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DETECTING AND EVALUATING ECCENTRICITY EFFECT IN
MULTIPLE PIPES

Technical Field

The present invention relates generally 1o apparatus and methods with

respect to measurements related to o1l and gas exploration.

Backeground

Monitoring the condition of the production and intermediate casing
strings, tubing, collars, {ilters, packers, and perforations 1s crucial in ol and gas
field operations. Electromagnetic (EM} techniques are conumnon in inspection of
these components. EM sensing can provide continuous, in situ measurements of
the integrity of tubing/casing. As a result, there has been considerable interest in
using EM in cased borehole monitoring applications. One major EM technique
operates based on producing and sensing eddy current (EC) in these metallic
components. In EC technigue, a transmitting cotl emits primary field into the
pipes. These fields produce eddy currents in the pipes. These currents, in tum,
produce secondary fields. Charactenization of the pipes is performed by
measuring and processing these secondary fields. In current developed inversion
algornithms to characterize the pipes based on the measured responses, it is
assumed that the pipes are concentric. However, in practice, the pipes may have

eccentricity with respect to the tool.

Brief Description of the Drawings

Figure 1 1s an illustration of a concentric pipe structure, in accordance
with various embodiments,

Figure 2 is an illustration of an eccentric pipe structure, in accordance
with various embodiments.

Figure 3 is an illustration of a cross section of a concentric pipe structire,
in accordance with various embodiments.

Figure 4 is an illustration of a cross section of a eccentric pipe structure,
m accordance with various embodiments.

Figure 5 is an illustration of a concentric configuration of the pipes with
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a tool disposed in the multi-pipe structure, in accordance with various
embodiments.

Figure 6 is an illustration of a configuration of a multi-pipe siructure in
which two pipes are concentric with respect to the center of a tool and two pipes
have eccentricity with respect {0 the center of the tool, in accordance with
various embodiments.

Figure 7 1s a plot of pulsed eddy current responses over time for two
sensors, providing a comparison of the pulsaed eddy current responses received
by the sensors, when two pipes have some eccentricity with respect to the tool
axis as shown in Figure 6, in accordance with various embodiments.

Figure 8 is a plot of pulsed eddy current responses over tirne for sensors,
providing a comparison of the pulsed eddy current responses received by the
sensors, when two pipes have some eccentricity with respect to the tool axis as
shown in Figure 6, in accordance with varnous embodiments.

Figure 9 is a plot of pulsed eddy current responses over time for two
sensors, providing a comparison of the pulsed eddy current responses received
by the sensors, when two pipes have some eccentricity with respect o the tool
axis as shown in Figure 6, in accordance with various embodiments.

Figure 10 is an illustration of multiple pipes with collars on pipes, in
accordance with various embodiments.

Figure 11 15 a flow diagrarm of procedures to estirnate the orientation and
extent of eccentricity from the responses received at the collar positions, in
accordance with various embodiments.

Figure 12 is a plot of signal level versus sensor azimuth that can provide
a basic eccentricity azimuth calculation from sensor data, in accordance with
various embodiments.

Figure 13 1s an illustration of multiple pipes with collars on the pipes, in
accordance with various embodiments,

Figure 14 is a flow diagram of an inversion algorithm for eccentric pipes
with correction due io the eccentricity applied to the forward model or the
library, 1o accordance with various embodiments.

Figure 13 is a flow diagram of a inversion algorithm for eccentric pipes

with correction due to the eccentricity applied to measured responses, in

el
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accordance with various embodiments.

Figure 16 is a flow diagram of features of an example method of
mounttoring and evaluating a multi-pipe structure, in accordance with varnous
ernbodirments.

5 Figure 17 is a block diagram of features of an example system operable
to execute schemes associated with detection and evaluation of eccentricity

effect in multiple pipes, in accordance with various embodiments.

Detailed Description

J—
~—~

The following detailed description refers to the accompanying drawings
that show, by way of llustration and not limitation, various embodiments in
which the invention may be practiced. These embodiments are described in
sufficient detail to enable those skilled 1n the art (o practice these and other
embodiments. Other embodiments may be utilized, and structural, logical,

15  wmechanical, and elecirical changes may be made to these embodiments. The
various embodiments are not necessarily mutually exclusive, as some
ermmbodiments can be combined with one or more other embodiments to form
new embodiments. The following detailed description is, therefore, not to be
taken in a limiting sense.

2G One corrosion inspection tool, for example, uses remote field eddy
current approxiruations to provide estimates of the total thickness of the casings.
employing multiple frequency-domain data acquisitions and interpretations and
using an inversion process. Azimuthal resohition is achieved via the use of
muitiple receivers distributed along the azimuthal direction. Other cosrosion

25 inspection tools analyze the time-domain decay response to characterize the
tubing plus casing with azimuthally symmetrical transmitters and receivers.
None of these tools perform measurements specifically for reducing the
eccentricity effects. Their inversion algorithms have been mstead developed
based on the assumption that the tool and the pipes are concentric or eccentricity

30 compensation algorithms are emploved based on the pure signal processing

approaches.

n various embodiments, a tool can be implemented to detect and

evaluate the amount of eccentricity in multiple pipe inspection scenarios. Such a
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tool and methods of operating the tool can provide a number of advantages such
as: {1} detecting which pipe or pipes in a multi-pipe structure has eccentricity
with respect to the center axis of transmitier and recetver coils of the tool, (i)
evaluating the amount of eccentricity of the pipes with respect to the center axis

5 of the transmtter and receiver coils of the tool, (i1} emploving the detection and
evaluation of the eccentricity for particular pipes in a properly devised correciion
algorithm for an inversion process, and (iv) providing characterization of the
multiple tubular components with better accuracy that provides a more precise
evaluation of these components and uvltimately leads to a significant positive

10 impact on the production process.

Figure 1 1s an illustration of a concentric pipe structure 105, The
conceniric pipe structure 103, which 1s a multi-pipe structure, may include pipes
110-1, 110-2, 110-3, and 110-4. The concentric pipe structure 105 may be
located in a borehole at a well site. Though, Figure 1 shows four pipes, the

15 concentric pipe structure 105 may include more or less than four pipes. A
transmitier 115 and a receiver 120 of a measurement tool 170 can be operated to
mspect the pipes of the concentric pipe structure 105 to characterize and/or
evaluate the concentric pipe structure 105 and s individual pipes. The
transmitter 115 and the receiver 120 can be arranged on a symmetric axis 117 of

20 the measurement tool 170. With no eccentricity in pipes 110-1, 110-2, 110-3,
and 110-4, the symmetric axis 117 can comncide with the axis of the concentric
pipe structure 105, where the axes of each of pipes 110-1, 110-2, 110-3, and
110-4 is also the axis of the concentric pipe struciure 105, The measurement
ool 170 can be moved along an axis that concides with the symmetry axis of

25 the measurement tool 170, The synwnetry axis 117 of the measurement tool 170
with respect to the receiver 120 and the transmitter 115 can be taken as a
reference axis 1o evaluale concentric pipe structure 103, The transmutter 115 and
the recetver 120 can be moved along the longitudinal axis 117 of innermost pipe
110-1 to make measurements at different depths. Wireline arrangements, or

30 other conventional convevance technigues, can be used to dispose the transmuiter
115 and the receiver 120 in the concentric pipe structure 105 below the earth’s
surface at a well site. Movement along the longitudinal axis 117 may be

conducted within the concentric pipe structure 105 parallel to longitudinal axis
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117. Alternatively, the transmitter 115 and the receiver 120 may be realized as a
number of transmitiers and receivers within the concentric pipe structure 105
disposed along an axis coinciding with the symmetric axis of the measurement
ool 170 at different depths from the earth’s surface.

