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Abstract

This paper presents observations on the sizing of
automatically detected artificial flaws in coiled tubing samples
using magnetic-flux-leakage data. Sixty-six artificial flaws of
various shapes and types, ranging from 0.30 mm deep pits to
slots with length of 9.5 mm, in 44.45 mm outer diameter pipe
were analyzed. The detection algorithm and the information
automatically extracted from the data are described.
Observations on the capabilities and limitations for
determining the size and shape of the flaws are discussed.

Introduction

Defects in coiled tubing (CT) degrade the longevity of the CT
and, therefore, need to be detected to prevent costly failures in
the field. One commonly used method for nondestructively
examining CT is magnetic flux leakage (MFL), where a
magnetic field is generated with a coil or permanent magnets
and Hall-effect sensors located around the CT measure the
variation in the field near the surface of the CT. The size,
shape, and location of the flaws are an important attribute in
determining the point of failure. Characterizing flaws is
important to closing the loop on failure prediction models'.
The size and shape of flaw determines the severity index,
developed at the University of Tulsa and is directly related to
the expected life of a CT string.

This paper presents the algorithm for automatically extracting
information from the MFL signals. An effective method for
detecting the signature of flaws in the MFL signal has been
developed”® and is summarized. In support of failure prediction
models, this paper presents the currently observed capabilities
of determining the type, size, and severity of flaws present in
coiled tubing from MFL. The size and shape of the flaw
influences the amplitude and duration of the MFL signals. The
extent to which the flaws can and cannot be characterized is
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Figure 1. Example of the capabilities of the designed matched filter at maximizing the signal to noise ratio from the radial
component of the MFL sensor. In this example the Butterworth pre-filter stage has been omitted. The top signal shows an
unfiltered radial component signal of a CT sample with artificial flaws of various sizes. The middle row shows the response of the
matched filter to the signal. The bottom signals show an enlargement of the signal (left) and filter response (right) to the smallest

flaw.
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Figure 2. The three orthogonal components of the MFL field at a defect and the parameters that are collected for each
component are shown. A) The radial component with the position of the center of the signal and the maximum and
minimum point on the signal. B) The axial or longitudinal component shown with the base line (horizontal line) and
amplitude above the baseline. C) The circumferential signal with an arrow indicating the amplitude and direction of the
indication. D) The output of the matched filter applied to the radial component.

discussed. Presentations of the primary issue in discriminating
crack type flaws from other less serious flaws conclude with
the possible paths forward for resolving the issue.

Description and Application of Equipment and
Processes

To collect MFL data, a laboratory scale experimental CT
MFL sensor head has been constructed. The coil used to create
the field in and around the CT is an 89 mm long solenoid with
a 102 mm inner diameter. There are 1400 revolutions (turns)
of 18 gauge copper wire wound evenly along the length of the
coil. Data presented in this paper was acquired using 5 A
direct current in the coil. This level is adequate to saturate the
pipe and allow detection of flaws on the inner surface of the
CT. Plastic frames, “shoes”, were populated with 3 ratiometric
linear Hall-effect sensors oriented in each of the orthogonal
components for cylindrical coordinates: radial, longitudinal
(axial), and circumferential. Five shoes where distributed
circumferentially around approximately one fourth the
circumference of the CT samples. Artificial defects were run
by the sensors, nominally centered on the middle of the 5
shoes. For experimental convenience, the magnet and sensors
are moved with a linear slide driven by a stepper motor.

Data from the Hall effect sensors was acquired with a
digital acquisition card sampling each single at a rate of 2000
samples/s. A first-order low pass Butterworth filter with a
cutoff frequency of 100Hz was applied as a digital filter in
software in all but one example in this paper. The time series
signal was converted to a distance versus amplitude by
adjusting for scan velocity and sample rate.

The radial component signal was utilized for flaw
detection. Signal processing was applied to allow for effective
detection of flaws with few false positives. A matched filter
designed for the signature of small defects was correlated with
the MFL signal. A matched filter produces a maximum ratio
of response to the desired waveform to that of noise. For the
signal produced by a small flaw, the optimal filter was
determined to be the derivative of a Gaussian function with
the peak-to-peak duration matching that of a minimum flaw
that is to be detected’. Although the filter is not optimized for
larger flaws the shape of their signal is close enough and
amplitude sufficient to allow detection. The response produces
a positive pulse in the output of the filter when a flaw signal
overlaps the signal. A threshold value was heuristically
determined such that it was above the noise level response but
below the response to a small flaw. To further reduce false
detections a minimum width of the response signal was also
implemented. The width of the response was measured from
the first zero crossing on each side of the peak. A minimum
width value was chosen to be slightly shorter than the
autocorrelation of the matched filter. The values used for the
filter and threshold used for this paper are:

e [,—peak-to-peak duration of A(n) -- 3.4 mm
e T,—amplitude threshold — 2.5
e Ty — minimum response width — 4.5 mm

The function implementing the filter is
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Figure 3. Combined information from the five sets of sensors for one defect. Each sensor number represents one set of
sensors at a circumferential position. The flaw was nominally aligned on sensor number 3.
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n is the sample number

T is the sample period (s)
v is the translation velocity (mm/s)
l4 is the peak-to-peak duration (mm)

The output response at a location in the sampled signal is
L
v(n) = Z s(i 4+ n)h(z)
i=—L

with L set to a reasonable length for the filter. We chose a
number of samples equivalent to two times /; or L is
equivalent to the nearest integer to 1; divided by the product of
the velocity and sample period.

