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INTRODUCTION
Ultrasonic pulse-echo techniques are widely used for detection and
sizing of defects. However, studies over recent years have shown that
the detection and sizing capability of many of the widely accepted
ultrasonic techniques do not provide accuracy required to assure safety,
reliability or maintainability. While certain types and orientations
of defects can be detected, others may go undetected. Even after
detection, studies have shown that the ability to size defects is far
from accurate. [1,2,3]
Significant research has gone into the development and improvement
of techniques and procedures for sizing of defects. Tip diffraction
[4,5,6] and time of flight (TOF) [7,8] provide a substantial improvement
over amplitude based sizing techniques. [9] However, for tight cracks
or randomly oriented defects, the tip diffraction and TOF signals are
often difficult to identify, thus reducing the reliability of these
techniques. Focused probes provide an enhanced means for sizing
defects; however, specially designed probes are often required for each
type or depth of defect. [9,10,11] Ultrasonic synthetic aperture and
holographic imaging techniques have provided further improvements over
manual or automated pulse echo procedures and are an important means
for providing detail of critical defects. [12,13] The principal
drawbacks to the imaging procedures are cost and availability of
equipment and time required to perform the procedure. Imaging techniques are generally more effective for thicker wall piping and press ure
vessel structure.
FOUR TRANSDUCER ARRAY
Pacific Northwest Laboratory (PNL) , operated by Battelle Memorial
Institute, has developed a four transducer ultrasonic array network
designed to detect and size randomly oriented defects in heat exchanger
tubing. A particular goal of the development was to determine the
through wall penetration of surface connected defects or internal
inclusions that might be present in the tube. The nominal diameter of
the tubing is 3.25 inches (82.5 mm) with a wall thickness of 0.27 inches
(6.9 mm).
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One of the criteria of design for the four transducer array
inspection station was that all data must be collected automatically in
a single pass through the heat exchanger tube. Due to the nature of
the inspection, it was not practical to re-enter the tube for detailed
scanning and signal analysis. Typical defects expected in the tube
included, surface connected ID and OD cracks, laminations, weld defects,
fretting, wall thinning and tube ovality. Defects could be at any
orientation. The four transducer array combined information from
amplitude, time and spatial recording position to develop defect data.
Special emphasis was placed on development of a means for reducing the
responses from surface scratches that were known to be present in the
tube, but which were not considered detrimental to tubing integrity.
PRINCIPLE OF OPERATION
The four transducer array is shown in Figure 1.
available from the four transducer array includes:

The information

A. Pulse-transmission energy between transducer #1 and #4
[AMPLITUDE AND SPATIAL POSITION]
B. Diffracted and mode converted energy from tube OD conditions
(Transducer #2) [AMPLITUDE AND SPATIAL POSITION]
C. Diffracted and mode converted energy from tube ID conditions
(Transducer #3) [AMPLITUDE AND SPATIAL POSITION]
D. Diffracted, reflected and mode converted energy from center wall
conditions. [e.g. inclusions, voids and weld conditions]
(Transducers #2 and #3) [AMPLITUDE, TIME AND SPATIAL POSITION]
E. Water path distance to validate coupling, fretting depth and measure
ovality. (Transducer #3) [TIME AND SPATIAL POSITION]
F. Wall thickness to measure corrosion, erosion and depth of
inclusions. (Transducer #3) [TIME AND SPATIAL POSITION]
G. Pulse-echo reflections from OD, ID or mid-wall defects.
(Transducer #1, #3 and #4) [AMPLITUDE, TIME AND SPATIAL
POSITION]
It is evident that a great deal of information can be obtained from
various combinations of available data. From a practical standpoint,
it was established that data from any single channel must be validated
by data from one or more channels before it was accepted for analysis.
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Fig. 1.
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Four transducer array configuration.