Figure 2 is an illustration of an eccentric pipe structure 205. The
eccentric pipe structure 205, which is a mulii-pipe structure, may include pipes
210-1, 210-2, 210-3, and 210-4. The eccentric pipe structure 205 may be located
in a borehole at a well site. Though, Figure 2 shows four pipes, the eccentric
pipe structure 205 may include more or less than four pipes. A transmitter 215
and a receiver 220 of a measurement (ool 270 can be operated to inspect the
pipes of the eccentric pipe structure 205 to characterize and/or evaluate the
eccentric pipe structure 205 and its individual pipes. The transmitter 215 and the
receiver 220 can be arranged on a syrmmetry axis 217 of the measurement tool
270. The measurement tool 270 can be moved along an axis that comaides with
the symmetry axis of the measurement tool 270 and an axis of the innermost
pipe 210-1. Alternatively, the measurement tool 270 can be moved along an
axis that was intended to be the axis for each of pipes 210-1, 210-2, 210-3, and
210-4. The synumnetry axis 217 of the measurement tool 270 with respect to the
receiver 220 and the transmitier 215 can be taken as a reference axis to evaluate
gccentric pipe structure 205, The transmitter 215 and the receiver 220 can be
moved along the longitudinal axis 217 to make measurements at dufferent
depths. Wireline arrangements, or other conventional conveyance techiiques.
can be used to dispose the transmitter 215 and the receiver 220 in the eccentric
pipe structure 205 below the earth’s surface at a well site. Alternatively, the
iransmitter 215 and the recetver 220 may be realized as a nurmber of transnutters
and receivers within the eccentric pipe structure 205 disposed along an axis
coinciding with the syrometry axis of the measurement tool 270 at different
depths from the earth’s surface.

Figure 3 is an illustration of a cross section of a concentric pipe structure
305. Pipe structure 305 may be similar to or identical to pipe structure 105 of
Figure 1. The concentric pipe struchure 303, which is a multi-pipe struchure, may
mclude pipes 310-1, 310-2, 310-3, and 310-4, which are symumnetric with respect

to a symmetry axis 316 of a tool 370. The concentric pipe structure 3035 may be
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located in a borehole at a well site. Though, Figure 3 shows four pipes, the
concentric pipe structure 305 may include more or less than four pipes.

Figure 4 is an illustration of a cross section of a ecceniric pipe structure
405. Pipe structure 405 may be simular to or wdentical to pipe structure 205 of

5 Figure 2. The eccentric¢ pipe structure 405, which 1s a multi-pipe structure, may
include pipes 410-1, 410-2, 410-3, and 410-4 in which pipes 410-1, 410-3, and
410~4 are symmetric with respect to a synumetry axis 416 of a tool 470. Pipe
410-2 has eccentricity with respect to the symmetry axis 416 of the tool 470.
The eccentric pipe structure 405 may be located in a borehole at a well site.

10 Though, Figure 4 shows four pipes, the concentric pipe structure 405 may
mclude more or less than four pipes.

The nmulti-pipe structures of Figures 1-4 are illustrations of pipe
configurations that can be found at production well sites. Such structures need
to be monitored for conditions that can affect efficiency of production. For

15  example, these structures can be inspected with respect to corrosion and other
defects.

In current corrosion inspection tools, nversion algorithms are typically
developed based on the assumption that the pipes and the tool are perfectly
concentric, as shown in Figure 1 and Figure 3. However, in practice, one or

20 more pipes may have eccentricity with respect to the measurement tool. This
factor affects the accuracy of the mmversion results and reduces the capability of
the tool in precise characterization of the pipes. Thus, to lower the
characterization errors, it is crucial {o develop approaches that are capable of
detecting and evaluating the eccentricity of the pipes with respect to the tool.

25 Knowing the amount of eccentricity can then be employed to alleviate the errors
on the inversion resulis imposed by such an effect.

In various embodimenis as taught herein, a technigque can be
implemented to detect and evaluate the amount of eccentricity for multiple pipes,
separately. To perform such a technique, a tool is provided that includes a

30 number of identical receivers disinbuted azimuthally in a way that they provide
full coverage along the azimuthal direction. These receivers should be
distributed on a pair-wise basis such that each respective pair of the set of

receivers would be symmetrical with respect to the center of the tool. This

6
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configuration allows for evaluation of eccentricity of multiple pipes in both a
me-domain technique and a frequency domain technigue.
Consider eccentncity evaluation in fime~domain using a pulsed eddy
current {(PEC) technique. fo a PEC technique, excitation source transmuits one or
5 more primary electromagnetic waves that can impinge upon a conductive object
such as a pipe. In response to recetving electromagnetic waves, the conductive
object is excited with eddy currents generated in the conductive object. The
eddy currents produce a secondary magnetic field, which can be detected by a
sensor. In operating time domain tools, a transmitting coil sends pulsed signals
10 generating electromagnetic fields that induce eddy currents in surrounding
conductive objects such as pipes. Once the transmutter is turned off, one or more
recetving coils may record the electromotive voltages produced by the eddy
currents in the conductive objects.
Figure 5 is an illustration of a concentric configuration of the pipes with
15 atool 570 disposed in the nwlti-pipe structure 505, The multi-pipe structure 503
in this example includes pipes 510-1, 510-2, 510-3, and 510-4. Though four
pipes are shown, more or less than four pipes may be in a structure being
mvestigated. The tool 370 has azimuthally distributed sensors 522-~1, 522-2,
524-1, 524-2, 526-1, 526-2, 528-1, and 528-2 to detect and evaluate eccentricity,
20 Though eight sensors are shown, more or less than eight sensors can be used.
The center of the tool 370 provides axis of symmetric for these sensors,
The sensors 522-1, 522-2. 524-1, 524-2, 526-1. 526-2, 528-1, and 528-2 are
distribuied on a pair-wise basis: 522-1 with 522-2, 524-1 with 524-2, 526-1with
526-2, and 528-1 with 528-2. As shown, each sensor of a respective pair is
25 centered on a line between each other, where the line passes through the center
of the tool 570. As shown in Figure 5, the pairs are located in the plane, which
m this case is the x-v plane that is perpendicular to the z-axis along which the
tength of the pipes extends. A reference axis through the center of the 100l 570
can be used as an eccentricity axis for evaluating the multi-pipe structure 503.
30 The eccentricity axis 518 1s in the x-y plane in this example.
In PEC technique, if the pipes are all concentric with respect to the tool
570 as shown mn Figure 3, the responses recorded by all the identical receivers

are the same. However, if one pipe has eccentricity with respect to the tool 570,
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the recorded decay response for the sensors varies. For example, consider
Figure 6.
Figure 6 is an illustration of a configuration of a multi-pipe structure 605

in which two pipes are concentric with respect fo the center of a tool 670 and

5 two pipes have eccentricity with respect to the center of the tool 670, The multi-
pipe structure 605 includes pipes 610-1, 610-2, 610-3, and 610-4, where pipe
610-1 and pipe 610-3 are concentric, but pipe 610-2 and pipe 610-4 have
eccentricity with respect to the center of the tool 670. Though four pipes are
shown, more or less than four pipes mav be in a structure being investigated.

10 The tool 670 has azimuthally distnibuted sensors 622-1, 622-2, 624-1, 624-2,
626-1, 626-2, 628-1, and 628-2 to detect and evaluate eccentricity. Though eight
sensors are shown, more or less than eight sensors can be used.

The center of the tool 670 provides axis of symmetric for these sensors,
The sensors 622-1, 622-2, 624-1, 624-2, 626-1, 626-2, 628-1, and 628-2 are

15 distributed on a pair-wise basis: 622-1 with 622-2, 624-1 with 624-2, 626-1with
626-2, and 628-1 with 628-2. As shown, each sensor of a respective pair is
cenlered on a line between each other, where the hine passes through the center
of the tool 670. As shown in Figure 6, the pairs are located i the plane, which
i this case is the x-y plane that is perpendicular io the z-axis along which the

20 length of the pipes extends. A reference axis through the center of the tool 670
can be used as an eccentricity axis 618 for evaluating the multi-pipe structure
605. The eccentricity axis 618 is in the x-v plane in this example.

If the pipe 610-2 has eccentricity, as shown in Figure 6, the responses for
most of the sensor pairs would be different. For example, the responses for the

25 622-1 with 622-2 sensor pair would be different as shown i the Figure 7.
Figure 7 is a plot of PEC responses over time for sensors 622-1 and 622-2,
providing a comparison of the PEC responses received by sensor 622-1 in curve
722-1 and sensor 622-2 in curve 722-2, when pipe 610-2 and pipe 610-4 have
some eccentricity with respect to the tool axis as shown in Figure 6.

