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Abstract

The condition of bowing of fuel rods in nuclear reactors is often detected through imaging of sub-assembly tops using
C-Scans obtained from Pulse Echo Ultrasonic technique. The detection of bowing by means of post processing of A-Scan
signals is discussed in this paper. Techniques have been initially developed on hollow cylinders, which mimic the sub-
assembly tops. A-Scans are collected by placing the unfocussed ultrasonic transducer at the top of the hollow cylinder, kept
in the water bath. The beam spread causes the object to be detected even when the transducer is not exactly above the
object. This results in over sizing of the object. The objective is to estimate the width precisely by means of which, condition
of bowing could be detected. Synthetic Aperture Focusing Technique is applied on these A-Scans to estimate the width. The
width of the object can be estimated at different positions on the top surface of the object, from which centre points at each
position can be obtained. If these centre points form an ellipse or a deformed circle, then bowing condition is detected, else
normal condition is indicated. Two hollow cylinders of known width 5 mm and 3 mm have been used here. Application of
this technique with a synthetic aperture of 14.4 mm, has given a minimal error of 1.4 mm and 0.3 mm for the 5 mm and

3 mm cylinders respectively.
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1. Introduction

One of the most common techniques for Non-Destructive
Testing (NDT) is the Ultrasonic technique, in which qual-
ity of materials or objects is examined without damaging
the object. Ultrasonic Testing is normally used in deter-
mination of thickness of the material, detection of faults
and to specify the physical characteristics of the defect
such as its dimensions, type of defect etc. Different meth-
ods of Ultrasonic Techniques exists namely Pulse Echo
technique, Through Transmission technique and Pitch-
Catch Technique. Each method has its own advantages
and disadvantages. A particular method has to be selected
based on the application. When only single side access is
possible, Pitch-catch and Pulse echo techniques can be
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used. When both sides of the object can be accessed then
through transmission can be used.

In the pulse-echo ultrasonic technique, a single piezo-
electric transducer is used to transmit and receive ultrasonic
energy. The transducers could be contact type or immer-
sion type, angle beam or normal beam transducer. The
transmitted ultrasonic waves get reflected at top surface
of the material or at defects within the material. The
reflected waves are called echoes. The echoes are seen on
the CRO screen. The display on the CRT screen shows
the transmitted wave, reflected wave(s) and the back wall
echo. The presence of any defect in the material is seen
by another echo before the back wall echo. The reflected
wave can be displayed in the form of A-Scans, B-Scans
and C-Scans. The A-scan signifies the distance travelled
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by the ultrasonic wave till the point of reflection at a
surface or discontinuity. The B-scan presentations provide
a side-view of the test specimen. The C-scan presenta-
tion provides a top view of the location and size of test
specimen features. The Pulse Echo Ultrasonic Technique
has been commonly used in thickness measurements.
This technique directly gives the depth information, i.e.
the total height (thickness) of the object or the depth at
which a defect is located. When the transducer is placed
above the object, details of depth could be determined.
The thickness can be measured by placing the transducer
at the sides of the object. This paper deals with placing
the transducer above the object to measure thickness of
the object because access to the side of the object is not
feasible. Hence the word width is used instead of thick-
ness or depth.

A pulse-echo sensor is positioned at a particular
height from the top surface of the object, such that the
object receives the far region of the ultrasonic beam. The
sensor is made to step along a horizontal line, above the
top surface of the object. The sensor transmits pulses at
every step distance (Ax), and receives reflected waves from
object'™. As the ultrasonic wave propagates through the
material, it spreads out. This phenomenon is known as
beam spread. Due to the effect of beam spread, the trans-
ducer detects the object much before the instant when it
is actually over the object® . Hence this gives the impres-
sion of enlarged width of the object. The aim of this work
is therefore to estimate the correct width of the object.