THEORY OF OPERATION
Four modes, or responses (reflected, transmitted, mode converted and
diffracted energies), are available. In addition, the spatial position
of the array in the tube provides size and location information.
Consideration was also given to the size and frequency of the
transducers, the directivity function (size and orientation) of the
potential flaws and the nature of the flaws (cracks, inclusions, etc.)
that were anticipated to reside in the tube.
For the four transducer array, the pulse-echo transducers (#1 and
#4) were designed for 60 degree shear wave inspection. The size of the
transducers was 0.365 inch (9.5 mm) and the operating frequency was 4
MHz. The size and frequency were chosen to maximize the response from
mode converted and diffracted responses associated with flaws, defects,
and scratches. The procedures used for detecting and characterizing
defects are discussed later.
Reflected
The pulse-echo energy reflected from a defect provides amplitude
and time information. This is the conventional inspection procedure
used for ultrasonic examinations. As previously indicated, the amplitude
of energy reflected from a defect is critically dependent on the
orientation of the defect.
Transmitted
In the transmitted mode, the energy is projected into the tube from
transducer #1, reflected from the back wall and received by transducer
#4. Any defect that interrupts the sound beam, regardless of orientation
or position within the tube wall, decreases the amount of energy received
by the receiving transducer. The amount of energy loss is nearly linear
from about one wavelength to the size at which the sound beam and the
defect are of nearly equal dimensions.
The location of the defect within the tube wall can be determined
by the spatial location of the transducers (Figure 2). A defect at
Position 1 will interrupt the sound beam between the 10 and 00 surfaces.
The sound beam will be interrupted again between the 00 and 10 surfaces
as the array is indexed for inspection of the tube (Position 2). Since
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Triangulation for location (depth) calculation.
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the transducers are fixed in the water filled probe head, the depth can
be determined by measuring the distance Df and triangulating for the
through wall dimension. A difference in depth below the surface is a
direct function of the distance Df.
Mode Converted
The four transducer array is uniquely different from other arrays
in that the design is configured for maximum use of mode converted energy
from defects. The 60 degree, shear wave sound beam, incident on a
defect, will reflect a shear wave beam and will convert part of the
sound energy from shear to longitudinal-.-Figures 3A and 3B show two of
the possible patterns. Figure 3A sketches the sound beam reflecting
from the back wall and interacting with the defect. Figure 3B shows
the sound beam reflecting from the defect" and interacting with the back
wall. These mode converted patterns (also known as Delta conversions)
[14] are valid for sound beam incident angles below the critical angle.
Transducers #2 and #3 (See Figure 1) are used to receive the mode
converted energies.
The critical angle for steel, as determined by Snell 's Law, can be
calculated from: [15]
1.82 SIN 8S = SIN 8L

OR

For Delta mode conversions, calculations show that shear wave
insonification should lie between 55 and 65 degrees. While this appears
to be a relatively limited range, a review of Figures 3A and 3B reveals
that the angle of the defect can be significantly greater and still
provide an excellent signal response from the mode converted energy.
Since the flaw may be illuminated by either the reflection from the
back wall or the reflection from the defect, angulation of the flaw
actually expands the range over which mode conversions occur. As an
example, in Figure 3A, a defect that lies ten degrees from the normal
will result in the mode converted signal exiting the steel at an angle
near normal to the surface. Since the defect may be viewed from two
directions, the potential for producing a mode converted signal from
offaxis defects is enhanced.
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Experimentation has established that a strong mode converted signal
is produced from defects that are as much as ~ 20 degrees from normal
incidence at either the OD or ID surfaces. Further, the defect
orientation can be in either the X or Y planes (Z being distance) without
substantial decrease in the Delta response. Thus, the mode converted
energy is relatively insensitive to defect orientation.
The operating frequency was chosen to reduce the signal response
from scratches in the 0.01 inch (0.25 mm) range. The wavelength of a 4
MHz shear wave beam in steel is 0.02 inch (0.8 mm). Below a wavelength
there is little mode converted energy. Above about a wavelength, the
amount of received energy is nearly linear with defect size until the
size of the defect reaches the size of the sound beam.
Diffraction
Diffraction occurs at the edges of flaws and defects. The tip
diffraction techniques [4,5,6] can be used to measure through-wall
dimensions. Likewise, the diffraction signals can be and are detected
by Transducers #2 and #3 (See Figure 1). While tip diffraction signals
may be detected, the automated inspection system used by PNL for the
heat exchanger examination did not use this information for sizing.
The presence of the diffracted signal, particularly from mid-wall defects
such as inclusions, provides additional information for flaw
characterization.
EXPERIMENTAL RESULT
Some of the results
obtained with the four
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size of the insonifying beam. The linear range can be extended by
increasing the size of the beam. The same phenomena is observed in the
pulse-echo procedure. The transmission response decreases with notch
depth. As with the Delta response, the size of the sound beam controls
the depth through which the response is linear. To obtain size
information, the response from both the Delta response and the
transmission response must be used. As with the Delta response, the
transmission response is also insensitive to defect orientation.
Neither response, by itself, provided the required data.
Non-surface connected defects, such as inclusions or weld defects,
may obtain data from the transmission or Delta response modes and/or da ta
may be added from other transducers in the array. As an example, an
inclusion may provide two responses in the transmission mode, one in the
thickness mode, one in the pulse echo mode, and energy is often observed
in the ID or 00 Delta channels.
A wealth of data is available from the four transducer array.
Figure 5 provides someinsight into the amount and complexity of the
information. The drawing shows the type of information that is recorded
on the strip chart from a flat bottomed hole (FBH) that is machined
half way through the tube wall.
Channel #1 is the water couplant channel. Loss of couplant,
presence of air in the couplant water and presence of tube ovality are
shown in this channel.
Channel #2 records the depth of the defect in the tube. The spatial
position (number of times recorded) defines the length of defect and the
size (circumfrential) is defined by the width of the step. Spatial
position provides lengths and circumfrential dimension.
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Strip chart record.