3¢ Figure 8 1s a plot of PEC responses over time for sensors 624-1 and 624-
2, providing a comparison of the PEC responses recetved by sensor 624-1 in
curve 724-1 and sensor 624-2 in curve 724-2, when pipe 610-2 and pipe 610-4

have some eccentricity with respect to the tool axis as shown in Figure 6. The
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difference between the responses of the 624-1 with 624-2 sensor pair will be the
fargest after time 11, and before the effects of other pipes are received, as shown
i Figure 8, since they are along the eccentricity direction 618 for pipe 610-2.
By considering the azimuthal angle of the sensor pairs and the time from which
5 the responses start to differ, the direction of eccentricity and the extent of that
eccentricity for multiple pipes can be determined. For exampie, if the responses
start to differ from the very early tirnes, it can be deduced that the first pipe is
eccentric with respect to the tool while eccentricity of the outer pipes cause the
difference in the responses of theses sensors pairs at later decay times.

10 Figure U is a plot of PEC responses over fime for sensors 626-1 and 626~
2, providing a comparison of the PEC responses received by sensor 626-1 in
curve 726-1 and sensor 626-2 in curve 726-2, when pipe 610-2 and pipe 610-4
have some eccentricity with respect to the tool axis as shown n Figure 6. The
difference between the responses for sensors 626-1 and 626-2 1s the slightest

15 afier time 11, since they are along the line perpendicular to the eccentricity axis
618 for pipe 610-2. However, sensors 626-1 and 626-2 are emploved to detect
eccentricity on any ouder pipe {(pipe 610-4 in this exmaple). Thus, the difference
in their responses apears after timne 3.

As noted, the responses of the 626-1 with 626-2 pair, which are

20 positioned on an axis perpendicular to the eccentricity axis 618 of pipe 610-2,
will not be influenced by this eccentricity of pipe 610-2, but can be employed to
evaluate the eccentricity of an outer pipe, pipe 610-4 inn this example. Again,
according to the appearance of the difference between the responses of the 626-1
and 626-2 sensor pair, it can be decided that which pipe (pipe 610-3 or pipe 610~

25 4)has eccentricity. However, the extent of the eccentricity may not be estimated
as accurate as pipe 610-2, since now onky one pair of sensors are emploved to
estimate the eccentricity of pipe 610-3 or pipe 610-4 (or few sensor pairs around
the 626-1 and 626-2 sensor pair that their responses have not been affected
drastically by the eccentricity of pipe 610-2).

30 In various embodiments, responses due to collars can be emploved to
estimate the direction and extent of eccentricity for multiple pipes. Collars are
regions of the joints between the pipes. These regions have a number of

properties that can be employed for estimating eccentricity of the pipes. Collars

9
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cause a sudden increase in the thickness of the pipe as shown in Figure 10. This
sudden increase in the metal produces a strong response that 1s much larger than
the response due to the nominal sections of each pipe. Collars repeat
pertodically along the depth over each pipe as shown in Figure 10. Thus, they
5 can be employed to monitor the eccentricity of the pipes along the depth.

Techniques based on the presence of collars may be used to provide a more
accurate approach to estimate the direction and amount of eccentricity.

Figure 10 15 an illustration of multiple pipes 1010-1, 1016-2 .. . 1016-M
with collars 1025-1, 1025-2, and 1025-M on pipes 1010-1, 1010-2 . . . 1010-M,

10 respectively. The pipes 1010-1, 1010-2 . .. 1010-M may be casings in a
wellbore. Each of pipes 1010-1, 1010-2 . . . 1010-M have a number of collars,
the number depending on the particular pipe, though for ease of discussion one
coliar for each pipe s listed in Figure 10. A tool 1070 can have at least one
transmutier 1015 and a recerver 1020 having azimuthally distributed sensors,

15 similar to or identical to sensor pairs associated with Figure 6. The tool 1070
may be moved along axis 1017, Figure 10 also illustrates the responses that are
obtained at each depth at response times 1032-1 (#1), 1032-2 (9, 10 1032-M
("), where '<t’<. <™ The response of the collars on outer pipes start {o
appear in later time responses. Each individual sensor receives such responses,

2G In order to use the above-mentioned properties of the collars in
evaluating the eccentricity of the pipes, first, the time after which the response is
atfected due to the collars for each pipe can be estimated from the
measurements. Then, using the responses at proper times, the depth positions of
collars can be detecied for each pipe. This can be performed by finding the

25 positions at which the response 1s affected the most as shown in Figure 10, Each
curve in Figure 10 corresponds 1o a different response time, since the effect of
coliars on the inner most pipes are observed at the earlier response times, while
the effects of collars on the outer most pipes are observed at the later response
times.

30 Next, the responses of the azimuthally distributed sensor pairs can be
compared at collar locations for each pipe. Since the responses due to the collars
are strong, the effect of collars on outer pipes can be detected when coraparing

the decay responses of the sensor pairs even if these responses have differences

10
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due to the eccentricity of the inner pipes. By comparing the magnitude or time
of the reponses for the sensor pairs, the orientation and amount of eccentricity
can be evaluated.

Figure 11 is a flow diagram of procedures to estimate the orentation and
extent of ecceninicity from the responses received at the collar positions. At
1110, the times at which the response is affected the most due to collars on each
pipe are found. At 1120, the position of collars on each pipe is determined. At
1130, the differences in magnitude and time of the responses received by the
azimuthally disinbuted sensor pairs due {o the coliars on each pipe are checked.
At 1140, the ortentation and amount of eccentricity for each pipe using the
differences between the responses of the sensor pairs 15 deternuned.

Eccentricity’s relative azimuth can be calculated from an angle that
produces the minirmum or maximum signal as a function of sensor azimuth, This
can be accomplished by plotting the signal time response or signal frequency
response as a function of sensor azimuth, interpolating the resulting function,
and tdentifying the azimuth at which the peak 1s observed. This method can be
most accurate for the iner pipes, since eccentricity in the inner pipes may
complicate the signal from the outer pipes. Figure 12 is a plot of signal level
versus sensor azimuth that can provide a basic eccentricity azimuth calculation
from sensor data.

Consider eccentricity evaluation in the frequency-domain. A
frequency-domain technique that may be implemented is an eddy current (EC)
frequency-domain technigue. Tools for frequency domain applications can
fransmit continuous sinusoidal waves and record induced voltages at the
receivers. While time domain tools provide information across a larger
frequency bandwidth, frequency domain tools may be more useful in exploiting
frequency-specific characteristics of conductive objects, {or example pipes, such
as using lower frequencies for better penetration depth into a series of pipes in a
mukii-pipe structure. Thus, in various embodiments, a frequency domain eddy
current technigue may be employed that is applied at multiple frequencies,
mstead of a time domain {e.g., pulsed) technique.

In various embodiments, techniques erploying azimuthally distributed

sensors and processing similar to the techniques taught herein with respect to

1
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time-domain method(s) can be impiemented in a frequency-domain EC
technique. In such a frequency-domain technique, the responses of the outer
pipes start to appear in the tower frequencies while decreasing the frequency
from higher to lower values. Simnilar curves and discussions with respect to
5 Figures 5-10 apply for the frequency-domain technique with the exception that,

mnstead of the horizontal axis being time in ascending order, frequency will be in
descending order. As an example, Figure 10 has been adapted for frequency
domain as shown in Figure 13.

Figure 13 is an illustration of multiple pipes with coliars on the pipes.

