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This study evaluates the feasibility of using antenna array to detect crack defects in metal pipes. Antenna arrays are set at the port
of a metal pipe in radial direction, and the microwave signal can be effectively coupled into the metal pipe. It can produce orbital
angular momentum (OAM) waves. The cracks in the pipe will change the microwave transmission characteristics, and they can be
inspected by time domain reflectometry (TDR) of vector network analyzer (VNA). By studying the transmission characteristics of
current on the inner surface of the metal pipe, the feasibility of linearly polarized TE,;; mode microwaves for crack inspection was
preliminarily verified. Three galvanized metal pipes with an inner diameter of 8 cm and a total length of about 270 cm were used in
the experiment. Axial slits and circumferential slits were used to simulate the crack, respectively. The slits penetrated the pipe wall
with a breach of approximately 10 cm x 0.7 cm. The experimental results demonstrated that the radial direction antenna array can
detect both the axial slit and circumferential slit through TDR and standing wave ratio (SWR) at the port, especially effective for

the axial slit. It provides a new inspection method for metal pipe defect evaluation.

1. Introduction

Metal pipes are widely used in various production and life,
including gas and oil transportation [1-3]. As many metal
pipes have been used for many years, some have potential
safety hazards. Leakage of metal pipes can cause economic
loss [4-8]. The defect inspection methods of metal pipes
mainly include infrared thermal imaging inspection, ultra-
sonic inspection, eddy current inspection, optical fiber sens-
ing inspection, and microwaves, etc [9-15]. The ultrasonic
method is used for internal defect inspection and wall thick-
ness measurement of metal pipes. Eddy current testing is
suitable for detecting cracks and changes in pipe wall thick-
ness on the outer wall of a metal pipe [16]. These inspection
methods belong to the direct contact inspection method, the
testing equipment is complex, and the accurate positioning
of defects needs to be improved. As a new inspection tech-
nology, microwave inspection technology is receiving
increasing attention, and it is widely used in the inspection
of buildings and structures [17-19].

The metal circular pipe is a kind of circular waveguide
that guides electromagnetic waves. According to the micro-
wave transmission theory, the propagation of the electro-
magnetic wave in the waveguide mainly depends on the
cross-section shape of the waveguide, microwave frequency,
and transmission mode. When any of the parameters
changes, the propagation characteristics of the microwave
will change. If there is a defect, crack, or other material
deposition somewhere in the metal pipe, the reflection and
scattering of waves will occur here. If the microwave trans-
mits in one mode in a pipe, when there is a crack in the pipe,
the crack will cut off the induced current on the inner sur-
face wall, and the electromagnetic field distribution will be
distorted. In this study, the research on metal pipe defect
detection technology based on microwave antenna array is
proposed. A certain number of antennas are placed at the
port of the detected pipe, and the microwave can be effec-
tively coupled into the pipe. Pipe defects such as cracks will
cause changes in microwave transmission. The microwave
can be analyzed by measuring its time or frequency domain
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characteristics, so the inspection of metal pipe defects can be
realized.

2. Theoretical Analysis

Arrays of the antenna are used to direct the radiated power
towards a desired angular sector. There are many types of
antenna arrays, and some antenna arrays consist of one-
dimensional or two-dimension. The study discusses the
radial antenna array, and all antennas are placed in a circle.
The nth dipole antenna element is located at r, = a(e, cos
¢+e,sing), where a=|r,| denotes the radius of the
antenna arrays, its excitation is I, = d,e/*", where d,, denotes
the direction of the element, the electrically phased of the nth
element is @, = lp,, where ¢, = 27rn/N is the angle of the nth
element position, and [ is the orbital angular momentum mode
[20]. The vector potential of the nth dipole antenna can be writ-
ten as equation (1), the vector potential and the E-field of all
antennas array can be expressed by equations (2) and (3).
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2.1. Theory of the Radial Direction Antenna Array. Figure 1
shows the radial direction antenna array in the cross section
of the pipe. The dipole antenna elements are placed radially
along the circumference with N equidistant elements. The vec-
tor potential for the N antenna elements can be shown in equa-
tion (4).
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Then, the three components can be expressed as equation

(5) to equation (7), /%" is the factor of orbital angular momen-
tum (OAM), and J;(ka sin 6) is the Bessel function.
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FIGURE 4: Logarithmic magnitude due to one axial slit with a different number of antennas.

