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: The use of non-metallic composites that are durable, low cost, and lightweight is
growing fast in various industries. In the oil and gas industry, a commonly used form of these
materials is in the shape of pipes. Such pipes can be damaged due to material loss (defects
and holes), erosions, and more which may cause major production failures or environmental
mishaps. To prevent these issues, non-destructive testing (NDT) methods need to be employed
for regular inspections of such components. Since traditional NDT methods are mainly used for
metallic pipes, microwave imaging has recently been proposed as a promising approach for
examination of non-metallic pipes. While microwave imaging can be employed for inspection
of multiple layers of pipes, the effect of undesired eccentricity of the pipes (undesired distance
between the centers of multiple pipes which are supposed to be concentric) can impose addi-
tional imaging errors. In this paper, for the first time, we study the effect of eccentricity of the
pipes on the images reconstructed using near-field holographic microwave imaging on double
pipes through simulations. To have a realistic study, we add artificial noise to the simulated data.

trasonic testing, radiography, eddy current,

Recently, non-metallic pipes and composite
components such as fiber reinforced plastic
(FRP), glass reinforced epoxy resin (GRE),
high density polyethylene (HDPE), reinforced
rubber expansion joints (REJs), carbon fi-
ber reinforced plastics (CFRP), and polyvinyl
chloride (PVC) are replacing metallic pipes
throughout different industries due to advan-
tages such as durability, low cost, light-weight,
resistance to corrosion, etc. The growing de-
mand for these materials necessitates the
use of proper non-destructive testing (NDT)
techniques for material integrity inspections.

In general, NDT methods such as ul-

and magnetic flux leakage have been wide-
ly applied in different industries for inspection
of metallic components. However, these NDT
methods cannot fulfill the demand for testing
certain materials and components such as
non-metallic composite pipes. For example,
due to the complex structure of composite ma-
terials such as FRP/GRE [1] and the nature
of defects and failure morphology in HDPE
thermal fusion joints, ultrasonic testing fails
to perform NDT for these mediums [2, 3]. On
the other hand, radiography relies on the use
of X-ray [4] which requires extra safety mea-
sures. Besides, it is incapable of detecting de-
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lamination and planar cracks for defects when
the local density remains nearly the same.

Thus, to fulfill the growing demand
for NDT of non-metallic materials, microwave
measurement techniques have been proposed
(e.g., see [5, 6]). The usage of microwave im-
aging helps detecting defects, cracks, holes,
and more in such components. In particular,
microwave holographic imaging is a fast and
robust imaging technique that has been suc-
cessfully applied in various applications such
as the security screening of airport passengers
[7], etc. Originally, microwave holographic im-
aging techniques were developed based on
synthetic aperture radar (SAR) imaging tech-
niques [7] which employ far-field assumptions,
i.e., the imaging distance which is the distance
between the measuring antennas and the im-
aged object is assumed to be much larger than
the wavelength. Wide-band SAR imaging has
been used to produce three-dimensional (3D)
images of the vertical cracks/flaws in fat and
curved HDPE pipes [8]. Recently, SAR-based
imaging techniques have been extended to the
near-field applications where the distance be-
tween the measuring antennas and the imaged
object is small (e.g., see [9, 10]). Thus, these
techniques can be called near-field holographic
imaging techniques where the information re-
lated to a specific imaging system is obtained a
priori through the measurement of the so-called
point-spread functions (PSFs) [11]. This offers
several advantages such as: the reduction of
modeling errors (as the modeling of the anten-
nas and the imaging setup is not required), the
reduction of errors due to uncertainties in the
material properties, and the reduction of errors
due to the size of antennas (measuring the PSFs
directly instead of having assumption-based
point-wise antennas). Although analytical ex-
pressions for the PSF (instead of direct mea-
surement of them) can still be used in near-field
holographic imaging, the material selection and
the ignored near-field terms for the antennas
may degrade the image reconstruction quality.