10 Figure 13 shows multiple pipes 1310-1, 1310-2 .. . 1310-M with collars 1325-1,
1325-2, and 1325-M on pipes 1310-1, 1310-2 . | 1310-M, respectively. The
pipes 1310-1, 1310-2 . .. 1310-M may be casings in a wellbore. Each of pipes
1310-1, 1310-2 . .. 1310-M have anumber of collars, the number depending on
the particular pipe, though for ease of discussion one collar for each pipe s listed

15 inFigure 13. Atool 1370 can have at least one transmitter 1315 and a receiver
1320 having azimuthally distributed sensors, similar to sensor pairs associated
Figures 6 and 10. The tool 1370 mav be moved along axis 1317, This figure
also iHlustrates the responses that are obtained at each depth at frequencies 1342-
T{F Y, 1342-2 (), to 1342-M (™), where f >/ %> >f™. The response of the

20 coliars on outer pipes start {0 appear in lower frequencies, when decreasing the
operation frequency from higher to lower values. Each individual sensor

eceives such responses.
Thus, for evaluation of the eccentricity of the pipes, the sensors perform
measurements at a range of frequencies with the higher frequencies being

25 sensitive only to the mner-most pipes while lower frequencies being sensitive to
all the pipes. With monitoring the response differences between the sensor pairs
versus freguency {while decreasing the frequency), and from the frequencies at
which the difference exceeds a threshold, the eccentricity of the pipes can be
detected and evaluated. This can be performed by comparing the difference in

30 responses with the differences stored in a library or obtained from a forward
model.

The responses measured in the time-domain techiique and in the

frequency-domain technique can be used to perform imaging. Sampling

12
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responses along the axial direction, by scanning the tool along the axial
direction, and sampling responses along the azimuthal direction, as taught
herein, allows for producing two dimensional (2D3) images of the pipes. Taking
the capability of ecceninicity evaluation into account and using that evaluation in
correction of the algorithms related to the pipe thickness estimation, quasi-three
dimensional (3D) imaging can be implemented for imaging of multiple pipes.
These quasi-3D images can lead to better evaluation of the pipes for finding
flaws such as defects and metal loss regions.

To have a better estimation of the extent and dimension of flaws, an
mversion algortthm can be emploved. In this inversion algorithm, the measured
responses can be compared with the responses in a library or forward model to
estimate the type and extent of the defect. The responses in the hibrary are
provided by measurement of some pre-known defects or simulation of some
defects. The estimation of the orientation and extent of the eccentricity provides
a means to correct for this effect using proper approaches.

Figure 14 is a flow diagram of an inversion algorithm for ecceninic pipes
with correction due o the eccentricity applied to the forward model or the
hibrary. At 1410, utial parameters of the pipes of a multi-pipe structure are
mput to a library or forward model. At 1420, the hibrary or forward model
operates on the input {o the library or forward model. At 1430, resulis from
operation of the library or forward model are input to a corrections process with
respect to eccentricity values. At 1440, estimated eccentricities for the pipes of
the muidti-pipe structure are input to the corrections process. At 1450, the
corrections process operates on the results from operation of the library or
forward model with the jnputted estimated eccentricity for the pipes of the multi-
pipe structure.

At 1460, a comparison 1s made between the output of the corrections
process and measured responses. If the comparison does not meet a
convergence condition, the comparison, the output of the corrections process,
and/or the measured responses ¢an be mput to an optimization algorithm. At
1470, the optimization algorithm operates on the mput to the optimization
algorithm. The result of the optimization 1s mput fo the library or forward model

for further processing, where the resuits of such processing is input to the
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corrections process, which operates on this input with the estimated eccentricity
and outpuits results of this updated corrections process o the comparison at
1460, Hthe comparison does not meet the convergence condition, the
comparison, the output of the corrections process, and/or the measured responses
can again be input to the optimization algorithm, and the procedure can continue.
if the comparison meeis the convergence condition, the results of the companson
can include generation of estimated pararneters of the pipes at 1480, The results
can be evaluated and imaged on a display structure,

Figure 15 is a flow diagram of a inversion algorithm for eccentric pipes
with correction due o the eccentricity applied to measured responses. At 1510,
mitial parameters of the pipes of a multi-pipe structure are input to a library or
forward model. At 1520, the hibrary or forward model operates on the input to
the library or forward model. At 1530, estimated eccentricities for the pipes of
the multi-pipe structure are jnput to a corrections process taking nto account
eccentricity values. At 1540, measured responses are input to the corrections
process. At 15350, the corrections process operates on the measured responses
with the inputted estimated eccentricily for the pipes of the multi-pipe structure.
At 1560, a comparison 1s made between the output of the corrections process and
an output of the library or forward model. H the comparison does not meet a
convergence condition, the comparison, the output of the corrections process,
and/or the output of the library or forward roodel can be input to an optimization
algorithm. At 1570, the optimization algorithm operates on the input to the
optimization algorithm. The result of the optimization is input to the library or
forward model for further processing, where the resulis of such processing is
imnput to the comparison process, which operates on this imput with the ouiput
results of the corrections process at 1560, If the comparison does not meet the
convergence condifion, the comparison, the output of the corrections process,
and/or the output of the library or forward model can again be input to the
optimization algorithm, and the procedure can continue. If the comparison
meets the convergence condition, the results of the comparison can include
generation of estimaied parameters of the pipes at 1580, The resulis can be
evaluated and imaged on a display structure.

Figure 16 is a flow diagram of features of an embodiment of an example
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method 1600 of monitoring and evaluating a multi-pipe structure. At 1610, one
or more signals from a transmitter of a tool disposed in a mulii-pipe structure are
generated. The mulii-pipe siructore can have a number of pipes. The tool can
be disposed in the multi-pipe structure such that the tool 1s within the pipes,
5 where the tool can have a center axis as a svmmetry axis of the tool.

At 1620, responses are received af receivers of the tool from generating

the one or more signals, where the receivers are arranged as a number of pairs of
eceivers around the center axis of the tool. Each receiver of a pair can be

disposed opposite the other recetver of the pair with respect o the center axis

10 such that each pair ts svmmetrical with respect to the center axis of the tool. The
number of pairs and arrangement of pairs can be distributed azimuthally around
the tool such that each pair has an azimwthal angle. At 1630, eccentricity of one
or more pipes of the multi-pipe structure 1s determined based on the received
responses at the receivers of the pairs.

15 Method 1600 or methods similar to method 1600 can include

determining a time or frequency at which the responses from the receivers of a
pair start to differ, for each pair of recervers; and determining divection and
extent of eccentricity of one or more pipes of the multi-pipe structure based on
the respective azimuthal angle and the respective time or frequency of one or

20 more receiver pairs of the number of pairs. Determining the time or frequency at
which the responses from the receivers of the pair start to differ can include

ecording the responses from the receivers, the responses being decay responses;

comparing the difference of the decay responses 1o a threshold; and selecting a
time or frequency at which the difference is greater than or equal to the threshold

25  asthe time or frequency at which the decay responses from the receivers of the
pair start to differ. Such method can include determining orientation and extent
of eccentricity of one or more pipes of the mulii-pipe structure using differences
mn the responses ai the respective azimuthal angle and the respective time or
frequency of one or more receiver pairs of the number of pairs. Using

30 differences in the responses of the receivers can include comparing each
difference with differences stored in a library or obtained from a forward model.

Method 1600 or methods similar {o method 1600 can include

determining times or frequencies at which the responses are most affected by
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collars of a pipe, for each pipe of the multi-pipe structure; using the responses at

these times or frequencies to determine positions of the coliars on each pipe:

comparing differences in magnitude over time or frequency of the responses

received by the azimuthally distributed receiver pairs due to the collars for each
5 pipe; and determining orientation, amount, or orientation and amount of

eccentricity for each pipe using the differences.

Method 1600 or methods similar to method 1600 can include sampling
responses at the azimuthal direction of the pairs at locations along the center axis

of the tool; and producing a two-dimensional image of the multi-pipe structure

Ju—
—~

from the sampling.