The E-field of the radial direction arrays of antennas is
shown in the following equation [21].
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2.2. Antenna Arrays Pattern Multiplication. The property of
the antenna array is the relative phase shifts in the radiation
vector. The array pattern multiplication property can be
obtained as shown in the following equation.

©)

where B(k) denotes the array factor, and F, (k) denotes
the nth radiation vector of the translated current, which

are expressed by the following equations.

N
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Therefore, the radiation intensity and power gain can be
shown as follows:
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FIGURE 5: Logarithmic magnitude due to two axial slits with a different number of antennas.

{ U(6,9) = B(6,9)"U, (6, 9), (12)

G(6,9) = [B(6,9)[G,(6, 9),

where U, (0, ¢) and G, (0, ¢) denote the radiation inten-
sity and power gain of the nth element [22-25].

3. Experimental Approach

3.1. Experimental Setup. The scheme of the pipe defect test-
ing system is shown in Figure 2. The system consisted of a
vector network analyzer (VNA), flexible cable, splitter,
antenna array, metal pipe, and so on. Figure 3 shows the
photo of the experimental scenes. The VNA (Ceyear
3656A) generates microwave whose frequency range to
3GHz. Flexible cable is a stable phase cable which propagates
the microwave. Antenna arrays were composed of some rod
antennas whose frequency range to 2.7 GHz. The condition
for microwave transmission in the pipe is that its frequency
was greater than 2.2 GHz. Three kinds of splitter were used
in the experiment: one to two, one to four, and one to six.
The antenna was connected to the power divider output.

The antenna arrays were arranged radially along the metal
pipe wall. As shown in Figure 3, the VNA output microwave,
the microwave was sent to the flexible cable, then the micro-
wave was input to the splitter, and finally, the array antenna
received the microwave and radiated it in the metal pipe.
The test adopted a terminal open circuit, which can generate
a standing wave in the pipeline for single port detection. As
the pipe slits had been processed in advance, each slit was
covered with metal sheets to indicate seamlessly. In the
experiment, the frequency range was set from 300 MHz to
2.8GHz to analyze the logarithmic magnitude of port 1
return loss in time domain reflectometry (TDR), and the
standing wave ratio (SWR) inspection frequency range was
between 2.2 GHz and 2.6 GHz.

3.2. Experimental Materials. Galvanized pipes were used as
metal pipes for the test. Because the long metal pipes were
difficult to handle, the metal pipes used for the test consisted
of three pipes, the length of each pipe was 90 cm, the inner
diameter was 8 cm, and the wall thickness was 0.4 mm. The
three pipes were connected by ferrule connection. To imitate
the cracks in a metal pipe, two types of slits were
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FIGURE 6: Logarithmic magnitude due to one circumferential slit with a different number of antennas.

manufactured. The slit penetrated the pipe wall with a
breach of approximately 10cm x 0.7 cm, one was an axial
slit parallel to the axial direction of the metal pipe, and the
other was a circumferential slit which was vertical to the
metal pipe. There were four kinds of conditions to detect:
the center of an axial slit was arranged along the pipe, about
133 cm away from the pipe input port, the center of one cir-
cumferential slit was arranged along the pipe, about 138 cm
away from the pipe input port, the centers of two axial slits
were arranged along the pipe at 150cm and 220 cm, and
the centers of two circumferential slits were arranged along
pipe around at 138 cm and 247 cm. Three types of antenna
arrays were used in the experiment: two antennas, four
antennas, and six antennas.

4. Results and Discussions

4.1. The Analysis of Logarithmic Magnitude in Time
Domain. Figure 4 presents the logarithmic magnitude of an
axial slit in the time domain under different antenna arrays.
In Figure 4(a), the time domain reflective peak near 0 ns was
the port of the pipe where the standing wave was generated.

