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Abstract—In oil, gas, transportation, and construction
industries non-metallic pipes are rapidly replacing metallic pipes.
Thus, it is crucial to have a reliable and robust nondestructive
testing (NDT) technique to monitor the variation in the thickness
profile of such pipes. Here, we propose a technique based on the
near-field microwave holography and standardized minimum
norm (SMN) to reconstruct the thickness profile of these pipes. We
will also identify the fluid carried within the pipe which improves
the thickness profile estimation process. The proposed methods
are validated via simulation and experimental results.

Keywords—microwave imaging, near-field holography,
nondestructive testing.

I. INTRODUCTION

Non-metallic pipes offer advantages such as: high strength,
resilience to corrosion, light weight, low cost, and easy
installation. These qualities make them highly attractive for
various industries. Due to possible damages in these
components, it is extremely crucial to develop a reliable
nondestructive testing (NDT) technique for the thickness
estimation of these pipes. Lack of such testing techniques can

forge disastrous scenarios like leakage and bursting of the pipes.

To address the above-mentioned requirement, microwave NDT
has been considered as a promising inspection method [1], [2].

Two groups of microwave NDT techniques have been
employed for inspection of non-metallic pipes, including: (1)
imaging based on the raw responses [3], and (2) imaging based
on more advanced processing such as synthetic aperture radar
(SAR) processing (e.g., see [4], [5]), and near-field holography
(e.g., see [6]-[9]). Particularly, in [9], near-field microwave
holography has been proposed for inspection of double
concentric non-metallic pipes. There, standardized minimum
norm (SMN) approach has been employed to solve the relevant
systems of equations to mitigate the depth biasing problem. To
reduce the complexity and cost, narrowband frequency has
been employed along with an array of receiver antennas.

Unlike the technique in [9] which provides qualitative
images of double pipes, here, we propose a technique that
allows for quantitative thickness estimation of a non-metallic
pipe along with the identification of the fluid carried within the
pipe. Identifying the carried fluid leads to lower errors in
thickness estimation process. The proposed techniques will be
validated via simulation and experimental results.

II. THEORY

Fig. 1 illustrates the setup including a transmitter antenna to
illuminate the pipe under test (PUT) and an array of N, receiver
antennas. The pipe has thickness of Tp and outer radius of R,
The antennas scan a circular aperture, [0 to 2x] with radius of
raat Ny angles along the azimuthal direction ¢. The scattered
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field, ES¢(¢), is measured at each sampling position, at N,
frequencies within the band of w,; to wy,, by each receiver
antenna. Such scattered response is then calibrated by
subtracting the response of the pipe without defects from the
response of the same pipe with defects. The image
reconstruction process then provides images over N, circles
with radii =R ,-T,+71,(2i-1)/(2N,) , i=1...,N, and
(Rour-Tp) < ri < Rou. Use of Born approximation in this
technique leads to the linear property of the imaging system.
According to [9], the defect response, ES¢ (D wn)

measured by the a,, -th receiver (a,, = 1,...,NA) over N,
circles can be written as:

ESC (¢, wy) =200y B () % fild) (D)
where x4 denotes the convolution operator along ¢ axis, f;(¢)
denotes the defect’s shape function on imaged circle r = r;, and

E LS g nf P (¢, w,) denotes the collected point-spread function (PSF)

on the i-th imaged circle. Similar to [9], PSFs are obtained a
priori via measuring small defects called calibration defects
(CDs) placed over imaged circles one at a time.

After applying discrete Fourier transforms (DFT) (with
respect to ¢) to both sides of (1), we obtain:

Edy, (g wn) = BiLy By (g, 0n)fi (k). @
Writing (2) for all the frequencies and for all the receivers, a
system of equations can be constructed at each Fourier variable
kg as [9]:

E*¢ = DF 3)
where
CJEC] . [B] . [Aky
EC=| | b= |F=| 0
EY, Dy, I, (kg)
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Fig. 1. llustration of the cross section of the microwave measurement setup.
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These systems of equations are solved using SMN approach
at each kg to estimate the one-dimensional (1D) images in the
Fourier domain, fi(k¢), i=1,..,N,. Then, inverse DFT is
applied to reconstruct 1D images along ¢. At the end, the
normalized modulus of f;(ng), |fi(ng)|/M, where M is the
maximum of |f;(ng)]| for all r; is plotted versus ¢ to obtain a
1D image of the defects on the i-th circle [9].

A. Pipe’s Thickness Estimation

In [9], it is shown that excellent radial (range) resolution can
be obtained due to the near-field nature of the imaging
technique. Here, we exploit this characteristic to implement a
quantitative evaluation of a single pipe’s thickness. Rather than
only providing the images, we proceed to provide an estimation
of the thickness of the pipe at various angular positions. This
helps to estimate the material loss due to the defects. For this
purpose, we combine the 1D qualitative images |f;(ng)|/M, as
below, to obtain a quantitative estimation of the thickness
variation T(n¢) as:

T(ng) = T, (1 - 23, L) @

In fact, this works by applymg superposition of the effects
of the defects on all the imaged circles. The effects due to larger
defects along the radial direction will be observed on more
imaged circles, in turn, leading to larger deviation from the
nominal thickness when using (7).

In the results section, to evaluate the quality of the thickness
estimations, we define the estimation error E as:

_ Ny ”T(nq))_Ttrue(nq))”
Er = 2is gl 100 ®)
where Ty,0(ng) is the true thickness profile for the pipe. The
values of E will be shown on top of each relevant figure later.