Method 1600 or methods sinular to method 1600 or methods derived
from such methods can include using the determined eccentricity o generate
corrections in an inversion procedure, estimating one or more flaws in one or
more pipes of the multi-pipe structure. Using the determined eccentricity to
15  generate corrections can include modifving a forward model or a library with

corrections according to the determined eccentricity or modifying a measured
response with corrections according to the determined eccentricity.
Method 1600 or methods sinular to method 1600 or methods derived
from such methods can include other appropriate techniques and procedures as
20 taught herein.
In various embodiments, a non-transitory machine-readable storage
evice can comprise instructions stored thereon, which, when performed by a
machine, cause the maching to perform operations, the operations comprising
one or more features simalar to or identical to features of methods and techniques
25 described with respect to method 1600, vanations thereof, and/or features of
other methods taught herein such as associated with Figures 14 and 15. The
physical structures of such instructions may be operaied on by one or more
processors. Executing these phyvsical structures can cause the machine {o
perform operations comprising: generating one or more signals from a
30 {ransmitier of a tool disposed in a multi-pipe structure having a number of pipes
such that the tool 13 within the pipes, the tool having a center axis as a symunetry
axis of the tool; receiving responses at receivers of the tool from generating the

one or more signals, the recetvers arranged as a number of pairs of receivers
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around the center axis of the tool, each receiver of a pair disposed opposite the
other receiver of the pair with respect to the center axis such that each pair is
symmetrical with respect to the center axis of the {ool, the number of pairs and
arrangerment of pairs distributed azirouthally around the tool such that each pair
has an azimuthal angle; and determining eccentricity of one or more pipes of the
multi-pipe structure based on the received responses at the receivers of the pairs.
The mstructions can include instructions to operate a tool or tools having sensors
disposed in a multi-pipe structure downhole in a borehole to provide data to
process in accordance with the teachings herein. The multi-pipe structure may
be realized as a multi-casing structure disposed in a borehole at a well site.

Such machine-readable storage devices can include instructions to
mclude determining a time or frequency at which the responses from the
receivers of a pair start to differ, for each pair of receivers; and determimng
direction and extent of eccentricity of one or more pipes of the multi-pipe
structure based on the respective azimuthal angle and the respactive time or
frequency of one or more recetver pairs of the number of pairs. Determining the
time or frequency at which the responses from the receivers of the pair start to
differ can include recording the responses from the receivers, the responses
being decay responses; comparing the difference of the decay responses to a
threshold; and selecting a time or frequency at which the difference 1s greater
than or equal to the threshold as the time or frequency at which the decay
responses from the receivers of the pair start to differ. Such mstructions can
include determining orientation and exient of eccentricity of one or more pipes
of the multi-pipe structure using differences in the responses at the respective
azimuthal angle and the respective time or frequency of one or more receiver
pairs of the number of pairs. Using differences in the responses of the receivers
can include comparing each difference with differences stored in a library or
obtained {rom a forward model.

Such machine-readable storage devices can include instructions to
include determining times or frequencies at which the responses are most
affected by collars of a pipe, for each pipe of the multi-pipe structure; using the
responses at these times or frequencies to determine positions of the collars on

each pipe; comparing differences in magnitude over time or frequency of the
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responses recetved by the azimuthally distributed receiver pairs due to the
coliars for each pipe; and determining orientation, amount, or orientation and
amount of eccentricity for each pipe using the differences.

Such machine-readable storage devices can include instructions 1o
include sampling responses at the azimuthal direction of the pairs at locations
along the center axis of the tool; and producing a two-dimensional image of the
multi-pipe structure from the sampling. Such machine-readable storage devices
can include instructions to inclhude using the determined eccentricity to generate
corrections in an inversion procedure, estimating one or more flaws in one or
more pipes of the multi-pipe structre. Using the determined eccentricity to
generate corrections can include modifving a forward model or a library with
corrections according to the determined eccentricity or modifyving a measured
response with correciions according to the determined eccentricity.

Further, a machine-readable storage device, herein, is a physical device
that stores data represented by physical structure within the device. Sucha
physical device is a non-transitory device. Examples of machine-readable
storage devices can include, but are not limited 1o, read only memory (ROM]},
random access memory (RAM), a magoetic disk storage device, an optical
storage device, a flash memory, and other electronic, magnetic, and/or optical
memory devices. The machine-readable device may be a machine-readable
medium such as memory module 1735 of Figure 17. While memory module

LI ]

1735 is shown as a single unit, terms such as "memory module,” "machine-

"on

readable medium," " machine-readable device," and similar terms should be
taken to include all forms of storage media, either n the form of a single
medium {or device) or multiple media (or devices), in all forms. For example,
such struciures can be realized as centralized database(s), distributed database(s),
associated caches, and servers; one or more storage devices, such as storage
drives (including but not limited to electronic, magnetic, and optical drives and
storage mechanisms), and one or more instances of memory devices or modules
{whether main memory; cache storage, either internal or external {0 a processor;

non

or buffers). Terms such as "memory module." "machine-readable medium,”
"machine-readable device," shall be taken to include any tangible non-transitory

medium which is capable of storing or encoding a sequence of instructions for
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execution by the machine and that cause the machine to perform any one of the
methodologies taught herein. The term “non-transitory” used in referenceto a”

LIS

machine-readable device," “medium,” “storage medium,” “device,” or “siorage
device” expressly includes all forms of storage drives (optical, magnetic,
glectrical, etc.} and all forms of memory devices (e.g., DRAM, Flash {of all
storage designs), SRAM, MRAM, phase change, etc., as well as all other
structures designed 1o store data of any type for later retrieval.

Figure 17 15 a block diagram of features of an embodiment of an example
system 1700 operable to execute schemes associated with detection and
evaluation of eccentricity effect in multiple pipes. The system 1700 can be
implemented at a well site to, among other things, determine eccentricity of
pipes of a multi-pipe structure disposed in a borehole. The multi-pipe structure
may be a production structure of the well site.

The system 1700 can comprise a set of transnutiers 1715, aset of

eceivers 1720, and control circuitry 1730. The transmitters 1715 can be
arrangeable in the multi-pipe structure to transmit a plurality of electromagnetic
signals in the multi-pipe structure and the set of receivers 1720 can be
arrangeable in the multi-pipe structure to receive signals in response 1o exciling
pipes in the multi-pipe structure. The set of receivers 1720 of the tool 1770 are
arranged 1o receive responses in response to exciting pipes in the multi-pipe
structure. The set of receivers 1720 can be structured as taught herein, for
exampie similar or identical 1o receivers associated with Figures 5, 6, 10, and 13,
The set of receivers 1720 can be arranged as a number of pairs of receivers
around the center axis of the tool, where each receiver of a pair 15 disposed
opposite the other recetver of the pair with respect to the center axis such that
each pair is symmetrical with respect to the center axis of the tool. The number
of pairs and arrangement of pairs can be distributed aximuthally around the tool
such that each pair has an azimuthal angle. The set of transmitters 1715 may be

ealized by one or more fransmitters and can include transmitters with variable
dimenstions or tapped transmitter coils to excite selected ones of the pipes. The
control eireuitry 1730 can be arranged to control variable current levels to the set
of transmutters to excite the selected ones of the pipes. The set of receivers 1720

and/or the set of transmutters 1715 can be arranged in a manner similar {0 or
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identical to arrangements as taught herein. System 1700 can be implemented to
operale in a manner as taught herein 1o image the multi-pipe structure such as
but not limited to the teachings associated with Figores 1-16.

The control circuitry 1730 can be realized as one or more processors. In
an embodiment, control circuitry 1730 can be realized as a single processor or a
group of processors. Processors of the group of processors may operate
mdependently depending on an assigned function. The countrol circuitry 1730
can be realized as one more application-specific integrated circuits { ASICs).
The control circuitry 1730 can be arranged to determine eccentricity of one or
more pipes of the multi-pipe structure based on the received responses at the
receivers, where the receivers may be arranged in pairs.

The control circuitry 1730 can be structured to determine a time or
frequency at which the responses from the receivers of a pair start to differ, for
each pair of receivers; and determine direction and extent of eccentricity of one
or more pipes of the multi-pipe structure based on the respective azimuthal angle
and the respactive time or frequency of one or more receiver pairs of the number
of pairs. Determination of the time or frequency at which the responses from the
recervers of the pair start to differ can include recordings of the responses from
the receivers, the responses heing decav responses; comparison of the difference
of the decay responses to a threshold; and selection of a time or frequency at
which the difference 1s greater than or equal to the threshold as the time or
frequency at which the decay responses from the receivers of the pair start to
differ. The control circuitry 1730 can be structured to determine ortentation and
extent of eccentricity of one or more pipes of the multi-pipe structure using
differences in the responses at the respective azimuthal angle and the respective
time or frequency of one or more receiver pairs of the number of pairs. Use of
differences in the responses of the recervers can include comparison of each
difference with differences stored in a library or obtained from a forward model.