The detection algorithm was implemented in software that
post-processes data acquired with the experimental sensor
head. Signal data from the radial component for each sensor

position was processed for responses that exceed the defined
thresholds. Figure shows the capability of the matched filter
in discriminating a flaw from the noise even when the signal
from the flaw is buried in the noise (flaw 4). This example
uses data were the Butterworth filter was not performed on the
data before applying the matched filter, to emphasize the
matched filters capability to reject noise.

At each point that detection occurs, additional information
is extracted from the signals of all three orthogonal
components. The information abstracted from the signals is
shown in Figure 2. The first is the axial (longitudinal)
position, p, of the peak of the response. From the radial signal
the local minimum and maximum around the peak of the filter
response location is determined by search backward and
forward in the data as much as 4ly. From the minimum and
maximum location, the radial signal amplitude, a,, is recorded
as the absolute value of the difference in the amplitude of the
to local extremes. The absolute value of the difference in axial
position of these points is recorded as the duration, d, of the
signal. From the longitudinal component signal, the amplitude
of the baseline, a,, and the peak amplitude minus the baseline,
a;, are found. The circumferential component signal has a
shape similar to that of the radial component; however, it
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used a tolerance of 8 mm to account for possible offsets
between the sensors shoes. The combined information from all
of the sensors for a flaw is presented in a report and chart.
Figure 3 represents the chart representation of the information,
each parameter plotted versus the sensor position (sensor
number three nominally centered over the flaw).

With the ability to detect and abstract information from the
data taken with the sensors, we proceed to describing the
observations made on 66 artificial flaws inserted into samples
of sections of coiled tubing. The flaws included many sizes,
shapes, and types of flaws. Flaws were machined, saw cut,
impressed, and electrical discharge machined (EDM). Flaws
were included both on the outside and inside of the CT pipes.
65 of 66 flaws were automatically detected with the detection
algorithm. The one remaining flaw, an 0.58 mm deep
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Figure 4. Comparison of duration of the radial signal to the
length of flaws and the amplitude to the cross-sectional area.
Least squares linear fit for each is shown. Flaws are all
external machined flaws.

differs in polarity depending on the sensors position with
respect to the detected flaw. A two point matched filter
consisting of one unit impulse in the positive direction and one
in the negative direction separated by d is used to analyze the
circumferential signal. The peak absolute value of the
correlation in the 414 range around the location of the detected
defect determines the magnitude of the circumferential
indicator, a.. The sign determines to which side of the sensor
the defect is centered. A defect that passes precisely under the
sensor would have a value of near zero; however, only a small
deviation from center produces a signal. The metric for the
circumferential sensor is most useful in determining whether
some interpolation between two sensor sets for a flaw that
passes between two of the shoes around the pipe should be
used.

Multiple sets of sensors surrounding the pipe may detect
the same flaw if the flaw is large enough or wide enough. The
software algorithm attempts to group sensor data if a flaw is
detected on multiple shoes. If the position of a flaw on
adjacent sensors is within a specified tolerance of one another,
they are grouped. For the data processed for this paper, we

12
=]

10 -

8

6 ¢+ Internal Flaw |

: /"u/ B Ext Flaw Ball
41X ay & ExtFlaw Cone |
¥ a x Ext Flaw Cut
2 ¢ o Ext Flaw Cylinde-
—CTTrend
0 ; ; ; ‘ ‘ ‘
0 2 6 10 12
Length (mm
Amplitude vs Cross Section
350
300
250
o

200
150 /
100 - -

50 +xm *

Lom *
0 A.M T T T
0 2 4 6 8 10 12 14

CrossSection (mm?)

Figure 5. Comparison of duration and amplitude to a more
diverse set of flaw including internal, external, and saw cuts.

impressed cone shape, produced a response to the matched
filter but was below the chosen threshold. Choosing a
threshold low enough to detect this flaw would have produced
a large increase in false detections.
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Presentation of Data and Results

From initial observations of the radial signal duration and
the radial signal amplitude using only the sensor centered over
the flaw, there were several possible correlations to the flaw
geometry. The duration of the radial signal appeared to vary
proportionally to the longitudinal length of the flaw. The
cross-sectional area of the flaw was associated with the
amplitude of the radial and longitudinal signals.