It is common to use multiple pipes in

concentric configuration, as illustrated in

, to improve the efficiency and increase the
lifetime of the wellbore production in oil and gas
industry [12] or to separate the flow in the flu-
id transfer pipeline [13]. Near-field holographic
imaging has been extended to the application
of multiple non-metallic pipe imaging in [14, 15]
where the pipes are assumed to be perfectly
concentric. In this paper, we study the perfor-
mance of the near-field holographic imaging of
double pipes with different eccentricity values,
i.e., the centers of the two pipes are not perfect-
ly aligned. Although, in industry, normally cen-
tralizers are employed for making the multiple
pipes concentric, the small misalignment of the
centers, called eccentricity, can impose errors
in image reconstruction when using techniques
that have been developed based on the zero-ec-
centricity assumption. Thus, here, we consider
this important factor for the first time and we
use a quantitative measure, called reconstruc-
tion error (RE), to evaluate the degradation of
the images of the defects on the inner and outer
pipes of a double-pipe configuration due to var-
ious eccentricity values. It is worth noting that
the effect of other important parameters for the
considered microwave imaging setup such as
thickness, radius, and permittivity of the pipes
as well as angular separation of the antennas
have been already studied in [15] and will be
excluded here. Although the study is performed
through simulations, we add artificial noise to
the simulated data to have realistic results.

In this section, we review the near-field holo-
graphic imaging approach for imaging of mul-
tiple pipes using an array of receiver antennas
and multiple frequency data. illustrates
the microwave imaging setup. It consists of a
transmitter antenna to illuminate the pipes and
an array of N, receiver antennas measuring
the scattered fields. The transmitter and receiv-
er antennas scan a circular aperture with radi-
us of r,. It is assumed that the defects and



pipes are infinite along the longitudinal direc-
tion (z). The scattered field is recorded at N
angles along the azimuthal direction ¢ (within
[0,211]). The complex-valued scattered field
E*‘(¢) is measured, at each sampling position,
at N, frequencies within the band of @, to @,
by each receiver. Such scattered response is
obtained from subtracting the response of the
pipes without defects from the response of the
same pipes with defects. The image reconstruc-
tion process then provides one-dimensional
(1D) images of the pipes with radii 7;, where
i=1,...,N, Please note that the imaging along
the z direction can be implemented using simi-
lar concepts discussed here. The imaging sys-
tem is assumed to be linear and space-invari-
ant (LSI) which allows us to use the convolution
theory. The convolution theory allows to write
the response to an unknown input to the sys-
tem as the convolution of the point-spread func-
tions (PSF) (also known as impulse responses)
of the system with that unknown input function.
For implementation of the near-field
holographic imaging, first, the PSFs of the LSI
imaging system are acquired. These PSFs
are approximated by measuring small defects,
called calibration defects (CDs) placed on each
pipe one at a time, representing impulse func-
tions as the inputs to the imaging system. In
other words, the PSFs are measured by the
same imaging system that will be later used
for imaging test objects. These CDs are the
smallest defects that can be measured by the
system. To provide more data for image recon-
struction, measurements can be implemented
at multiple frequencies, ®,, n=1,..., N,and
by multiple receivers, a,, m=1,..., N,. We
denote the measured PSF function for the i-th
pipe measured by the receiver antenna a_ at
frequency o, by E,“(4.0,). We also denote
the measured scattered field by the receiver
antenna a_at frequency @, by E, (4,@,). Let's
first consider the spatially-sampled versions of
EX(p.0,),E,"($.0,) , and f(¢) denoted by
EX(n,0,), ECP(n,0,), and fr,), n,=1,...N,
, with the angular interval denoted by A¢. Us-

lllustration of the simulation setup in
FEKO for the case that the defects are on the
inner pipe.

ing the convolution theory and discrete Fouri-
er transforms (DFT) along ¢ direction, it can
be shown that the unknown shape functions
of the defects on the pipes fi(#), i=L....N,,
can be found by solving the following system
of equations at each spatial frequency &, [15]:
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where ES(k.0,), ESPk,0,), and f(k)
denote DFT along ¢ axis of Efmc("¢,wn),
E P (n,0,), and f,(n,), respectively. These
systems of equations are solved at each
spatial frequency k, to obtain the values for
f.(k,), i=L..,N,. Then, inverse DFT along
¢ is applied to reconstruct images f,(n,)
over all the pipes with radii =7, i=1...,N,.
At the end, the normalized modulus of f.(n,)



|f.(n,)|/M | where M is the maximum of
|f.(n,)| for all 7, is plotted versus ¢ to ob-
tain a 1D image of the defects on the i-th pipe.
We call [f(n;)[/M the normalized image.
In [15], inspired by standardized
low-resolution brain electromagnetic tomog-
raphy, the systems of equations in (1) are
solved using standardization of the mini-
mum norm. Using this concept, the objective
function to be minimized is constructed as:
~ ~ ~12 ~

J =& - | +a|F| 4)

where « >0 is aregularization parameter. The
detailed solution has been explained in [15].
As discussed earlier, the PSF data

is collected beforehand for the configura-
tion of the pipes under inspection assuming
that they are concentric. A non-zero eccen-
tricity, however, affects the measured data
for the inspected pipes leading to errors in
the reconstructed images. To evaluate the
quality of reconstructed images, we define
a reconstruction error (RE) parameter as:

RE=§||| £,(n,) [/M =8, ()| (5)
i=1

where f ..(n,) is the ideal image for
which the values are all 0 except be-
ing 1 at the true positions of the defects.