Channe1 #3 shows the 10ss of energy from transducer #1 to #4. The
information is spaced at a different 10cation from channe1 # 2 as the
array was at a different 10cation during this portion of the inspection
procedure. If the chart were continued, the transmission channe1 wou1d
show a second pattern of information and depth cou1d also be verified
from these data. (See Figure 2 - Triangulation)
Channe1 #4 shows that information is avai1ab1e from the base of the
FBH. The position on the strip chart, re1ated to the transmission data,
confirms the source of the data.
Channe1 #5 is from the wave that is mode converted from the side of
the FBH or diffracted from the top edge of the hole. The 10cation under
the information from channe1 2 he1ps verify the size and nature of the
defect.
Channe1 #6 is the pulse echo response. This is typica1 of what
shou1d be received from a FBH. Its 10cation and response pattern shou1d
be expected. Whi1e the pulse echo is apparent1y effective for the FBH,
the pulse echo mode is very critica1 to orientation.
The data provided on the strip chart and the know1edge of the
indexing of the sonde are used to accurate1y size the defect. As an
examp1e, in Figure 5, the sonde increments 0.075 inch (1.9 mm) after
each rotation. Since the FBH is recorded on four successive rotations,
its diameter wou1d be measured as 0.3 inch (7.6 mm). The actua1 size
of 0.25 inch (6.35 mm) wou1d be determined by subtracting the effective
size of the sound beam. The depth of the FBH is recorded in channe1 2.
The recording shows a depth of 0.106 (2.67 mm) versus actua1 of 0.1
(2.54 mm). In channe1 #2 off-angle inc1usions may have shown as 10ss
of back. These data combined with information from other channe1s,
provides ability to size defects.
CONCLUSIONS
The four transducer u1trasonic array deve10ped by PNL provided an
automated, non-imaging, system for detecting and sizing defects in tubing
and p1ate. By combining amplitude information with time and spatia1
position, and by using a combination of records for defect
characterization, a re1iab1e and repeatab1e inspection was performed.
Oestructive/nondestructive corre1ation on actua1 defects has been
1imited (four specimens); however, resu1ts from both crack-1ike defects
and inc1usions have been very encouraging. In the instance of an angled
inc1usion, where no data appeared in the pulse-echo channe1, the size,
orientation and location were predicted within 10% of the actua1
dimension. In other instances, the ability to characterize the
difference between a crack-1ike defect and an inc1usion proved va1uable
to the fracture mechanics ca1cu1ations.
The techno1ogy associated with the four transducer array network is
still under deve10pment and further refinement is p1anned in both the
optimization of the sound beams and in analysis procedures. However, the
amount of data avai1ab1e with the techno10gy provides a strong basis for
deve10ping a data acquisition and analysis system that can detect,
10cate, size and characterize defects. Because data from multiple sound
beams are recorded, and because each channe1 of data provides a unique
amount of information, there is an opportunity for automating the
analysis procedure thorough the use of expert systems and neural
networks.
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