The Pulse Echo sensor has been used in the nuclear
reactor to get the image of sub-assembly tops for mea-
surement of bowing or growth that may occur due to
irradiation damage. The extent of bowing can be assessed
by measuring the distance between the centre points of
adjacent sub assembly heads. C-Scans from Pulse Echo
Ultrasonic transducer have been used to estimate bowing’.
This paper attempts the possibility of detection of bowing
from A-Scans. By measuring the width of the sub assem-
bly head, centre points can be identified, from which
bowing could be detected. If the centre points form a
circle, then no bowing is detected. If the centre points form
an ellipse or a deformed circle, then bowing is indicated.
Algorithms have been developed to eliminate the effect of
beam spread and estimate the correct width of the hollow
cylinder, which resembles a sub assembly head.

Synthetic Aperture Focusing Technique (SAFT) is the
one of the most common signal processing tool used in siz-
ing techniques®’. Time domain SAFT involves time-shifting
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of A-Scans and coherent summation of the time shifted
A-Scans within a synthetic aperture. Constructive interfer-
ence of A-Scans would yield higher amplitude and destructive
interference would yield lower amplitude of the A-Scan.
SAFT is basically a post—processing technique of ultrasonic
data. The effect of the beam spread of the transducer is
taken into consideration and application of SAFT produces
a more focused response. Length of the Synthetic aperture
is defined as the product of number of samples taken dur-
ing a scan along x-direction and spatial sampling length'®.
In other words, length of synthetic aperture is defined as the
distance moved by the transducer for acquiring N number
of A-Scans with sampling distance of Ax. Thus length of
synthetic aperture is the product of N and Ax. The maxi-
mum length of synthetic aperture also depends on distance
R between the reflector and transducer, wavelength A of the
transducer and the diameter d of the transducer"'. Thus for a
certain transducer the value of A and d are constants. Hence
the length of synthetic aperture depends on R. Higher the
value of R, larger is the length of synthetic aperture.

R

L 7

As the transducer scans across the object, A-Scans are
obtained. By joining the peaks of these A-Scans, a curve
in the shape of a hyperbola is obtained. The span of hyper-
bola will be larger for larger values of depth. By use of the
SAFT, the span of the hyperbola is reduced and from the
reduced hyperbola, the width of the object is determined.

2. Data Acquisition

The ultrasonic system comprises of an immersion tank
coupled with sensor and the accessories required to move
the sensors with precision. This system is interfaced to a
computer for storing the A-Scans in the digital form. The
sensor system comprises mainly of the transducer, actua-
tors and stepper motors to move the transducers. The
movement of transducer with the help of stepper motors
is controlled using a Programmable Logic Controller. The
captured A-Scans are passed through signal conditioning
unit, converted to digital form, making it easy for storage
and also for displaying it on a Cathode Ray Tube. Based
on the size of the movement of the transducer required,
the number of pulses is fed in through the computer'?. The
transducer can be moved in horizontal and vertical direc-
tion by means of a stepper motor for each direction. The
vertical position of the transducer is kept constant while
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acquiring the data. The single normal beam transducer
used is a 5 MHz piezoelectric crystal, which is attached to
the actuator. The diameter of the transducer is 10 mm. The
transducer is made to move in constant steps in horizon-
tal direction along the surface of the specimen immersed
in water bath (Figure 1). At each step, it sends ultrasonic
pulses and receives the reflected echoes in the form of
A-Scans. The electrical signals are digitized with sampling
frequency of 100 MHz and stored (Figure 2). Initially the
transducer is positioned at a place where it just detects
the object. The transducer is moved towards the object
with three different values of spatial resolution of 0.3 mm,
0.5 mm and 0.7 mm. The transducer is moved laterally till
it stops detecting the object. Two samples of hollow cyl-
inders of width 3 mm and 5 mm have been used. For the
sample of 3 mm width, the number of A-Scans recorded

Figure 1. Specimen in water bath and transducer.

Figure 2.  System hardware for data acquisition.

I 398 | Vol 7 (4) | April 2014 | wwwindjst.org

for each step size is 75, 45 and 32 A-Scans respectively.
With 5 mm sample, the transducer was moved with step
sizes 0.3mm, 0.5mm and 0.7mm, and the number of
A-Scans recorded is 78, 52 and 36 A-Scans respectively.