To study the effect of eccentricity on imaging of
the multiple non-metallic composite pipes, we
conduct a study using simulation data provided
by Altair's FEKO software [16] which is a high
frequency modeling software. The study was
done by 1D scanning and image reconstruc-
tions along the azimuthal direction. In order to
have a more realistic simulation study, white
Gaussian noise with signal-to-noise ratio (SNR)
of 20 dB is added to the simulated respons-
es by using the awgn command in MATLAB.

illustrates the configuration

of the imaging setup in FEKO. We study the
performance of the system where the antenna
array is placed on the outside of two concen-
tric pipes. There are 13 resonant dipole anten-
nas separated by A¢,=10" angles along the
¢ direction. Thus, all the antennas are used
as receivers except the center element which
acts as both transmitter and receiver. The ra-
dii of the inner and outer pipes, namely, R
and R_,, are 20 mm and 40 mm, respectively,
and the thickness of both pipes is D = 2 mm.
The pipes have a relative permittivity & of 2.25
and a tangent loss of 0.0004. The defects have
semi-cylindrical shape and their parameters
are L,=1.5D and W, = 0.75D. In addition, the
models are simulated with two identical defects
on the pipes. The studied scenarios are: (1)
both defects on the outer pipe only and (2) both
defects on the inner pipe only. The eccentric-
ity parameter, denoted by E_, represents the
distance between the centers of the inner and
outer pipes (the outer pipe is assumed to be
concentric with the circular path scanned by the
antennas known as measurement aperture).

For data acquisition, we perform scan-
ning of a circular aperture to get the com-
plex-valued transmission scattering parame-
ters (in microwave, these are the parameters
representing the coupling of the transmitter to

lllustration of the simulation setup in
FEKO for the case that the defects are on the inner

pipe.



the receiver which here takes into account the
field scattered back from the objects as well)
by rotating the antennas along the azimuth
angle (¢) from 0° to 360° every 2° (181 grid
points) in FEKO. For each scenario, the sim-
ulated responses without the presence of the
defects are subtracted from the simulated re-
sponses with the presence of the defects to ac-
quire the scattered responses only due to the
defects. Also, white Gaussian noise with SNR
of 20 dB is added to each defect response
to imitate real-world measurement data.

First, we study the effect of ec-
centricity when E_ = 0.5 mm (along the
x axis) and both defects are on the inner
pipe or on the outer pipes at various azi-
muthal angles from ¢=%10" to ¢=+170".

After applying near-field holographic
imaging as described in the previous section
along with the PSF data collected for concen-
tric pipes, the values of REs are computed for
each scenario. show the
variations of the computed REs versus the an-
gle of defects for the cases that both defects
are on the outer pipe and inner pipe, respec-
tively. From both figures, it is observed that
there is no clear correlation between the an-

A

RE for Quter Pipe

Error

o 20 40 €0 80 100 120 140 160

gles of the defects and the values of the REs.
In general, the error seems to be larger for the
defect angles between ¢=120" to ¢==1140°
. Furthermore, the values of REs are larger
when the defects are on the inner pipe indi-
cating that the image of the inner pipe is more
affected by the adverse effects of eccentricity.
Next, we study the effect of value of
eccentricity on the quality of the reconstruct-
ed images when the defects are on the out-
er and inner pipes by visually comparing the
quality of the reconstructed images to the
ideal images. For this study, the eccentricity
parameter E__ varies from 0.1 mm to 0.9 mm
with steps of 0.1 mm and we choose constant
angles of ¢==%170" for the defects one time
when they are on the outer pipe and another
time when the defects are on the inner pipes.
shows the reconstructed imag-

es of the two pipes when the eccentricity pa-
rameter is 0.1 mm. show
the images when the defects are on the out-
er and inner pipes respectively. In general, we
notice that the image deteriorates is more for
the inner pipe than the outer pipe. The recon-
structed image in for which the de-
fects are on the outer pipe clearly shows the
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T