Compared with the two curves in the figure, the logarithmic
magnitude of the one axial slit was higher than no slit near
22ns, this indicated that the return loss occurs here. For
other reflection peaks, this was caused by the rough pipe wall
and the ferrule connections. In Figure 4(b), the first reflective
peak was near 0.5ns, and there was clearly a logarithmic
magnitude change near 23 ns. Because the array was com-
posed of two antennas, each antenna radiated power in a spe-
cific direction with a certain magnitude and phase, the relative
displacement of the two antennas had a relative phase shift in
the radiation vector, and the time domain that caused the
change was widened. Thus, there was a different logarithmic
magnitude at the open port of the pipe and other places. These
phenomena also occurred in Figures 4(c) and 4(d). As shown
in Figure 4, the slit is easier to detect with the increase in the
number of antennas.

Figure 5 shows the logarithmic magnitude with two axial
slits of the antenna array composed of different numbers of
antennas. There were similar phenomena in Figure 4. In
Figure 5(a), the logarithmic magnitude near O ns at the pipe
opening was also obvious. At 26 ns and 38 ns, the logarith-
mic magnitude curve with slits changes compared with no
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FIGURE 7: Logarithmic magnitude due to two circumferential slits with a different number of antennas.

slit. The signal leaked more in the first slit than in the second
slit, so the logarithmic magnitude of the first changed greater
than the second one.

Figure 6 presents the logarithmic magnitude of one cir-
cumferential slit in the time domain under different antenna
arrays. The reflection of two antennas, four antennas, and
six antennas can be observed near 33 ns, but it was not obvi-
ous in the case of a single antenna. The time domain loga-
rithmic magnitude is caused by the two circumferential
slits as shown in Figure 7. Reflections caused by circumfer-
ential slits of four antennas and six antennas were also
detected near 30ns and 40ns, and it was also not obvious
in the case of one antenna. This shows that the antenna
array was better than a single antenna.

4.2. The Analysis of SWR. Figure 8 presents the SWR gener-
ated by the radiation of metal pipes with an axial slit by dif-
ferent numbers of antennas. The results indicated that the
linearly polarized TE,; mode can easily test the axial slit cen-
tered at 133cm. The SWR at the axial slit also increased
when the number of antennas increased. Figure 9 shows
SWR generated by the radiation of metal pipes with two
axial slits by a different number of antennas, and a similar
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FiGUrRe 8: SWR due to one axial slit with a different number of
antennas.
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phenomenon occurred around the two axial slits whosed
centers were situated at 150 cm and 220cm. The SWR of
the first axial slit was greater than the second one, which
indicated that the TE,; mode microwave leaked out the
microwave in the first axial slit at 150 cm more than the sec-
ond one at 220 cm.

Figure 10 shows SWR generated by circumferential slit
radiation with a different numbers of antennas. The results
show that the antenna array can also test a circumferential
slit that employed the linearly polarized TE,; mode, while
the circumferential slit was located at the center of 138 cm.
Figure 11 presents the SWR generated by two circumferen-
tial slits for different numbers of antennas. The wave appears
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FiGURE 11: SWR due to two circumferential slits with a different
number of antennas.

near two circumferential slits centered at 138cm and
247 cm.

5. Conclusions

In this research, a certain number of antennas were placed
along the radial direction at the port of the tested metal pipe
as an antenna array, which can effectively couple the micro-
wave to the metal pipe. The slits in the pipe will change the
microwave transmission characteristics. There were three
forms of antenna array: two antennas, four antennas, and
six antennas. Axial slits and circumferential slits in different
locations were designed for four kinds of metal pipes with a
length of about 270 cm and an inner diameter of 8 cm. Two
methods were used to analyze the defects of metal pipes: one
was TDR analysis of microwave logarithmic magnitude at
the pipe port, and the other was SWR analysis. According
to the experimental results, the information of logarithmic
amplitude TDR is relatively rich, SWR is concise, and the
performance of the latter is better than the former. Micro-
wave is light-like, and the measurement adopted the single
port method, so it can detect long metal pipes. The experi-
mental results demonstrate that the antenna array was help-
tul for crack detection, and it becomes indeed with the
increase in the number of antennas. The radial direction
antenna array can detect the axial slits more effectively than
the circumferential slits. These studies confirmed that the
antenna array was feasible to use the linearly polarized
TE,, mode microwave for pipe crack detection.

Data Availability

The labelled data sets used to support the findings of this
study are available from the corresponding author upon
request.
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