3. Methodology

The technique of SAFT involves selection of few data
under a synthetic window (aperture). Choosing one of the
A-Scan as reference, the other A-Scans are time shifted
and the resulting data is added. A single data is obtained

which is equivalent to a pixel of the B-Scan. For the same
aperture size, the reference A-Scan is shifted left and
right of the initial reference scan. A pixel is obtained for
each reference A-Scan. If the reference A-Scan is exactly
indicating the presence of the object then the value of
the pixel is high otherwise it is low. Same procedure is
repeated by varying the aperture size. By plotting the
pixels so obtained we get a hyperbola whose span is very
much less than the initial hyperbola. The value of the pix-
els above a threshold value is indicative of the presence
of the transducer exactly above the object’. Hence, these
values would contribute to the calculation of width.

4. Experimental Results
and Discussion

Two hollow cylinders of width 3 mm and 5 mm have been
used as samples. With 3 mm sample, the transducer was
moved with step sizes of 0.3 mm, 0.5 mm and 0.7 mm, and
the number of A-Scans recorded for each step size is 75,
45 and 32 A-Scans respectively. With 5mm sample, the
transducer was moved with step sizes 0.3 mm, 0.5 mm and
0.7 mm, and the number of A-Scans recorded is 78, 52 and
36 A-Scans respectively. First the A-Scan with the highest
peak is chosen as the reference and all the other A-Scans
within the aperture are time shifted and the amplitudes
are added up to obtain a single pixel. Different A-Scans
are chosen as the reference scan and SAFT is applied to
obtain pixels. If there is a constructive interference of
A-Scans, then the value of the pixel is high and if destruc-
tive interference occurs, low pixel value is obtained. The
pixel values are plotted. The total numbers of Scans which
have amplitudes greater than the threshold are chosen for
estimation of width. The threshold is chosen as -0, where
( is the mean of the pixel values and o is the standard
deviation of the pixel values. The results obtained after
application of SAFT algorithm has been tabulated below.
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Table 1. Results of SAFT on 5mm ring Table 3. Summary of results
Step size Aperture Size  Width obtained Absolute Error Step size  Aperture Absolute Absolute Error
(mm) (mm) (mm) (mm) (mm) size (mm)  Error obtained obtained for
03 13.8 6.9 1.9 for 5mm ring 3mm ring
14.4 36 1.4 0.3 13.8 1.9 1.5
15.0 2.1 2.9 144 14 0.3
0.5 12 7.5 2.5 15 29 0.6
13 4 1 0.5 13 1 2.5
14 15 3.5 14 35 0.3
0.7 0.8 98 18 0.7 11.2 0.6 2.6
11.2 5.6 0.6 12:6 2:2 0>
12.6 2.8 2.2
aperture size, width and hence the error are all multiples
Table 2. Results of SAFT for 3 mm ring of the step size of the transducer movement. To overcome

Step size  Aperture size Width obtained  Absolute Error

(mm) (mm) (mm) (mm)

0.3 13.8 4.5 L5
14.4 33 0.3
15.0 24 0.6

0.5 13 5.5 2.5
14 33 0.3
15 1 2

0.7 11.2 5.6 2.6
12.6 3.5 0.5
14 2.1 0.9

Table 1 shows the result of SAFT on ring of 5 mm size.
Only the values of those aperture sizes that gave minimal
error have been listed. Similarly, Table 2 shows the result
of SAFT on 3 mm ring. The absolute error has been listed.
The aperture size less than those mentioned gave large
values of positive error. The aperture size greater than
those mentioned, gave large negative errors.

5. Conclusion

The error in estimation of width by applying the tech-
nique of SAFT has been summarised in the Table 3. It is
found that the error is minimal with step size of 0.3 mm.
This is obvious because better resolution would yield bet-
ter results. This is also seen in the case of 0.7 mm step size,
where the minimum error obtained itself is larger than the
others. It is also found that the aperture size of 14.4 mm
for step size of 0.3 mm is giving minimum error for both
the rings. The drawback in this method adopted is that the
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this, step size or the spatial resolution of the transducer
could be 0.1 mm. This would avoid the terms to be multi-
ples of step size. This would definitely give better results as
higher resolution is being applied. But spatial resolution
of 0.1 mm would imply more number of A-Scans, greater
computation time.
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