Erroe
o o

20 <2 €0 &0 100 120 140 1€0 180

) (d=gras)

Variation of computed RE when E_ = 0.5 mm and the angular positions of two identical de-

fects are varying from ¢==10" to ¢ ==%170":
(A) defects are on outer pipe
(B) defects are on inner pipe.
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presence of the defects and it is close to the
ideal image. However, the image for the in-
ner pipe in Figure 4A shows artifacts around
0.3 level. The reconstructed images in Figure
4B in which the defects are on the inner pipe,
still show the presence of the defects on the
inner pipes but again contains large artifacts
with maximum of 0.5 level. In this case, the
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image on the outer pipe also contains some
small level (around 0.1 level) of artifacts with
some shadows of the defects on the inner pipe.

In the following, we demonstrate that as
we continue to increase the value of eccentric-
ity parameter in this study, the quality of the re-
construction images deteriorates significantly.
Figure 5 shows the reconstructed images when
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Figure 4: Reconstructed 1D images when the defects are at ¢ =+170" and eccentricity = 0.1 mm for:

(A) defects on the outer pipe
(B) defects on the inner pipe.
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Figure 5: Reconstructed 1D images when the defects are at ¢ =+170" and eccentricity = 0.5 mm for:

(A) defects on the outer pipe
(B) defects on the inner pipe.
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the value of E_ is increased to 0.5 mm. Com-
pared to Figure 4, images in Figure 5 are more
distorted. As expected, the increase in the val-
ue of E_ leads to larger image reconstruction
errors. Next, we increase the value of E_ even
further. Figure 6 displays the high deterioration
of the images when the value of E_is 0.9 mm.
From these figures, it can be easily deduced that
the reconstructed image is far off from the ideal
image due to high error caused by eccentricity.
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As afinal step, we compute the variation
of REs as the value of E__ increases and when
the defects are at on the outer pipe or on the
inner pipe. Figure 7A shows this variation when
the defects are on the outer pipe. It is observed
that the value of RE increases sharply as E_,
increases. A similar trend is observed in Fig-
ure 7B when the defects are on the inner pipe.
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Figure 6: Reconstructed 1D images when the defects are at ¢ =*170" and eccentricity = 0.9 mm for:

(A) defects on the outer pipe
(B) defects on the inner pipe.
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Figure 7: Variation of computed RE vs. eccentricity when defects are at ¢ ==£170° and both defects

are on
(A) outer pipe
(B) inner pipe.



In this paper, we studied the effect of eccen-
tricity of the pipes on the results of the ho-
lographic microwave imaging of multiple
non-metallic pipes. Microwave imaging is a
non-contact method that can be used for in-
spection of multiple pipes and it is also safe
due to the use of low-level microwave power.

In general, the results indicate that the
quality of the reconstructed images is high-
ly sensitive to non-zero eccentricity values
such that even an eccentricity of 0.5 mm im-
poses image quality deteriorations. Besides, it
was observed that the images of the defects
on the inner pipes would be affected more
seriously by non-zero eccentricity effects.

Although we employed simulated re-
sults from Altair FEKO software, we applied
additive white Gaussian noise to the simu-
lated responses to mimic real-world mea-
surements and have a more realistic study.

Here, the study was conducted with two
scenarios: (1) changing the angles of the de-
fects while the eccentricity value is fixed and
(2) changing the value of eccentricity while the
positions of defects are fixed. It is worth not-
ing that the effect of other important parame-
ters for the considered microwave imaging
setup such as thickness, radius, and permit-
tivity of the pipes as well as angular separa-
tion of the antennas have been already stud-
ied in [15] and have been excluded here.

Due to serious adverse effects of ec-
centricity, we plan to develop a technique to
estimate the value of unknown eccentrici-
ty parameter and then reduce the effect of
that on the reconstructed images. Ultimate-
ly, the goal is to develop a robust tool for
NDT of non-metallic pipes that promote us-
ing these components in various industries.
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CD — Calibration Defect

CFRP — Carbon Fiber Reinforced Plastic
DFT — Discrete Fourier transform

DTFT — Discrete Time Fourier Transform
FRP — Fiber Reinforced Plastic

GRE - Glass Reinforced Epoxy Resin
HDPE — High Density Polyethylene

NDT — Non-Destructive Testing

PSF — Point-Spread Function

PVC — Polyvinyl Chloride

RE — Reconstruction Error

REJ —Rubber Expansion Joint

SAR - Synthetic Aperture Radar
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