B. Fluid Identification Approach

Identifying the type of fluid flowing through the pipe is
crucial to reduce the thickness estimation error (using relevant
collected PSFs in the processing). To estimate the fluid type,
we propose an approach with the following steps:

1) Divide the responses acquired by all the N, receivers into
two sets: Set 1 responses for the odd numbered receivers
and Set 2 responses for the even numbered receivers.

2) Guess Ny, number of possible fluids carried by the pipe and
measure the PSFs related to these fluids a priori.

3) For each assumed fluid identified by number ny =1..., N,
we use Set 1 and Set 2 responses of the relevant PSFs and
PUT scenarios and apply holographic algorithm on them

separately to obtain the estimated thicknesses, Tlnf (ng)
and Tzn f (ng), respectively.

4) For each assumed fluid in Step 3, the difference between
the estimated thicknesses Tlnf (ng) and Tznf (ng)
evaluated as:

AT(ny) = ||IT,” (ng) — T, (ny)l| 9)

where || - || is the 2-norm operator.
5) The lowest AT identifies the true fluid carried by the pipe.

III. SIMULATION RESULTS

Fig. 2 and Table 1 show the FEKO model and the respective
parameter values used to study the performance of the proposed
methods. The pipe has relative permittivity & of 2.25 and loss
tangent of 0.0004 and it carries a mixture of 20% water and 80%
glycerin with electrical properties reported in [10].

To estimate the pipe’s thickness profile, we employ an array
of dipole antennas, which mechanically scans over a circular
aperture [0 to 2x] in 181 grid points (every 2°) and measure the
transmission S-parameters for each receiver antenna. Selection
of dipole antennas is due to their large beamwidth leading to
better cross-range resolutions in holographic imaging [11].

White Gaussian noise with signal-to-noise ratio (SNR) of
20 dB is added to the data. Then holographic imaging is applied
to obtain 1D images over N, = 4 circles with radii of r; =
Roue — Tp + Tp(2i — 1)/(2N,), where i =1, ..., N,.. For this
purpose, first, the PSFs corresponding to these four imaged
circles are simulated by putting one small defect over that circle
one at a time and simulate the responses. Then, the scattered
responses (for PSFs and PUT) are obtained by subtracting the
simulated responses without the presence of the defects from
those with the presence of the defects. After reconstructing 1D
images, the method in section II.A is employed to obtain the
estimated thickness profile of the pipe as shown in Fig. 3.
According to our study, the thickness estimation improves with
the increase in the operation frequency. However, employing
higher frequency increases the cost of data acquisition circuit.

To validate this approach, we assume the pipe could carry
mixtures of water and glycerin with glycerin concentrations in
the range of 55% to 100%. The mixture with glycerin
concentration of 80% is used to obtain the PSFs. Then, 9 PUT
models are simulated with various glycerin concentrations. Fig.

Fig. 2. Illustration of the FEKO simulation setup.

Table 1. Parameter values for the setup in Fig. 2.

NalAd,| r4 Rour Tp | & |tand | f fluid

20% water and

13]10° {80 mm|(73 mm|20 mm|2.25(0.0004|7 GHz .
80% glycerin
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Fig. 3. Estimated thickness profile for the pipe shown in Fig. 2.
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Fig. 4. Variation of AT in (9) when using data from two sets of receivers.

Fig. 5. Fabricated two-layer PUT including high density polyethylene (HDPE)
layer seen in black, 3D printed layer seen in yellow, and 3D printed retractable
pieces to create defects shown in green.

Table 2. Parameter values for the pipes and defects in Fig. 5.

Rbin Ryout Ryin A¢w Tw A¢s
66 mm | 66 mm | 46 mm | 25° | 12 mm | 15°

Rbaut
82 mm

Ts
8 mm

4 shows that the computed AT values from (9) is minimum for
the glycerin concentration of 80%. In other words, when the
PUT and a priori measured PSFs have the same fluid type, the
value of AT is minimum.

IV. EXPERIMENTAL RESULTS

We use an array of 13, spatially distributed dipole antennas
manufactured by TAOGLAS, similar to the simulation study.
A two-layer pipe configuration is measured as shown in
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Fig. 6. Estimated thickness profile for the inner layer in Fig. 5.

Table 3. Variation of AT for different glycerin concentrations.

Glycerin concentration (%) AT (%)
0 18.21
20 20.67
40 27.25

Fig. 5 with the values of the parameters shown in Table 2.
Responses are collected at 10 frequencies over 5.5 GHz to 6.5
GHz. The antennas are measured by an Anritsu vector network
analyzer (VNA) MS46122B via RF switching network. We use
a circular scanning setup to collect responses at 100 positions
covering 360° along ¢. Fig. 6 shows the estimated thickness
profile of the inner layer compared with the true thickness
profile when the pipe is filled with 100% water.

Besides, Table 3 shows the variation of AT computed from
(9) when using PSFs measured for 100% water but the test
scenarios consists of glycerin concentratyions of 0%, 20% and
40%. It is observed that the smallest AT is obtained for 100%
water (0% glycerin) confirming the validity of the fluid
identification method.

V. CONCLUSION

We extended the qualitative near-field holographic imaging
technique to implement quantitative thickness profile
estimation of thick non-metallic pipes along the azimuthal
direction. The theory and the results presented here can be
easily extended to include the other cross-range direction,
namely the longitudinal direction, as proposed in [9]. To
achieve the best results when the pipe carries a fluid, we
proposed an approach for fluid type identification as well. The
performance of the proposed thickness estimation and fluid
identification techniques were validated via simulation and
experimental results. It is worth noting that the lower limit of
the defect size that can be evaluated using the proposed
technique is directly affected by the data acquisition circuitry’s
noise, ripples in the mechanical scanning, electromagnetic
interferences, etc. An upper limit on the defect size is imposed
due to the use of Born approximation.
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