The control circuitry 1730 can be structured to determine times or
frequencies at which the responses are most affected by collars of a pipe, for
each pipe of the multi-pipe structure; use the responses at these times or
frequencies to determine positions of the collars on each pipe; compare

differences in magnitude over time or frequency of the responses received by the
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azimuthally distributed recetver pairs due to the collars for each pipe; and
determine orientation, amount, or orientation and amount of eccenincity for each
pipe using the differences.
in controlling operation of the components of systerm 1700 to execute

5 schemes assoctated with detection and evaluation of eccentricity effect in
multiple pipes, the control circuitry 1730 can direct access of data to and from a
database. The database can include parameters and/or expected parameters for
the pipes being investigated such as, but not limited to, diameter (d), magnetic
permeability (u), and electrical conductivity {o).

10 The svstem 1700 can include a user interface 1762 operable with the
control circwitry 1730, a data processing unit 1745 operable with the user
mterface 1762, where the control circuitry 1730, the user interface 1762, and the
data processing unit 1745 are structured to be operated according to any scheme
similar to or identical to the schemes associated with detecting and evaluating

15 eccentricity effect in multiple pipes as taught herein. The system 1700 can be
structured to conduct operations to sample responses at the azinmithal direction
of the patrs at focations along the center axis of the tool; and produce a two-
dimensional image of the multi-pipe structure from the sampling. The system
1700 can be structured to operate to conduct any one of the technigues taught

20 herein, wherein the operations can include operations to use the determined
eccentricity to generate corrections in an inversion procedure to estimate one or
more flaws in one or more pipes of the multi-pipe structure. Use of the
determined eccentricity to generate corrections can include modification of a
forward model or a library with corrections according to the determined

25 eccentricity or modification of a measured response with corrections according
to the determined eccentricity. The system 1700 can be arranged to perform
various operations on the data, acquired from the tool 1770 operational in a
mulfi-pipe structure, in a manper similar or identical 1o any of the processing
techniques discussed herein.

30 The svstem 1700 can be arranged as a distribwted svstem. Data from
operaiing the tool 1770 at vartous depths in the multi-pipe structure can be
processed by the one or more processors 1730, Altematively, imaging may be

conducted by the data processing unit 1745 as a dedicated imaging module.

2
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The svstem 1700 can include a memory module 1735, an electronic

apparatus 1750, and a communications unit 1740. The confrol circuitry 1730,
the memory module 1735, and the communications unit 1740 can be arranged to
operate as a processing unit to control management of tool 1770 and to perform

5 operations on data signals coliected by the tool 1770. The memory module 1735
can include a database having mformation and other data such that the system
1700 can operate on data from the tool 1770, In an embodiment, the data
processing unit 1745 can be distributed among the components of the system
1700 including memory module 1735 and/or the electronic apparatus 1750.

10 The communications umit 1740 can include downhole communications
for communication to the surface at a well site from the tool 1770 in a multi-pipe
structure. The comimunications unit 1740 may use combinations of wired
communication technologies and wireless technologies at frequencies that do not
mtertere with on-going measurements. The communications unt 1740 can

15 allow for a portion or all of the data analysis to be conducted within a multi-pipe
structure with results provided to the user interface 1762 for presentation on the
one or more display unit(s) 1760 aboveground. The communications unit 1740
can provide for data to be sent aboveground such that substantially all analysis is
performed aboveground. The data collected by the tool 1770 can be stored with

20 the tool 1770 that can be brought to the surface to provide the data to the one or
more processors 1730, the user interface 1762, and the data processing unit
1745, The communications unit 1740 can allow for transmission of comumands
1o tool 1770 in response to signals provided by a user through the user interface
1762,

25 The svstem 1700 can also include a bus 1737, where the bus 1737
provides electrical conductivity among the components of the system 1700, The
bus 1737 can include an address bus, a data bus, and a control bus, each
mdependently configured. The bus 1737 can be realized using a nurnber of
different commumnication mediums that allows for the distribution of components

30 of the system 1700. Use of the bus 1737 can be reguiated by the control
circuitry 1730, The bus 1737 can include a communications network to transimit
and receive signals including data signals and coromand and control signals.

in various embodiments, the peripheral devices 1755 can include drivers
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to provide voltage and/or current input to the set of transmiiters 1715, additional
storage memory and/or other control devices that may operate in conjunction

~
7
b

with the processor(s} 1730 and/or the memory module 1733, The display umi{s)
1760 can be arranged with a screen displav, as a distributed compounent on the
surface, that can be used with instructions stored in the memory module 1735 to
umpiement the user interface 1762 to manage the operation of the tool 1770
and/or coraponents distributed within the system 1700, Such a user interface can
be operated in conjunction with the commumications unit 1740 and the bus 1737
The display unit{s) 1760 can include a video screen, a printing device, or other
structure to visually project data/information and images. The system 1700 can
mclude a nurober of selection devices 1764 operable with the user interface 1762
to provide user inputs to operate the data processing umit 1745 or its equivalent,
The selection device(s) 1764 can include one or more of a touch screen or a
computer mouse operable with the user interface 1762 to provide user inpuis to
operate the data processing unit 1745 or other components of the system 1700,

A method 1 can comprise: generating one or more signals from a
iransmitter of a tool disposed i 3 multi-pipe structure having a number of pipes
such that the tool is within the pipes, the tool having a center axis as a synmumetry
axis of the tool; receiving responses at receivers of the tool from generating the
one or more signals, the receivers arranged as a number of pairs of receivers
around the center axis of the tool, each receiver of a pair disposed opposite the
other receiver of the pair with respect to the center axis such that each pair is
symmetrical with respect to the center axis of the tool, the number of pairs and
arrangement of pairs distributed azimuthally around the tool such that each pair
has an azimuthal angle; and determining eccentricity of one or more pipes of the
multi-pipe structure based on the received responses at the receivers of the pairs.

A method 2 can include elements of wethod 1 and can include
determining a time or frequency at which the responses from the recetvers of a
patr start to differ, for each pair of receivers; and determining direction and
extent of eccentricity of one or more pipes of the multi-pipe structure based on
the respective azimuithal angle and the respective time or frequency of one or
more recetver pairs of the number of pairs.

A method 3 can include elements of any of methods 1 and 2 and can

2
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include determuning the time or frequency at which the responses from the
receivers of the pair start to differ to include: recording the responses from the
receivers, the responses being decay responses; comparing the difference of the
decay responses to a threshold; and selecting a time or frequency at which the
5 difference is greater than or equal to the threshold as the time or frequency at

which the decay responses from the receivers of the pair start to differ,

A method 4 can include elernents of method 2 and elements of method 3
and can include determining orientation and extent of eccentricity of one or more

pipes of the multi-pipe structure using differences in the responses at the

J—
—~

respective azimuthal angle and the respective time or frequency of one or more

receiver pairs of the number of pairs.

A method 5 can include elements of method 4 and elements of any of
methods 1-3 and can include using differences in the responses of the receivers
to include comparing each difference with differences stored in a library or
15  obtained from a forward model.

A method 6 can include elements of any of methods -5 and can include
determining times or frequencies at which the responses are most affected by
collars of a pipe, for each pipe of the multi-pipe structure; using the responses at
these times or frequencies to determine positions of the collars on gach pipe;

20 comparing differences in magnitude over time or frequency of the responses
received by the azimuthally distributed recetver pairs due to the collars for each
pipe; and determining orientation, amount, or orientation and amount of
eccentricity for each pipe using the differences.

A wethod 7 can include elements of any of methods 1-6 and can include

25 sampling responses at the azimouthal direction of the pairs at locations along the
center axis of the tool; and producing a two-dimensional image of the multi-pipe
structure from the sampling.

A method 8 can include elements of any of methods 1-7 and can include
using the determined eccentricity to generate corrections in an inversion

30 procedure, estimating one or more flaws in one or more pipes of the multi-pipe

structure.

A method 9 can include elements of any of methods 1-8 and can include

using the determined eccentricity o generate corrections to include modifying a
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forward model or a library with corrections according to the determined
eccentricity or modifving a measured response with corrections according to the
determined eccentricity.

