description of data set */
char date[9];
char time [9];
char domain _ flag [2];/* 0 - time domain,1 - frequency domain */
# define TIME _ DOMAIN 0
# define FREQ_ DOMAIN 1
char num_ sets [12];/* number of datasets (A-scans) in file */
char min _all_ data [7]; /* minimum of all data collected */
char max _all_ data [7];
char avg _all_ data [17];
char file _ spares [64];

/*** transducer properties **/
char transducer _ comment [81];
char transd_freq[17];/* transducer frequency (MHz) */
char recv_hgt_transd[17];/* height of transd. from material (inches) */
char xmit_hgt_transd[17];/* height of transmit transducer (inches) */

/* (reev - xmit in pulse echo */
char stoff_rcv_ vel [17];/* velocity of sound in the rev xducer */
char stoff_xmit_ vel [17];/* velocity of sound in the xmit xducer */
char dia_ beam _ entry [17];/* diameter of sound beam at entry into

material. (If incident angle not 0 then this
is dia. of dir. with no incident angle.) */

char beam _ width _ angle [17];/* full angle of xducer beam in material */
char incident _ angle [17];/* incident angle in shoe */
char squint _dir[17];/* squint direction (0 - x, 90.0 = y) */
char pe_tand_ flag [2];/* 0 - undescribed

1 = pulse echo - single transducer
2 - TSAFT (fixed xmit)
3 = TSAFT-2 (opposing scan xmit;

tandem mode only)
*/

/* equivalent water path */
# define CONF _ UNKNOWN 0
# define CONF _PE 1

# define CONF TSAFT 2

# define CONF _TSAFT2 3

char trans_x[17);/* transmitter x location relative to inital
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receiver position (inches) */
char transducer _ spares [64];

/*** material properties **/

char material _ comment [81];
char vel _in_ material [17];/* actual velocity of sound in the

material (in/sec) */
char refracted _ angle [17];/* refracted angle in material */
char thickness [17];/* specimen thickness (inches) */
char material _ spares [64];

/*** sampling properites **/
char sampling _ comment [81];
char delay _inc[17];/* delay increment, in 10nS units in time

or if domain _ flag == 1 then 10Hz units */
char init_ delay [17];/* initial delay, in 10nS units

This value includes standoff delay & start

delay, and in tandem mode includes
pre bounces of xmit transducer
*/ |

char num_ pts [7];/* number of points in each A-scan */
char window start [17];/* depth to start of data window */

_

char window end[17);/* depth to end of data window */
_

char sampling _ spares [64];/* depth to end of data window */

/*** scanning properties **/
char scanning _ comment [81];
char scan _ direction [17];/* 0 = primary (x) axis of material

90 = secondary (y) */
char init_pos_ primary _ axis [17];/* initial primary material coord

of receiver (inches) */
char init_pos_ secondary _ axis [17];/* secondary coord of receiver (in) */
char final _pos_ primary _ axis [17];
char final _pos_ secondary _ axis [17];
char x_inc[17];/* x increment (inches) */
char y_inc[17];/* y increment (inches) */
char num_x_inc[7);/* total points collected in x direction */
char num_y_inc[7);/* total points collected in y direction */
char strattle_ weld [2];/* 0 - scanner not strattling weld

I = scanner is strattling weld */

char transmit _ half _ vees [12];
char receive _ half _ vees [12];
char num_ pre _ half _v[17];/* number of extimated ha' V's before signal

encounters object plane (arrow) */
char init_pos_ tertiary _ axis [17];
char final _pos_ tertiary _ axis [17);

NUREG/CR4344 D.2
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char scan _ pattern [2];
char scanning _ spares [28];

/*** processing properties **/
char processing _ comment [81];
char proc _date[9];/* date and time when file was processed */
char proc _ time [9];
char env_det_ flag [12];/* non-0 for envdet data */
char deconv_ flag [12];/* non-0 for deconvoluted data */
char proc _ flag [12];/* non-0 for processed data */
char promode[7];/* process mode chosen in tandem processor

3 - CASE A
5 - CASE B
7 - CASE C
11 - CASE D
combinations are indicated by multiplying
appropriate numbers
*/

# define TSAFT_ MODE _A 3
# define TSAFT_ MODE _B 5
# define TSAFT_ MODE _C 7
# define TSAFT_ MODE _D 11
char beyond_back[2];/* 'y' - file was processed beyond back surface

'n' - file processed only to back surface */
# define PROC _BEYOND_BS 'y'
# define NOT_ PROC _BEYOND_BS'n'
char input _x_ reduction _ factor [7];/* Data reduction that processing */
char input _y_ reduction _ factor [7];/* performed on data during processing. */
char input _z_ reduction _ factor [7];/* Data reduction occur during */
char output _z_ reduction _ factor [7];/* envelope .ietection. */
char num_ defect _a_ scans [12];/* count of defect _ flags

(see rec struct) */,
'

char num_nondefect_a_ scans [12];/* initialized i. DEDIT */
char proc _ clip _ level [17];/* level in -db of " clipping" performed

in processing routine */
char thresh _db[17];/* clipping threshhold level chosen during

processing (db) */
char nbounce_ proc [7];/* number of transmit bounces chosen

in processing */
char nrbounce_ proc [7];/* number of receive bounces chosen

in processing */
char processing _ spares [64];

/ * nozzel parameters ***/
char nozzel_ radius [17); /* inches */
char break _ zone _ radius [17];

D3 NUREG/CR-6344
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Appendix D

char nozzel_ center _ primary [17];
char nozzel_cer.ter_ secondary [17];

char ascii _ header _ spares [2048-1648];
) ah;

,
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