A set of machined flaws inserted into the outside of two
tubes was analyzed in detail first. The flaws consisted of ball
and flat end mill holes of varying depth; flat end mill slots of
varying length and widths; and flat end mill holes of various
diameters. Details and summary of abstracted data of all of the
flaws are contained in Appendix A. Figure 4 shows the graph
of the radial component amplitude versus the cross-sectional
area and the radial component duration versus the longitudinal
length of the flaws. A reasonable linear fit is produced on both
graphs (R values of 0.955 on the amplitude graph and 0.925
on the duration graph). The points on the length graph are
nearly exactly linear as the length increases. There is more
variation in the distribution for flaws of shorter length. The
trend is for flaws of various depths to be underestimated by
applying the linear estimation and for slots of varying
circumferential width to be over estimated. Note these flaws
have a circumferential dimension of greater than the length
dimension but have a length dimension large enough that it
does not approximate a crack. In a comparison of the cross-
sectional area versus amplitude there is also a reasonably good
fit. However, the apparent variances occur in the larger area
flaws. Two observations are made: 1. The flaws that are
generated by end mills of varying diameter and slots of
varying circumferential width would best fit different lines. 2.
There is an increase of amplitude within the set of flaws with
the same cross-sectional with increasing longitudinal length.
These two observations show that the volume of the flaw has
some effect on the amplitude (i.e. there is a second order affect
on the amplitude due to the volume of material absent in flaws
created with mill tool diameters between 2.38mm and 6.35
mm. These results present a fairly straightforward picture.

The next set of samples complicates the picture. A more
diverse set of flaws that were inserted in additional pipes by
machining, impressing, sawing and EDM. A larger variety of
shapes were used including: ball, cone and saw cut. EDM
flaws were inserted on both the inside and outside of the pipe.
The plots of the comparison of amplitude to cross-sectional

area and signal duration to length of flaws were completed on
these samples as well. Figure 5 contains the graphs of the
results for these flaws. The linear fits from the previous set of
flaws were plotted with this data. The fits for the duration of
longer (longitudinal) flaws support the linear fit. Shorter flaws
tend, on average, to be oversized by applying the linear fit
equation of related signal duration to length. The most
important observations were made from the comparison of
amplitude to cross-sectional area. The first is that internal
flaws fall consistently below the trend line. The variation is
not extreme and a conservative estimate of size could assume
an internal flaw for sizing purposes. A possibility exists for a
separate sensor that would not be sensitive to internal flaws be
used to discriminate between internal and external flaws.

The more serious observation is for the results from saw
cuts that approximate cracks. A linear fit for these flaws shows
a slope much lower than that of the other types of flaws. A
crack is arguably a more severe type of flaw for reducing the
longevity of a CT string. To be conservative in attempting to
determine the severity of a detected flaw, it would have to be
assumed to be a crack. This would produce the affect that a
small pit would be classified as a crack and a CT string be
taken out of service or repaired prematurely. This result
furthers the argument that the volume of the material missing
is related to the amplitude of the response. When the length of
the flaw is very small, it is no longer a second order factor but
becomes the primary factor.

Resolving this issue is extremely important to accurately
determining the severity of a flaws effect on the CT durability.
Unfortunately, the duration of the signal does not discriminate
between a pit and a crack (i.e. a small pit does not have a
longer duration than a crack. As with the internal flaws an
independent means for determining a crack versus another
type of flaw could potentially resolve this issue. A subtle
observation of the amplitude versus the circumferentially
position of the sensors distributed around the pipe is shown in
Figure 6. The decrease in amplitude of the MFL signal out
circumferentially from the center of the flaw is less on the saw
cut as compared to the ball end-mill produced pit that
produces approximately the same amplitude response on the
center sensor. There may be some potential to discriminate
using the distribution of the amplitude with respect to the
circumferentially distributed sensors. This is the most
promising observation in the current data sets for a potential to
resolve this issue.
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Figure 6. Comparison of the amplitude of a simulated pit and simulated crack. The amplitude of the radial component is shown
versus the circumferential position of the sensor shoes. Although each has approximately the same amplitude on the center sensor
the amplitude of the pit decreases faster and is not even detected at sensor numbers 1 and 5.

Conclusions

This paper presented the observations on the ability to
determine geometry of flaws in coiled tubing from MFL data.
An algorithm to effectively automatically detect and extract
information from the flaw data with a matched filter was
described. From the resulting data points for 65 artificial flaws
observations were made about the signals versus flaw length
and cross-sectional area. For flaws with length on the order of
the 2.5 mm and larger the peak-to-peak amplitude of the radial
component of the MFL is roughly proportional to the cross-
sectional area. The longitudinal length of the flaw is
proportional to the peak-to-peak duration of the radial
component of the MFL for flaws greater than 3 mm. There are
remaining issues with respect to sizing flaws with low total
absent volume. An analysis of the variation with respect to the
circumferential position of the sensor with respect to the flaw
show some possibility that better circumferential resolution
could pay a dividend in resolving cracks from pits. It is likely
that a more robust approach may be to apply a sensor that is
sensitive to cracks but not to pits. One such possibility is
“Foster” method’. Future research will include implementing
this method.
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Appendix
This appendix provides the measurements of the signals
from each of the flaws analyzed in the article.
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Radial Amplitude Duration of Radial Signal Circumferential Indicator Longitudinal Amplitude
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Radial Amplitude Duration of Radial Signal Circumferential Indicator  Longitudinal Amplitude
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Radial Amplitude Duration of Radial Signal Circumferential Indicator Longitudinal Amplitude
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