A machine-readable storage device 1 having instructions stored thereon,
which, when executed by one or more processors of a machine, cause the
machine o perform operations, the operations comprising. generating one ofr
more signals from a transmitier of a tool disposed in a multi-pipe structure
having a number of pipes such that the tool i1s within the pipes, the tool having a
center axis as a symmetry axis of the tool; receiving responses at receivers of the
ool from generaling the one or more signals, the receivers arranged as a number
of pairs of recetvers around the center axis of the tool, each receiver of a pair
disposed opposite the other receiver of the pair with respect to the center axis
such that each pair is symmetrical with respect {0 the center axis of the tool, the
number of pairs and arrangernent of pairs distributed azimuthally around the tool
such that each pair has an azinmthal angle; and determining eccentricity of one
or more pipes of the multi-pipe structure based on the received responses at the
recetvers of the pairs.

A machine-readable storage device 2 can include elements of machine-
readable storage device 1 and can include the operations to include: determining
a time or frequency at which the responses from the receivers of a pair start to
differ, for each pair of receivers; and determuning direction and extent of
eccentricity of one or more pipes of the mulii-pipe structure based on the
espective azimuthal angle and the respective time or frequency of one or more
receiver pairs of the number of pairs.

A machine-readable storage device 3 can include elements of machine-
readable storage device 2 and elements of machine-readable storage device | and
can include determining the time or frequency at which the responses from the
receivers of the pair start to differ (o include: recording the responses from the

eceivers, the responses being decay responses; comparing the difference of the
decay responses to a threshold; and selecting a time or frequency at which the
difference is greater than or equal to the threshold as the time or frequency at
which the decay responses from the recetvers of the pair start to differ,

A machine-readable storage device 4 can include elements of machine-
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eadable storage device 2 and elements of machine-readable storage devices 1
and 3 and can include operations to include determining orientation and extent of
eccentricity of one or more pipes of the multi-pipe structure using differences in
the responses at the respective azimuthal angle and the respective tirne or
frequency of one or more recetver pairs of the number of pairs.

A machine-readable storage device 5 can include elements of machine-
readable storage device 4 and elements of any of machine-readable storage

evices 1-3 and can include using differences in the responses of the receivers to
mclude comparing each difference with differences stored in a library or
obtained from a forward model.

A machine~-readable storage device ¢ can include elements of any of
machine-readable storage devices 1-5 and can include operations to comprise:
determiming times or frequencies at which the responses are most affected by
collars of a pipe. for each pipe of the multi-pipe structure; using the responses at
these times or frequencies to determine positions of the collars on each pipe;
comparing differences in magnitude over time or frequency of the responses
received by the amimuthally distributed receiver pairs due to the collars for each
pipe; and determuning orientation, amount, or orientation and amount of
eccentricity for each pipe using the differences.

A machine-readable storage device 7 can include elements of anv of
machine-readable storage devices 1-6 and can include operations to include
sampling responses at the azimuthal direction of the pairs at locations along the
center axis of the tool; and producing a two-dimensional image of the multi-pipe
structure from the sampling,

A machine~-readable storage device 8 can include elements of any of
machine-readable storage devices 1-7 and can include operations to include
using the determined eccentricily to generate corrections in an inversion
procedure, estumating one or more flaws in one or more pipes of the multi-pipe
structure.

A machine-readable storage device 9 can include elements of any of
machine-~readable storage devices 1-8 and can inchude using the determined
eccentricity to generate corrections to include modifying a forward model or a

library with corrections according to the determined eccentricity or modifving a
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measured response with corrections according 1o the determined eccentricity.

A system 1 can comprise: a tool having a set of transmutters {0 transmit
one or more electromagnetic signals in a multi-pipe structure, the multi-pipe
structure having a number of pipes such that the tool 15 arrangeable within the
pipes, the tool having a center axis as a symmetry axis of the tool; a set of
receivers of the tool to receive responses in response {0 exciting pipes in the
multi-pipe structure, the set of receivers arranged as a number of pairs of

eceivers around the center axis of the tool, each receiver of a pair disposed
opposite the other recetver of the pair with respect to the center axus such that
each pair 13 svmmetrical with respect to the center axis of the tool, the number of
pairs and arrangement of pairs distributed azimuthally around the tool such that
each pair has an azimuthal angle; and control circuitry arranged to determine
eccentricity of one or more pipes of the multi-pipe structure based on the
received responses at the receivers of the pairs.

A systern 2 can include elements of system 1 and can include the control
circuitry structurad to: determine a time or frequency at which the responses
from the receivers of a pair start to differ, for each pair of receivers; and
determine direction and extent of eccentricity of one or more pipes of the multi-
pipe structure based on the respective azimuthal angle and the respective time or
frequency of one or more recetver pairs of the number of pairs.

A systern 3 can include elements of system 2 and elements of svstem 1
and can include determination of the time or frequency at which the responses
from the receivers of the pair start to differ to include: recordings of the
responses from the receivers, the responses being decay responses, comparison
of the difference of the decay responses to a threshold; and selection of a time or
frequency at which the difference is greater than or equal to the threshold as the
time or frequency at which the decay responses from the receivers of the pair
start to differ.

A system 4 can include elements of any of systems 1-3 elements of
system 1 and can include the control circuitry structured to determine orientation
and extent of eccentricity of one or more pipes of the multi-pipe structure using
differences in the responses at the respective azimuthal angle and the respective

time or frequency of one or more receiver pairs of the number of pairs.
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A system 5 can include elements of system 4 and elements of any of
systems 1-3 and can include use of differences in the responses of the receivers
io include companson of each difference with differences stored in a library or
obtained from a forward model.

A system 6 can include elements of any of systems 1-5 and can include
the control circuiiry is structured to: determine times or frequencies at which the
responses are most affected by collars of a pipe, for each pipe of the multi-pipe
structure; use the responses at these times or frequencies to determine positions
of the collars on each pipe; compare differences in magnitude over time or
frequency of the responses received by the azirauthally distributed receiver pairs
due to the collars for each pipe; and determine orientation, amount, or
orientation and amount of eccentricity for each pipe using the differences.

A systermn 7 can include elements of any of systems 1-6 and can include
the svstem is structured to conduct operations to: sample responses at the
azimuthal direction of the pairs at locations along the center axis of the tool; and
produce a two-dimensional image of the multi-pipe structure from the sampling.

A system 8 can include elements of any of systems 1-6 and can include
the system structured to conduct operations to use the determined eccentricity to
generate corrections in an inversion procedure 1o estimate one or more flaws in
one or more pipes of the multi-pipe structure.

A systern 9 can include elements of claimn 8 and elements of anv of
systems 1-7 and can include use of the deterniined eccentricity to generate
corrections to include modification of a forward model or a library with
corrections according to the determined eccentricity or modification of a
measured response with corrections according to the determined eccentricity.

Although specific embodiments have been illustrated and described
herein, it will be appreciated by those of ordinary skill 1o the art that any
arrangement that is calculated to achieve the same purpose may be substituted
for the specific embodiments shown. Various embodiments use permutations
and/or combinations of embodiments described herein. | is 1o be understood
that the above description is intended {o be ilustrative, and not restrictive, and
that the phraseology or terminology emploved herein is for the purpose of

description. Combinations of the above embodiments and other embodiments

o2
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Claims

What s claimed is:

1. A method comprising:

generating one or more signals from a transmitter of a tool disposed ina
mulii-pipe structure having a number of pipes such that the (ool is within the
pipes, the tool having a center axis as a symmetry axis of the tool;

recetving responses at receivers of the tool from generating the one or
more signals, the receivers arranged as a number of pairs of receivers around the
center axis of the tool, each receiver of a pair disposed opposite the other
receiver of the pair with respect to the center axis such that each pair is
symametrical with respect to the center axis of the tool, the number of pairs and
arrangement of pairs distributed azinmuthally around the tool such that each pair
has an azimuthal angle; and

determining eccentricity of one or more pipes of the roulti~-pipe structure

based on the received responses at the receivers of the pairs.

2. The method of claim 1, wherein the method includes:
determuning a time or frequency at which the respounses from the
eceivers of a pair start 1o differ, for each pair of receivers; and
determiming direction and extent of eccentricity of one or more pipes of
the mudfi-pipe structure based on the respective azimuthal angle and the
respective time or frequency of one or more recetver pairs of the number of

pairs.

3 The method of claim 2, wherein determining the time or frequency at
which the responses from the receivers of the pair start to differ includes:
recording the responses from the receivers, the responses being decay
FESPONSEes;
comparing the difference of the decay responses to a threshold; and
selecting a time or frequency at which the difference is greater than or

equal to the threshold as the time or frequency at which the decay responses
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from the receivers of the pair start to differ.

4, The method of claim 2, wherein the method includes determining
orientation and extent of eccentricity of one or more pipes of the multi-pipe
structure using differences in the responses af the respective azimuthal angle and
the respective time or frequency of one or more receiver pairs of the number of

pairs.

5. The method of claim 4, wherein using differences in the responses of the
recetvers includes comparing each difference with differences stored in a library

or obtamed from a forward model.

6. A method of claim 1, wherein the method comprising:

determining times or frequencies at which the responses are most
atfected by collars of a pipe, for each pipe of the multi-pipe structure;

using the responses at these times or frequencies io determine positions
of the collars on each pipe;

comparing differences in magnitude over time or frequency of the
responses recetved by the azimuthally distributed receiver pairs due to the
collars for each pipe: and

determining orientation, amount, or orientation and amount of

eccentricity for each pipe using the differences.

7. The method of claim 1, wherein the method includes:

sampling responses at the azimuthal direction of the pairs at locations
along the center axis of the tool; and

producing a two-dimensional image of the muolti-pipe structure from the

samphing.

8. The method of any one of claims 1-7, wherein the method includes using
the determined eccentricity to generate corrections in an inversion procedure,

estimating one or more flaws i one or more pipes of the multi-pipe structure.
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9, The method of claim ¥, wherein using the determinead eccentricity to
generate corrections includes modifving a forward model or a library with
corrections according to the determined eccentricity or modifyving a measured

response with corrections according to the determined eccentricity.

10. A machine-readable storage device having instructions stored thereon,
which, when executed by one or more processors of a machine, cause the
machine to perform operations, the operations comprising;

generating one or more signals from a transmutter of a tool disposed in a
mulii-ptpe stracture having a number of pipes such that the tool is within the
pipes, the tool having a center axis as a symmetry axis of the tool;

recetving responses at receivers of the tool from generating the one or
more signals, the receivers arranged as a number of pairs of recetvers around the
center axis of the tool, each receiver of a pair disposed opposite the other

eceiver of the pair with respect to the center axis such that each pair is

symmetrical with respect to the center axis of the tool, the number of pairs and
arrangement of pairs distnbuted azimuthally around the tool such that each pair
has an azimuthal angle; and

determining eccentricity of one or more pipes of the multi-pipe structure

based on the received responses at the receivers of the pairs.

11, The machine-readable storage device of claim 10, wherein the operations
mclude:

determiming a time or frequency at which the responses from the
receivers of a pair start to differ. for each pair of receivers; and

determining direction and extent of eccentricity of one or more pipes of
the multi-pipe structure based on the respective azimuthal angle and the
respective time or frequency of one or more receiver pairs of the number of

pairs,

12, The machine-readable storage device of claim 11, wherein determining
the time or frequency at which the responses from the receivers of the pair start

to differ includes:
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recording the responses from the receivers, the responses being decay
fesponses;
comparing the difference of the decay responses to a threshold; and
selecting a time or frequency at which the difference is greater than or
5 equal to the threshold as the time or frequency at which the decay responses

from the receivers of the pair start to differ.

13, The machine-readable storage device of claim 11, wherein the operations

include determining orientation and exient of eccentricity of one or more pipes

J—
—~

of the multi-pipe stracture using differences i the responses at the respective
azimuthal angle and the respective time or frequency of one or more receiver

pairs of the number of pairs.

14, The machine-readable storage device of claim 13, wheremn using
15 differences in the responses of the receivers includes comparing each difference

with differences stored in a library or obtained from a forward model.

15, A machine~-readable storage device of claim 10, wherein the operations
comprise;
20 determining times or frequencies at which the responses are most

affected by collars of a pipe, for each pipe of the multi-pipe structure;
using the responses at these times or frequencies 1o determine positions
of the collars on each pipe;
comparing differences in magnitude over time or frequency of the
25 responses received by the azimuthally distributed receiver pairs due to the
coliars for each pipe; and
determining origniation, amount, or orientation and amount of

eccentricity for each pipe using the differences.

30 16, The machine-readable storage device of claim 10, wherein the operations
mclode:
sampling responses at the azimuthal direction of the pairs at locations

along the center axis of the tool; and
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producing a two-dimensional image of the multi-pipe siructure from the

sampling.

17.  The machine-readable storage device of any one of claims 10-16,
5 wherein the operations include using the determined eccentricity to generate
corrections in an inversion procedure, estimating one or more flaws in one or

more pipes of the multi-pipe structure,

18.  The machine-readable storage device of claim 17, wherein using the

J—
—~

determined eccentricity to generate corrections includes modifving a forward
model or a library with corrections according to the determined sccentricity or
modifying a measured response with corrections according to the determined

sccentricity.

15 19 A systemn comprising;

a tool having a set of transmitters to transimit one or more
electromagnetic signals n a multi-pipe stracture, the multi-pipe structure having
a number of pipes such that the tool 1s arrangeable within the pipes, the tool
having a center axis as a symmetry axis of the tool;

20 a set of receivers of the tool to receive responses in response to exciting
pipes in the multi-pipe structure, the set of receivers arranged as a number of
pairs of receivers around the center axis of the tool, each receiver of a pair
disposed opposite the other recetver of the pair with respect o the center axis
such that each pair is symmetrical with respect to the center axis of the tool, the

25 number of pairs and arrangement of pairs distributed azimuthally around the tool
such that each pair has an azimuthal angle; and

control circuitry arranged {o determine eccentricity of one or more pipes
of the multi-pipe structure based on the received responses at the recetvers of the
pairs,

30
20.  The system of claim 19, wherein the countrol circuitry is siructured to:

determine a time or frequency at which the responses from the receivers

of a pair start to differ, for each pair of receivers; and
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determune direction and extent of eccentricity of one or more pipes of the
mukti-pipe structure based on the respective azimuthal angle and the respective

time or frequency of one or more receiver pairs of the number of pairs,

21 The system of claim 20, wherein determination of the time or frequency
at which the responses from the receivers of the pair start to differ includes:
recordings of the responses from the receivers, the responses being decay
FeSpONses;
comparison of the difference of the decay responses to a threshold; and
selection of a time or frequency at which the difference is greater than or
equal to the threshold as the time or frequency at which the decay responses

from the receivers of the pair start to differ.

22, The system of claim 20, wherein the control circuitry i1s structured to
determine orientation and extent of eccentricity of one or more pipes of the
multi-pipe structure using differences in the responses at the respective
azimuthal angle and the respective time or frequency of one or more receiver

patrs of the number of pairs.

23, The system of claim 22, wherein use of differences in the responses of
the receivers includes comparison of each difference with ditferences stored i a

library or obtained from a forward model.

24, The system of claim 19, wherein the countrol circuitry is siructured to:

determine times or frequencies at which the responses are most affected
bv collars of a pipe, for each pipe of the multi-pipe structure;

use the responses at these times or frequencies to determine positions of
the collars on each pipe;

compare differences in magnitude over time or frequency of the
responses received by the azimuthally distributed receiver pairs due to the
collars for each pipe; and

determine orientation, amount, or orientation and amount of eccentricity

for each pipe using the differences.
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25.  The system of claim 19, wherein the system is structured to conduct
operations to:

sarple responses at the azimuthal direction of the pairs at locations along
the center axis of the tool; and

produce a two-dimensional image of the multi-pipe structure from the

sampling.

26.  The system of any one of claims 19-25, wherein the system s structured
io conduct operations (o use the determined eccentricity to generate corrections
m an inversion procedure 1o estimate one or more flaws in one or more pipes of

the multi-pipe structure.

27, The system of claim 26, wherein use of the determined eccentricity to
generate corrections includes modification of a forward model or a library with
corrections according to the determined eccentricity or modification of a

measured response with corrections according to the determined eccentricity.
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